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SUMMARY

Understanding water, evolved gas, and ionic transport in membrane-electrode-assemblies (MEAs) is essen-

tial for the development of high performance and durable anion exchange membrane water electrolyzers

(AEMWEs). This study evaluates the MEA conditioning process, operating conditions, and short-term stabil-

ity in a 1 M potassium hydroxide (KOH) electrolyte, focusing on the underlying transport phenomena. We

observe a significant initial voltage loss in continuous cell operation, which could be associated with gas bub-

ble accumulation, transport layer or flow field passivation, and changes in the catalyst oxidation state.

Further, we investigate the effects of materials and operational configurations, including the membrane

type and thickness, and the electrolyte flow rate, including KOH being fed to both electrodes as well as to

the anode only. Furthermore, the effect of membrane drying temperature on ex situ as well as in situ electro-

chemical performance is evaluated. Finally, we discuss 700 h of AEMWE operation at 1 A/cm2, highlighting

the underlying degradation phenomena.

INTRODUCTION

The use of renewable energy sources such as solar, wind, and

tidal hydraulics has tremendously increased due to their gradual

cost reduction.1,2 However, the intermittent nature of such

renewable energy sources requires large-scale storage solutions

to allow for continued market penetration.3 Hydrogen is attrac-

tive in energy storage due to its high energy density, the ability

to store in large amounts for short as well as long durations,

and the ability to convert between chemical and electrical forms

of energy.4

Hydrogen production by low temperature water electrolysis is

a well-established technology. Among low-temperature electrol-

ysis systems (<100◦C), the alkaline water electrolyzer (AWE) is

well-known and has been commercially deployed for decades,

using a liquid electrolyte with low-cost catalysts and cell compo-

nents.5 However, the integration of traditional AWE with renew-

able energy sources has limitations, such as difficulties in load

following, low hydrogen discharge pressure, low operating cur-

rent density, and a highly concentrated alkaline feed.6–9 A

second technology, proton exchange membrane water electro-

lyzers (PEMWEs), offers higher current density due to the zero-

gap approach, pressurized hydrogen discharge, and a similarly

long lifetime.10,11 The perfluorosulfonic acid (PFSA)-based

PEM and acidic operating environment, however, requires the

use of expensive noble metals, such as platinum and iridium

and their oxides,12 and the large-scale deployment of

PEMWEs has been limited by the cost of traditionally overengi-

neered systems and the cost-lifetime tradeoffs associated with

platinum group metal thrifting. A third technology, an anion ex-

change membrane water electrolyzer (AEMWE) is gaining atten-

tion due to the possibility of combining the non-acidic pH advan-

tages of an AWE (low-cost components) with those of a PEMWE

(high efficiency and pressurized operation).13–15

AEMWE technology has noticeably progressed over the past

few years, developing AEMs and ionomeric binders, efficient

catalyst materials, engineered electrodes and cell designs.16–21

The MEA consists of a polymer membrane sandwiched between

anode and cathode catalyst layers and a porous transport layer

(PTL)/gas diffusion layer (GDL) as the outer substrate layers.

Catalyst layers may be directly deposited onto the membrane,

the configuration called a catalyst-coated-membrane (CCM),

or may be coated onto the PTL/GDL, the configuration called a

catalyst coated substrate (CCS). With limited data in the litera-

ture, CCS-based MEA fabrication with currently available mate-

rials has shown slight advantages over a CCM, offering

enhanced performance and durability,22 although there is no

firm consensus. Catalyst layer compression, lamination, and for-

mation of ionomeric pathways happen in situ during cell opera-

tion. Therefore, understanding the cell conditioning process is

essential for high performance and durable AEMWE operation.

For instance, Lindquist et al.,23 conditioned the cell in pure water

with no soluble supporting electrolyte by applying current from

100 mA/cm2 to 1.0 A/cm2 in 100 mA steps, holding for 2 min at
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each step, and observed a notable difference in the time required

for the voltage to reach a steady state. However, less is known

about the changes that occur within MEAs during conditioning

and the time at which an MEA is fully conditioned. Moreover, wa-

ter as reactant and produced gases transport depend upon

AEM/ionomer properties, PTL/catalyst layer structure, as well

as the operating conditions such as feed electrolyte flow rate,

mode of operation (dry vs. wet cathode), and so forth. Unlike

PEMWE, water is consumed at the cathode and produced at

the anode in AEMWE. In PEMWE feed water flow rate has a sec-

ondary effect on performance; however, performance is indi-

rectly affected due to temperature changes. Feed water serves

as coolant, water for electrolysis, and efficiently removes pro-

duced gases. Moreover, dry cathode operation is driven by

cost and preferred for pressurized operation at the stack level.

In dry cathode AEMWE operation, water diffusion from anode

to cathode is critical for performance and durability. Gas satura-

tion and accumulation may block active sites, reduce water and

hydroxide ions (OH− ) transport, increase cell resistance, and

subsequently decrease cell performance. Pushkareva et al.,24

studied the effect of flow rate on AEMWE performance, feeding

1 M KOH to both electrodes (cell active area of 7.29 cm2) and

concluded a weak effect of KOH flow rate on performance up

to 6 mL/min and observed negative effects at higher flow rates.

Azam et al.,25 compared AEMWE performance feeding KOH in

the range of 1, 2, 4, 6, and 9 mL/min (cell active area of 5 cm2)

and concluded an improved performance at a higher flow rate

(9 mL/min), attributing enhanced performance to a decrease in

cell resistance. The literature survey shows a gap in understand-

ing related to fluid (water and gas) transport effects, performance

losses in different modes of operation, and varied electrolyte

feed flow rates in each electrode.

In the AEMWE operating environment, the polymer membrane

absorbs water and swells, forming an interface with the elec-

trode surface, dictating catalyst utilization and species transport.

The transport of OH− ions in AEM is significantly slower

compared to PEM due to the inherent lower mobility of larger

ions.26 Higher AEM conductivity is desirable for the overall effi-

ciency of the AEMWE device. Membrane properties may be

manipulated during the film casting process by drying at different

temperatures. However, it is critical to understand the drying

temperature effects, as it may embrittle and damage the polymer

structure. Membrane conductivity is also very sensitive to sup-

porting electrolyte concentration.17 Jiangjin et al.,27 modeled

the effect of added liquid electrolyte and suggested the for-

mation of an additional electrochemical interface with the elec-

trocatalyst that provides ion-transport pathways and distributes

product gas bubbles. The authors suggested that 1.0 M KOH

supporting electrolyte feed enhanced a 5-times electrochemical

surface area compared to a DI water feed, resulting in significant

electrolyzer performance improvement. Therefore, it is essential

to monitor the concentration of feed supporting electrolyte dur-

ing continuous operation to understand the degradation phe-

nomena in MEAs.

In this article, we report, (i) MEA conditioning process linking

the cell performance with changes in ohmic and charge transfer

resistances, (ii) recoverable voltage loss due to gas bubble accu-

mulation, PTL/bipolar plate surface passivation and changes in

oxidation state, (iii) elucidate the effect of feed electrolyte by

varying electrolyte flowrate and dry vs. wet cathode feed config-

urations, (iv) understand AEM films water uptake/swelling prop-

erties and their subsequent in situ electrochemical performance

when dried at different temperatures after casting, and (v) report

700 h cell operation at 1.0 A/cm2 with insights on performance

changes relevant to feed electrolyte concentration changes. As

the AEM water electrolysis technology evolves, understanding

these phenomena is crucial for the development of efficient

and durable systems at a large scale. This study aims to improve

our understanding of materials integration and device operation

in state-of-the-art MEAs, focusing on the reactants/products’

transport.

RESULTS AND DISCUSSION

Membrane-electrode-assemblies conditioning

The materials used in MEA testing are included in Table 1. MEA

conditioning is particularly important for catalyst coated sub-

strate (CCS) electrodes, and includes the lamination of the cata-

lyst layer with the AEM, the formation of ionomeric channels

in the catalyst layer, and electrocatalyst and membrane

activation. The performance of an AEM electrolyzer is generally

evaluated by collecting polarization curves,28,29 which offer a

macroscopic view of electrolyzer performance. However, other

diagnostics such as EIS, CVs, and so forth, are essential for

more detailed information regarding kinetics, transport, and

cell components effects in electrolysis.

Conditioning data (presented in Figure 1A) for a CCS-based

AEMWE was taken at the beginning of test (BOT) after heating

the cell to 80◦C and a 100 mA/cm2 hold for 2 h. The cell current

density was then increased to 500 mA/cm2 and ramped up to 3

A/cm2, holding 5 h at each current density (Figure 1A). Polariza-

tion and EIS data were collected before and after each current

density hold, and the cell voltage appears to decrease during

the 500 mA/cm2 hold and then stabilize with very little change

at higher current densities (see Figure 1B). The performance

noticeably improves after the 500 mA/cm2 hold (current density

increases from 2.8 A/cm2 to 3.6 A/cm2 at 2 V as can be seen in

polarization curves), with no further improvement after the 2.0

or 3.0 A/cm2 holds, suggesting the completion of the condition-

ing process. EIS plots (see Figure 1C), illustrate the correspond-

ing decrease in the HFR and charge transfer resistances after the

500 mA/cm2 hold, which stabilize after subsequent holds. At

1.80 V, impedance measurements show a decrease in HFR

from 0.015 Ω (75 mΩ cm2) to 0.013 Ω (65 mΩ cm2), and the

charge transfer resistance reduces from 0.0098 Ω (49 mΩ cm2)

to 0.0072 Ω (36 mΩ cm2) after the first hold. The decrease in

HFR suggests AEM activation, likely due to complete ion ex-

change (replacing bicarbonate with hydroxide) and the formation

of ionic transport channels. Post test membrane thickness

Table 1. Materials used

Catalyst Loading (mg/cm2) PTL/GDL

Anode Co3O4 3.0 ± 0.1

1.0 ± 0.05

Ni felt (280 μm)

SS felt (280 μm)

Cathode Pt/HSC 0.25 ± 0.05 Toray carbon (290 μm)
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measurements show no membrane thickness changes during

this short-term conditioning operation, suggesting that there is

no noticeable membrane thinning. The decrease in charge trans-

fer resistance suggests improved site access, interfacial contact

with the catalyst layer, catalyst layer lamination with the AEM,

and the formation of ionomeric channels within the catalyst layer

for improved H2O/OH− ions transport. The voltage breakdown

analysis, including ohmic, kinetic, and catalyst layer overpoten-

tial contributions, is illustrated in Figure S1. The main contribu-

tion to the improved performance during conditioning is a reduc-

tion in the catalyst layer resistance, while the kinetic and ohmic

overpotentials remained unchanged. Figure S1D compares the

CVs collected following BOT and the 3.0 A/cm2 hold; minimal

changes to the CVs suggest no major changes in site-access

(electrochemical surface area).

The voltage increased at the start of the 2.0 and 3.0 A/cm2 cur-

rent density holds and then stabilized, which was not observed

at 500 mA/cm2 (see Figure 2). This initial increase in voltage at

high current density is likely in part due to gas bubble accumula-

tion, which covers active sites through a local transport issue at

high current density. This voltage loss, however, was recover-

able after a short respite or cycling the cell and is not captured

in polarization curves (Figure 1B). This loss could be linked to

PTL structural properties and catalyst layer porosity, dictating

gas/water transport.

Additionally, the reversible voltage loss could also be partially

due to a change in the catalyst (cobalt) oxidation state or PTL/bi-

polar plate surface passivation. While cycling the cell between

0 and 1.4 V is beneficial to voltage recovery, it abruptly increases

when resuming high current density operation. This finding is

further demonstrated in Figure S2, which compares the voltage

response under a 1 A/cm2 hold, when CVs are or are not taken.

In the case of CV collection, the voltage initially recovers but

abruptly degrades.

Effect of electrolyte flow rate

To understand the importance of gas removal and water trans-

port, the AEMWE was operated by varying the cathode flow

rate while keeping the anode flow rate constant at 50 mL/min

(see Figure 3) and then decreasing the cathode flow rate from

Figure 1. MEA conditioning, test results, and impedance spectra with a symmetrical, fixed flow rate

(A–C) MEA activation process shows (A). Different current density holds 5 h each, (B). Polarization plots comparing BOT and the end of each current density hold,

(C). EIS plots at 1.80 V comparing BOT and the end of each current density hold. [AEM: PiperIon 80 μm, Ionomer: PiperIon dispersion, anode: Co3O4 deposited on

Ni PTL, cathode: Pt/HSC deposited on carbon paper, 1 M KOH fed to both electrodes with flow rate of 50 mL/min at 80◦C and ambient pressure].
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50 mL/min to 10 mL/min with a step of 10 mL/min. EIS plots in

Figure 3B further illustrate an increase in charge transfer resis-

tance with a decrease in the cathode flow rate. In wet cathode

operation, the continued electrolyte flow likely helps remove

the produced hydrogen from the cathode. At the lower flow

rate, the residence time of produced hydrogen increases, block-

ing the catalyst active sites and potentially increasing the local

gas partial pressure, hindering water and OH− transport to/

from active sites. In contrast to a dry cathode, feeding liquid

electrolyte to the cathode side causes more H2 bubbles to be

trapped in the electrode. Due to plenty of liquid water in the cath-

ode, enhanced bubble generation can decrease accessibility to

more catalyst sites and distort the conductive ionic path toward

the AEM.

Next, changing the anode flow rate while keeping the cathode

flow rate constant did not show a significant impact on cell per-

formance (see Figure 4). HFR, as well as charge transfer resis-

tances, also did not noticeably change in this case. Compared

to changes at the cathode, differences in the anode flow rate

result in smaller performance changes and may have been

impacted by the high porosity and fiber to fiber distance of the

anode PTL.

In the third case, decreasing the anode flow rate with a dry

cathode also had a negative impact on cell performance, and

Figure 2. Voltage response at various current densities show an increase in initial voltage loss with increasing current density

Figure 3. MEA test results and impedance spectra while varying the cathode flow rate

(A and B). Polarization plots varying cathode feed flow rate (1M KOH) while keeping the anode flow rate constant, (B). corresponding EIS plots at 1.50 V, varying

cathode flow rate, keeping anode flow rate constant. [AEM: PiperIon 80 μm, Ionomer: PiperIon dispersion, anode: Co3O4 deposited on Ni PTL, cathode: Pt/HSC

deposited on carbon paper, 1 M KOH variable feed at 80◦C and ambient pressure].
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further resulted in an increase in the charge transfer resistance

(see Figure 5). Feeding electrolyte to only the anode side is bene-

ficial due to easy gas removal, and secondly, the concentration

gradient between anode and cathode could likely be higher for

an anode feed only case, which means better mass transport.

The voltage breakdown of anode feed only shows lower kinetic

as well as residual losses compared to the wet cathode config-

uration, suggesting increased catalyst utilization and enhanced

transport as observed by Tricker et al.30 The catalyst layer resis-

tance remained unchanged in both configurations. With a

decrease in anode flow rate, the concentration gradient also

decreased, hindering the water transport to the cathode as

well as slowing the removal of O2 bubbles.

Effect of membrane thickness

In AEMWE, the membrane thickness directly affects OH− ions

and water transport. Particularly in water-only feeds, a thinner

membrane may help transport water to the cathode during dry

operation. However, in supporting electrolytes, the membrane

thickness can be less critical to cell performance, outside of

ohmic/HFR differences. Figure 6 compares the performances

of a 40 and 80 μm PiperIon AEM, which are consistent with

expectations.

Effect of the membrane drying process

Membrane water uptake and swelling play important roles in cell

performance, and one way to control water uptake is by drying

(curing) the films after casting. Here, we discuss the results of

three cast membrane films by varying the drying temperature

and evaluating their ex situ as well as in situ electrochemical per-

formance (see Figure S3 for casting and drying process). To un-

derstand the effects of polymer processing on AEM characteris-

tics, the film samples were tested for IEC, water uptake, and

conductivity with the procedure outlined in the experimental sec-

tion. Higher ex situ properties of undried AEM may lead to a

higher degree of dimensional swelling, which increases the diffu-

sion path for water and ionic transport, leading to lower site ac-

cess and higher charge transfer resistances. Higher degrees of

membrane swelling and the resulting higher charge transfer

resistance may thereby dominate the slight benefits of lower

Figure 4. MEA test results and impedance spectra while varying the anode flow rate

(A and B) Cell performance shows (A). polarization plots varying anode feed flow rate (1M KOH) while keeping the cathode flow rate constant and (B). corre-

sponding EIS plots at 1.50 V, varying anode flow rate, keeping cathode flow rate constant. [AEM: PiperIon 80 μm, Ionomer: PiperIon dispersion, anode: Co3O4

deposited on Ni PTL, cathode: Pt/HSC deposited on carbon paper, 1 M KOH variable feed at 80◦C and ambient pressure].

Figure 5. MEA test results and impedance spectra while varying the anode flow rate under a dry cathode condition

(A and B). Polarization plots varying anode feed flow rate (1M KOH) with dry cathode (B). Corresponding EIS plots at 1.50 V, varying the anode flow rate with a dry

cathode. [AEM: PiperIon 80 μm, Ionomer: PiperIon dispersion, anode: Co3O4 deposited on Ni PTL, cathode: Pt/HSC deposited on carbon paper, 1 M KOH

variable feed at 80◦C and ambient pressure].

iScience 28, 114037, December 19, 2025 5

iScience
Article

ll
OPEN ACCESS



HFR, higher IEC, and conductivity, and negatively impact cell

efficiency.

The ex situ characterization data, including IEC, water uptake,

and ionic conductivity, is presented in Figure 7. The undried AEM

had an IEC value of 1.58 meq/g, which was reduced to 1.37 meq/

g when dried at 60◦C and further reduced to 1.17 meq/g when

dried at 80◦C. Similar patterns were observed for liquid water up-

take, where the value decreased when dried at both drying tem-

peratures. While the undried AEM also appeared to yield the best

conductivity, the dried AEM samples both yield relatively similar

results. The dimensional swelling measurements were taken at

80◦C for the three AEM samples in 1 M KOH (see Figure 7D).

The undried AEM significantly showed higher swelling (in thick-

ness mode).

In the electrochemical performance evaluation (see Figure

8A), the AEM sample dried at 60◦C had the highest perfor-

mance, yielding a current density of 3.6 A cm− 2 at 2.0 V,

compared to the undried AEM (3.1 A cm− 2) and dried at

80◦C (2.7 A cm− 2). Voltage breakdown analysis is typically

performed to evaluate the individual overpotential contribution

toward ohmic and kinetic losses.31,32 All three samples

contributed fairly similarly to the ohmic losses, which were in

line with the corresponding HFR results (see Figure S4). The

undried AEM showed relatively higher kinetic overpotential,

coupled with a higher charge transfer resistance. Due to the

lower swelling of the dried AEMs, the membrane-electrode

interface likely contributed to a reduced charge transfer resis-

tance (lower residual loss). The catalyst layer resistance contri-

bution of undried MEA was slightly lower compared to dried

samples.

The Nyquist plots from EIS measurements collected at 1.50 V

are overlaid for comparison (see Figure 8B). The undried sample

yielded a slightly lower HFR of 0.0125 Ω (62.5 mΩ cm2)

compared to 0.0146 Ω (73.0 mΩ cm2) and 0.0142 Ω
(73.1 mΩ cm2) for dried at 60◦C and 80◦C, respectively. The

charge transfer resistance (RCT), on the other hand, was higher

for undried samples (0.1275 Ω or 637.5 mΩ cm2) compared to

(0.0754 Ω or 377.1 mΩ cm2) and (0.0855 Ω or 427.3 mΩ cm2)

for dried AEMs at 60◦C and 80◦C, respectively. Higher RCT

may have a significant effect on cell performance as the charge

transfer is overwhelmed by the reaction kinetics.33 The undried

sample had a higher water uptake, which resulted in higher

dimensional swelling. It was likely that the swollen membrane

polymer covered active sites at the membrane-electrode inter-

face, resulting in the reduced activity and mobility of charges

as depicted by higher charge transfer resistance. Moreover,

lower electrochemical surface area (ECSA) results from CVs

also support the slower activity due to swelled polymer covering

the catalyst sites at the interface (see Figure S4D). The slightly

lower catalyst layer resistance of the undried AEM, on the other

hand, could be explained by enhanced contact between ion-

omer paths with the membrane at the interface. The lower

ECSA of undried AEM compared to dried AEMs was in line

with the higher charge transfer resistance and higher kinetic

overpotential contribution.

Anion exchange membrane electrolyzer single cell

durability

The voltage response of the cell over 700 + h hold at 1.0 A/cm2 is

presented in Figure 9A. For this durability experiment, a SS PTL

purchased from Bekaert (15FP3 - 310 μm thick and 75%

porosity) was employed to enhance water and gas transport

through the PTL inspired by the high performance reported by

Tricker et al.,34 At 1.0 A/cm2, the cell voltage was 1.66 V at

BOT; however, it increased to around 1.82 V within a few hours

of operation. This initial increase in cell voltage (160 mV) was

higher than for a Ni PTL, when tested with the same MEA (an in-

crease of over 100 mV) in steady-state operation. Following

this initial increase, the voltage gradually decreased over time.

After 160 h, the cell stopped due to a power failure; following

a restart, a polarization curve overlapped with the BOT, sug-

gesting that there was no irreversible degradation in perfor-

mance. When resuming operation at 1.0 A/cm2, the voltage

continued to gradually decrease. Polarization (see Figure 9B)

and EIS measurements (see Figure 9C) were taken after 400

and 650 h and compared with the BOT measurements, where

improvement in performance, decrease in HFR, and an increase

in RCT are observed. Voltage breakdown analysis was done to

Figure 6. MEA test results and impedance spectra while varying the membrane thickness

(A and B). Polarization plots compare PiperIon 40 μm thick membrane with 80 μm, (B). Corresponding EIS plots at 1.80 V with varying thickness. [AEM: PiperIon

40 μm and 80 μm, Ionomer: PiperIon dispersion, anode: Co3O4 deposited on Ni PTL, cathode: Pt/HSC deposited on carbon paper, 1 M KOH fed to both

electrodes at 80◦C and ambient pressure].
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evaluate the overpotential contribution coming from each MEA

component (see Figure S5). The catalyst layer resistance

decreased over time, which was potentially due to catalyst layer

compression and changes in catalyst layer structure, the forma-

tion of ionomeric pathways, or ionomer oxidation, freeing up

catalyst particles for enhanced activity and improving perfor-

mance. The ohmic contribution to overpotential decreases

over time and is consistent with the decrease in HFR. Moreover,

residual loss increases over time, likely due to changes in the

catalyst layer structure affecting transport.

The HFR-free potential comparison suggests that no significant

contribution came from the electrodes and points to the improved

membrane conductivity as the reason for the decreased HFR.

Enhanced conductivity could be due to membrane thinning or

Figure 7. Ex situ characterization of custom polymer films

(A–D). Ion exchange capacity (IEC) comparison of undried vs. dried samples, (B). liquid water uptake (LWU) of dried vs. undried samples, (C). conductivity

comparing undried vs. dried samples, and (D). dimensional swelling of dried vs. undried samples soaked in 1.0 M KOH for 1 h at 80◦C.

Figure 8. MEA test results and impedance spectra while varying the polymer drying temperature

(A and B) Polarization plots compare the I-V response of undried vs. dried AEM samples, (B) EIS spectra collected at 1.50 V overlayed for three AEM samples.

[AEM: custom polymer, Ionomer: custom polymer dispersion, anode: Co3O4 deposited on Ni PTL, cathode: Pt/HSC deposited on carbon paper, 1 M KOH fed to

both electrodes at 80◦C and ambient pressure].
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an increase in the KOH concentration over time as we replenished

the electrolyte every few days. For membrane thinning, the thick-

ness of the tested membrane was measured using a micrometer

and showed no noticeable change compared with the untested

membrane. pH measurements of circulated 1.0 M KOH solutions

taken at BOT (13.92), after 400 h(14.14), and after 650 h (14.39),

however, suggest that the pH of 14.39 corresponds to approx.

2.0 M (doubled compared to BOT). These measurements clearly

show an increase in KOH concentration over time, responsible

for enhanced membrane conductivity.

Effect of supporting electrolyte on cell performance

Based on pH measurements discussed for durability data, it is

relevant to state the importance of supporting electrolytes in

AEMWE performance as reported in the literature.17 Figure 10A

compares polarization responses of AEMWE cells operated

with 1.0 M KOH, 0.1 M KOH, and DI water feeds. Cell perfor-

mance drastically improves when operated with 0.1 M KOH sup-

porting electrolyte compared to DI water feed, and significantly

lowered HFR as well as RCT (see Figure 10B). At 2.0 V, the current

density was 0.18 A/cm2 with DI water feed, which was 2.51 A/cm2

with 0.1 M KOH, and even higher 4.19 A/cm2 with 1.0 M KOH

feed. The HFR decreased from ∼0.1 Ω (500 mΩ cm2) to

0.0229 Ω (114.5 mΩ cm2) when switched from DI water to

0.1 M KOH and further decreased to 0.0158 Ω (79 mΩ cm2)

with 1.0 M KOH feed. The corresponding charge transfer resis-

tances were 0.435 Ω (2175 mΩ cm2), 0.013 Ω (65 mΩ cm2), and

0.0057 Ω (28.5 mΩ cm2) with DI water, 0.1 M KOH, and 1.0 M

KOH feeds, respectively. Therefore, it is essential to control the

pH (concentration) of supporting electrolyte feeds while com-

paring the performance/durability of different polymers em-

ployed in AEMWE.

Constant current operation at various current densities was

employed for conditioning the MEAs. The cell performance was

noticeably improved after the first hold, and the cell voltage sta-

bilized in subsequent current holds. Corresponding impedance

measurements showed a decrease in HFR as well as a decrease

in the charge transfer resistance after the first hold. This perfor-

mance improvement is attributed to a decrease in catalyst layer

resistance due to compression in the cell and enhanced mem-

brane conductivity during continuous operation. The initial

voltage loss observed at higher current density hold could be

associated with bubble accumulation blocking active sites (ki-

netics) and affecting transport (water and ionic). For 1.0 M KOH

Figure 9. MEA test results and impedance spectra during a 1.0 A/cm2 durability test

(A and B). Durability at 1.0 A/cm2 holds for dried AEM at 60◦C for 72 h using Co3O4 deposited on stainless steel PTL as anode and PtC deposited on Toray carbon

paper as cathode, (B). BOT and EOT polarization scans comparison, (C). corresponding EIS collected at 1.80 V [AEM: custom polymer dried at 60◦C, 50 μm thick,

ionomer: custom polymer dispersion, anode: Co3O4 deposited on SS PTL, cathode: Pt/HSC deposited on carbon paper, 1.0 M KOH fed to both electrodes at

80◦C and ambient pressure].
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electrolyte feeds, the cell performance was negatively affected

by lowering the cathode flow rate while keeping the anode flow

rate constant. Dry cathode operation was further beneficial,

potentially due to the enhanced transport of gas, water, and

OH− ions. Only a reduction in the anode flow rate did not have

a noticeable effect on cell performance. In a 1.0 M KOH system,

commercial Verosgen 40 μm AEM performed slightly better than

80 μm thick AEM with noticeably lower HFR. The homemade

AEM dried at 60◦C after casting showed reduced water uptake

and swelling, enhancing the cell performance. The major contri-

bution in performance enhancement was due to reduced charge

transfer resistance in the drying process. However, drying the

membrane at a higher temperature (80◦C) was not effective, likely

due to changes in the mechanical properties of the polymer film.

Finally, a 700-h durability test with all commercial materials

shows improved performance over time. HFR was reduced

over time, suggesting enhanced ionic conductivity, whereas the

electrolyte pH was increased responsible for this performance

gain. Finally, the DI water feed operation was compared with

0.1 M KOH and 1.0 M KOH feeds, emphasizing the sensitivity

of ionic conductivity in different electrolyte feeds. Therefore, pH

of electrolyte or conductivity control is needed for durability ex-

periments to eliminate the effects of KOH concentration changes.

With the evolution of AEM water electrolysis technology, under-

standing the device operation is crucial for the development of

efficient and durable systems. This study aims to improve our

understanding of materials integration and device operation

in state-of-the-art MEAs, focusing on the reactants/products

transport.

Limitations of the study

This study is limited to electrochemical characterization (perfor-

mance/short-term durability) of AEM single cells with varying

operating conditions only. Catalyst inks, rheology, electrode

structures, and postmortem analysis using SEM/STEM are not

covered. The authors aim to investigate AEMWE durability with

steady-state or voltage/current cycling and support with post-

mortem analysis in the near future.
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STAR★METHODS

KEY RESOURCES TABLE

METHOD DETAILS

Detailed methods are provided in the online version of this paper and include the following:

Polymer membranes and ionomer

Two types of polymers are used in this study. One is a commercial PiperION (Versogen) anion exchange membrane (AEM) and ion-

omer purchased from Fuel Cell store. The films are 40 μm or 80 μm thick and ionomer dispersion (5 w%) is used for fabricating elec-

trodes. The second polymer is a proprietary anion exchange membrane (AEM) polymer. The proprietary ionomer dispersion is pre-

pared in-house (5 w%) using proprietary solvent composition and it does not undergo any heat treatment (used as is). For both

commercial and homemade ionomers, the ionomer content in the ink is 30 w% for the anode and 25 w% for the cathode. The

DIW/solvent ratio in the ink is 0.11. A schematic of film casting procedure using doctor blade and subsequent film drying process

flow chart is presented in Figure S3. For this study the cast films are dried under three different conditions designated as, (a) undried

(dried at 80◦C for 0.5 hours only), (b) dried at 60◦C (for 72 hours), and (c) dried at 80◦C (for 72 hours). Following the drying process, the

films are measured for dry thickness and recorded around 50 μm.

Ex-situ characterization of polymer films

For ex-situ characterizations, the AEM cast samples are first exchanged from bicarbonate (HCO3)- to chloride (Cl)- form by soaking in

2.5 50M NaCl for 24 hours at room temperature. The material is then washed with DI water and dried in an oven at 60◦C. Ion exchange

capacity (IEC) is determined using the Mettler Toledo T90 auto titrator and a silver ring electrode to perform chloride titration using

potentiometric indication. In this process, 50 mg of dry material is weighed and soaked in 1.0 M NaNO3 overnight. This solution is then

titrated using 0.1M AgNO3 on the auto titrator until the equivalent point is reached. The IEC is then calculated from the weight of the

sample and the amount of titrant required to reach the equivalence point.

Conductivity is measured using cells that hold a strip of membrane against four electrodes. The membrane is first soaked in DI

water for 24 hours. Then the sample is cut into 5 mm wide strips and placed into the conductivity cell with a Styrofoam backing

to keep the sample in contact with the electrodes. The cells are connected to the solartron analytical 1470E multi-channel potentio-

stat and are tested inside the Test Equity 1000 series temperature/humidity chamber. The resistance is measured at 60◦C for relative

humidity 95 % to 40 %. Using the resistance at each relative humidity, the conductivity is calculated. Dynamic water uptake is

measured using TA Instruments TGA Q5000SA dynamic vapor sorption analyzer (DVS). First, 5mg of dry material is weighed and

placed into a tared 100μL platinum pan. The pan is then moved into the humidity chamber where the temperature is controlled at

60◦C as the relative humidity (%RH) changes from 0 % to 95 % and to 0 % again. The change in weight percent of the material

at varying humidity yields the water uptake value.

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Commercial Ion exchange membrane Versogen Inc. PiperIon® 80 um

Commercial Ion exchange ionomer Versogen Inc. PiperIon® 5% dispersion

Custom Ion exchange membrane Proprietary 50 um

Commercial Ion exchange ionomer Proprietary 5% dispersion

Pt/HSC catalyst for hydrogen

evolution reaction

Alfa Aesar 40% Pt supported on high surface carbon

Co3O4 catalyst for oxygen

evolution reaction

US Research Nanomaterials Inc. 99%, 10–30 nm particle size

Stainless steel felt for anode Bekaert Currento® PTL SS-78/300

Nickel felt for anode Bekaert Currento® PTL Ni-60/250

Toray Carbon Paper for cathode Toray Toray Paper 90 - TGP-H-090

Ultrasonic bath for mixing inks Fisher Scientific FS30H

Potentiostat for electrochemical

measurements

Autolab with 20 A booster N/A

Catalyst loading measurements Fisher Scientific XRF- XDV-SDD
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Liquid water uptake measurements are performed by weighing dry film pieces and then soaking in deionized water for 24 hours.

The weight change is used as the liquid water uptake. The following equation gives the liquid water uptake value, where Ww is the wet

weight and Wd is the dry membrane weight.

Water Uptake (%) =
Ww − Wd

Ww

Electrode fabrication

The custom ionomer dispersion or 5 w% PiperIon dispersion ionomers is used to formulate catalyst inks by mixing deionized (DI)

water and appropriate solvents. Cobalt-based electrocatalysts for oxygen evolution reaction (OER) while Pt-based electrocatalyst

for hydrogen evolution reaction (HER) are used. 40% Pt/C (Alfa Aesar, Pt nominally 40 wt%, supported on carbon is used at the cath-

ode for HER and Cobalt Oxide nano powder (Co3O4, 99 %, 10-30 nm, US Research Nanomaterials Inc.) are used at the anode for

OER. The catalyst is added to a vial followed by DI water to wet the catalyst. Table 1 summarizes the electrode materials and loadings

used in this study.

Next, ionomer dispersion is added to horn sonicate for 30 s. The mixture is then homogenized in an ultrasonic bath (Fisher Scientific

FS30H) for 60 min while maintaining the bath temperature under 20◦C. Then, the homogenized ink for cathode is sprayed onto Toray

carbon GDLs 290 μm thick with 0% wet proofing. The ink for anode is sprayed onto Ni or stainless steel (SS) PTL 280 μm thick ac-

quired from Bekaert. Both anode and cathode inks are airbrush sprayed directly onto the Ni, SS or carbon PTLs/GDLs. The PTLs/

GDLs are mounted to a hot vacuum plate, 80◦C while inks are sprayed layer by layer using Nitrogen flow through the airbrush.

The deposition method has been adopted from our previous reports.17,31 For all electrodes, inks are sprayed onto 25 cm2 area sub-

strates, which are then cut into smaller gas diffusion electrodes (GDEs) each with an active area of 5 cm2. The noble metal loadings

are measured using XRF Fisher XDV-SDD and desired loadings are achieved for the anode and cathode electrodes, 3.0±0.1 mgCo

cm-2, and 0.25 ± 0.05 mgPt cm-2 respectively.

Membrane electrode assembly and testing

For in situ evaluation of the membrane’s performance, the GDEs are formed into MEAs and loaded into a 25 cm2 customized cell

hardware (masked down to 5 cm2) with a triple serpentine Nicke flow field plates and SS end plates. The first step in the MEA fabri-

cation is to pretreat the AEMs and the GDEs to convert them to the OH− form. This is done by soaking the membrane and electrodes

in a 1.0 M KOH solution in separate containers for 48 h. Following pretreatment, the AEM is sandwiched between the anode and cath-

ode GDEs (without any hot pressing) and the cell is torqued to 40 in. lb. using 10 mil PTFE sheet for anode and 11 mil for the cathode

as the gasket materials. All the operating AEMWEs in this work are controlled using a customized electrolyzer single cell test station.

At cell startup, DI water or 0.1 M or 1 M KOH is fed to both anode and cathode sides setting the electrolyte as well as cell temperature

to 80◦C. After reaching stable temperatures, the cell is connected to Autolab potentiostat with 20 A booster. The cell conditioning

protocol employed here is discussed in the results section. For each AEM sample, cathodic (scanning from 2.0, 1.9, 1.8, 1.7,

1.65, 1,6, 1.55, 1.53, 1.48, 1.46, 1.44, 1.42, 1.41 and 1.40 V descending order) and anodic (scanning from 1.40 V to 2.0 V in ascending

order) polarization data are recorded. Only anodic scans are presented as polarization curves for all experiments. The electrochem-

ical impedance spectra (EIS) are collected at 1.4, 1.41, 1.42, 1.44, 1.46, 1.48, 1.5, 1.55, 1.6, 1.65, 1.7, 1.8, 1.9 and 2.0 V. The cyclic

voltammograms (CVs) are recorded at 100 mV/s scan rate. Durability evaluations at constant current hold are done followed by col-

lecting end of test polarization plots, EIS and CVs for degradation analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

None.
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