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Abstract

Water electrolysis powered by renewable electricity produces green hydrogen and oxygen gas,
which can be used for energy, fertilizer, and industrial applications and thus displace fossil fuels.
Pure-water anion-exchange-membrane (AEM) electrolyzers in principle offer the advantages of
commercialized proton-exchange-membrane systems (high current density, low cross over, output
gas compression, etc.) while enabling the use of less-expensive steel components and non-
precious-metal catalysts. AEM electrolyzer research and development, however, has been limited
by the lack of broadly accessible materials that provide consistent cell performance, making it
difficult to compare results across studies. Further, even when the same materials are used,
different pretreatments and electrochemical analysis techniques can produce different results.
Here, we report an AEM electrolyzer comprised of commercially-available catalysts, membrane,
ionomer, and gas-diffusion layers operating near 1.9 V at 1 A-cm™ in pure water. After initial
break in, the performance degraded by 0.67 mV-h™! at 0.5 A-cm™ at 55 °C. We detail the key
preparation, assembly, and operation techniques employed and show further performance
improvements using advanced materials as a proof-of-concept for future AEM-electrolyzer
development. The data thus provides an easily reproducible and comparatively high-performance
baseline that can be used by other laboratories to calibrate the performance of improved cell
components, non-precious metal oxygen evolution and hydrogen evolution catalysts, and learn

how to mitigate degradation pathways.

Introduction
Hydrogen gas is used as a feedstock for vital industrial processes including ammonia-based

fertilizer production, metal-ore refining, and chemical production.' It is also of significant interest



for energy storage and transportation,” and central in plans for reducing, and eventually
eliminating, CO2 emissions.>* Such technology, however, is only ‘green’ if powered using
renewably-produced hydrogen, for example, through water electrolysis powered by wind or solar.
Of the 70 Mt (megatons) of hydrogen used globally each year, only ~1% is produced through
electrolysis.’ The rest is essentially all produced from fossil fuels by coal gasification and natural-
gas reforming and contributes more than 830 Mt of CO; emissions annually.’

To achieve the electrolyzer capacity required to meet global hydrogen demands, both capital
and operating costs must decrease.® The best technology for this scale up is not yet evident. While
low-temperature liquid-alkaline and proton-exchange-membrane (PEM) electrolyzers are mature,
anion-exchange-membrane (AEM) electrolyzer technology is still under development.” The
largest limitations of AEM systems have been membrane and ionomer conductivity and stability.
Increasing the ionic conductivity of an AEM usually also increases its solubility and water
uptake,®'° thus ionic conductivity is often sacrificed to achieve the required mechanical durability
for electrolyzer hardware. Commercial PEM electrolyzers operate in pure water at 1.8 -2 V at 1.5
-2 A-cm™ for thousands of hours, with optimized lab-scale devices achieving similar voltages at
higher current densities.!! Most reported AEM electrolyzers operate in carbonate- or hydroxide-
based electrolyte that mask the stability issues of the ionomer in the alkaline oxidative
environment. Many previous AEM electrolyzers running in dilute electrolyte or pure water
typically have limited durability and at 2 V provide only a few hundred mA-cm.!>1

Recent work has shown more-competitive AEM performance in pure water, achieving cell
potentials below 2 V at 1 A-cm™.'®!® These studies use custom-made membrane and ionomer
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materials and/or specialized gas diffusion layers (GDLs).'"® Testing protocols have also

involved operation in alkaline electrolyte prior to pure water testing.'®!” Residual electrolyte may



affect performance and also introduces uncertainty regarding degradation mechanisms associated
with the ionomer relative to performance loss due to flushing supporting electrolyte (see additional
discussion and data below in the context of the experiments reported here). Without widely
available materials and defined testing protocols, it is difficult to reproduce performance and the
field is not accessible to the broader research community.

A significant limitation facing AEM research is the lack of consistent, high-performing, stable
baseline materials. Standard PEM systems use Nafion as the membrane and ionomer binder, a Pt
black/Toray carbon-paper cathode, and IrO»/Ti anode.'® No such baseline materials exist for AEM
systems and a wide variety of membranes, ionomers, catalysts, and gas diffusion layers (GDLs)
are used.'”!'* This impediment is exemplified in the surge of earth-abundant oxygen- and
hydrogen-evolution-catalyst research reporting AEM electrolyzer polarization curves obtained
under conditions that are not always well defined and often irrelevant to practical applications,
and/or with older membrane chemistries. The use of the AEM-GDL interface in new fields, such

as for bipolar membranes,?*-??

could lead to similar problems. The complexity of membrane
electrolyzers requires interdisciplinary efforts that leverage baseline materials and well-defined
conditions to compare results across studies.

While materials play a significant role in determining MEA performance and stability,
preparation and assembly technique, as well as electrochemical analysis procedure, are also
crucial. Different coating techniques (e.g. airbrush versus hot-press, or coated membranes versus
coated GDLs) result in different interactions between the catalyst, ionomer binder, and membrane
at the triple-phase boundary. Therefore, large performance differences can be observed across
MEAs of identical materials.?® During electrolyzer operation, different electrolyte pre-treatments

16-17, 24

have also been used, even if testing in pure water, which can also affect measured



electrolyzer performance and durability. Here, we detail the preparation and operation of an
inexpensive small 1 cm? AEM electrolyzer operating with pure water below 2 V at 1 A-cm™ using
commercially-available materials. These commercial stainless-steel GDLs (original designed as
filter media) have a graded porosity, a property which has been previously shown in custom
materials to be useful for optimizing membrane-electrolyzer performance.’>?’” We use an
inexpensive hand-held spray-coating gun, instead of a commercial spray-coater, making the
approach more widely accessible. The quality of the interface was found to be key for improved
durability. Through initial optimization, we show improved durability reported in pure water at
0.5 A-cm™ with the baseline material compared to other available systems, and reveal insight into
initial degradation pathways. We also show the importance of sufficient pure-water purging of the
system if electrolyte pre-treatments are used. This baseline MEA configuration, along with
baseline fabrication and testing procedures, can be used as a starting reference for further AEM

materials development.

Experimental Methods

Catalyst dispersions and GDL coating. Pt black (high surface area, Fuel Cell Store) and IrO>
(Pajarito Powder) nanoparticles were used as the cathode and anode catalyst, respectively. Cathode
and anode ink solutions were prepared identically. For every 100 mg of catalyst, 0.5 g H.O was
added, followed by 1.7 g of 2-propanol. The PiperlON (TP-85, 5% w/w in ethanol), Sustainion
(XB-7 5% in ethanol), and Aemion (AP1-HNNS8-00-X) ionomer solutions were used with the
corresponding membrane. The Aemion ionomer solid was dissolved in ethanol to yield a 5% w/w

solution before ink preparation. Ionomer solution (200 mg of 5% solution in ethanol) was added



to yield the final 10 wt. % (Wionomer/Weatalyst) ink. Inks were then bath-sonicated (Branson 1510R-
MTH) at room temperature for a minimum of 1 h (Pt black) or 2 h (IrO>) until fully dispersed.

Toray 090 carbon paper (Fuel Cell Store) and a stainless-steel mesh filter material (25AL3,
Bekaert) were used as the cathode and anode GDLs, respectively. The GDL was taped to a hot
plate set to 80 °C. Catalyst inks were sprayed onto the GDL materials using an airbrush (Testors,
Aztek A2203, part of the Amazing Airbrush kit) and compressed N> at a pressure of 12 psi. A
catalyst loading between 2.3 and 2.8 mg-cm™ was determined by mass difference. A thin layer (1-
2 wt. % Wionomer/Weatalyst) Of 1onomer solution in ethanol was sprayed on top of the catalyst layer to
improve contact with the membrane. As the quality of the catalyst ink layer has a significant effect
on the overall MEA performance, particular attention and care should be paid to the GDL airbrush
coating technique. Specific details describing the electrode preparation are included in the
Supplemental Information.

Membrane conditioning. PiperlON (TP-85 50 um and 40 um, W7Energy), Sustainion (X37-
50, Dioxide Materials), and Aemion (AFI1-HNNS8-50-X, Ionomr) membranes were conditioned
according to manufacturer instructions. The membranes were soaked in 0.5 M KOH (PiperION),
1 M KOH (Sustainion), or 3 M KOH (Aemion) for 48 h, replacing the solution with fresh KOH
after 24 h. Membranes were stored in their respective KOH solution when not in use. The thickness
of hydrated membranes was determined by clamping each membrane between two glass slides and

measuring the thickness using a Keyence VHX 7000 digital microscope.

MEA assembly. The serpentine flow fields can apply an uneven pressure to the relatively
flexible SS GDL, so a sintered Ti plate was used as a rigid back support on both the cathode and
anode side (400 pum thickness, Baoji Yingao Metal Materials Inc.). Gasket material (0.005”

PET/PETE clear film, McMaster-Carr) was laser cut to an active area of 1 cm?. Gaskets were



added until they were flush with the GDL surface. The number of gaskets was determined by
adding/removing a gasket until maximum performance was obtained. For this cell, this was
determined to be seven total gaskets at the anode and six at the cathode. The Sustainion membrane
required one additional gasket at each electrode to prevent the membrane from tearing. The
conditioned membrane was dipped in a beaker of 18.2 MQ-cm water then rinsed with 18.2 MQ-cm
water for 10 s before assembly. Materials were assembled in the stack and a torque wrench was

used to tighten the screws to 5.6 Nm.

Electrolyzer operation. 18.2 MQ-cm water (or in certain experiments 1 M KOH) was flowed to
the cathode and anode at 500 mL-min™!. N> was bubbled into the water tank. The anode water flow
(carrying produced O;) was recirculated in the system while the cathode water flow (carrying
produced H») was flowed into a chemical hood, degassed with N, then recirculated back into the
water tank. Temperature was maintained at the specified value and was monitored with a
thermocouple inserted into the cell hardware (Fig. S2). Once the cell temperature was stable, the
MEA was conditioned by stepping the current from 100 mA-cm? to 1 A-cm™, holding for 2 min
at each step. The cell was then held at 1 V to test for pinholes or other short-circuit pathways in
the cell (the steady sate electrolysis current decays to zero at < 1.23 V, while shunt currents persist).
The cell was brought back to 1 A-cm™ for 2 min to stabilize. The potential was then recorded, and
the current was decreased in 100 mA-cm™ steps measuring the potential for 10 s at each step to
collect the JV curve. The cell was held at 500 mA-cm for stability measurements. Linear sweep
voltammetry (LSV) measurements were collected from 1.3 - 2 V at a scan rate of 20 mV-s'. A
full detail of all relevant materials and parameters is given in Fig. 1 and the Supplemental

Information.
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Figure 1: Schematic detailing the preparation and assembly of the 1-cm?> MEA. The small cell size
allows for rapid and economical studies of different parameters as well as degradation phenomena, even
with a standard potentiostat station. The example here is using the PiperlON membrane and ionomer,
and the same process was used for the Aemion and Sustainion membranes/ionomers.

Additional analysis. After operation, the electrolyzer membrane electrode assembly (MEA) was
disassembled with the anode and cathode GDLs peeled off the membrane. The anode GDL with
remaining IrOx and PiperION ionomer was dried at room temperature for 48 h and analyzed with
X-ray photoelectron spectroscopy (XPS) on an ESCALAB 250 (ThermoScientific) using an Al
Ko monochromated (20 eV pass energy, 500 um spot size) source. The samples were charge-
neutralized using an in-lens electron source. Spectra were analyzed using ThermoScientific
Avantage 4.88 software. The C 1s signal at 284.8 eV was used to calibrate the binding energy
scale. The spectra then was compared to the spectra of a pristine PiperION thin film spin-coated

from the the 5 wt% ionomer solution onto an Au-coated glass slide.

Results and Discussion




Table 1. Membrane properties

Membrane

Aemion

Sustainion

PiperlON

Ion exchange
capacity
(meq-g)

2.1-2.5

1.1

2.02-2.37

Reported OH
conductivity
(mS cm™)

>80, no specified temperature

>130"at 70 °C

>135at 70 °C

Reported %
water uptake

33-37%

80%

50%

Dry thickness
(pm)™

50

50

50

Wet
thickness™ (in
KOH, um)

72

62

Chemical
structure
(including
manufacturer-
provided
counter ion)

m n

J
% Sl

/S/N\

Q)

CF3

OO~ OO~
/@,3\ HCO, O

Ref.

29

30

"Reported conductivity is calculated from area-specific resistance (ASR) in 1 M KOH at 60 °C. While Sustainion
has a lower IEC, the higher water uptake has been reported to result in a lower ASR leading to the comparable OH"
conductivity value. ** The membranes studied here were all selected because they are commercially available and
thus easily accessible. The common thickness for each membrane was 50 um, so this thickness was chosen to keep

this parameter constant across all experiments. “**See Fig. S3 for measurement images.
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Figure 2: Performance comparison of electrolyzers from three commercially-available AEMs. All
experiments were run with pure water at a cell temperature of 55 + 1 °C. All membranes are 50 pm
thick. Each curve is the average of three individual MEA’s tested. Error bars are the standard deviation
obtained from 3 separately fabricated devices.




The performance of Aemion, Sustainion, and PiperlON AEM electrolyzers are shown in Fig.
2. All tests were operated at the same temperature (55 £ 1 °C). It should be noted each
membrane/ionomer system requires optimized ionomer loading for best performance, which may
be different for each system. Here ionomer content was not optimized to any specific membrane,
but rather 10 wt% ionomer was chosen to maintain continuity across all membranes. The
temperature selected was the highest temperature the Aemion membrane was able to withstand,
based on the reported maximum operating temperature of the Aemion membrane. For further
validation, the Aemion membrane was operated at 69 + 1 °C and a rapid performance degradation
was observed (Fig. S4). At 100 mA-cm™, membrane resistance and mass transport effects do not
substantially contribute to voltage losses and all membranes show nearly identical performance.
As current density increases Aemion and Sustainion continue performing similarly, while
PiperlON out-performs both. The lower hydroxide conductivity of Aemion is likely contributing
to its higher voltage performance, specifically at the catalyst interface. Lower hydroxide-ion
conductivity is particularly detrimental at the reactive electrode interfaces®' where it may lead to
larger voltage losses than expected from simple ionic membrane-series-resistance arguments. It
should be noted the hydroxide exchange process was found to have a strong impact on Aemion
performance (Fig. S5). Each membrane arrives with different counter ions (Table 1) which are
exchanged for OH™ before electrolyzer operation. Weakly-hydrated ions interact more strongly
with the charged end-groups of the AEM?>? and thus require higher concentrations of hydroxide for
ion exchange and can be incompletely exchanged. MEA performance is also dependent on the
applied hardware pressure;>’ the increased resistance observed with Sustainion might be in part
due to the additional gasket material required for Sustainion operation resulting in a higher

resistance due to non-ideal or non-uniform cell compression.
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The temperature dependence of the PiperlON membrane was further investigated (Fig. 3).
While some AEMs are not stable at elevated temperatures,®* the PiperlON membrane operated
well at all temperatures tested, and has been reported operating up to 90 °C.'"® The voltage
decreases with increasing temperature due to increasing membrane/ionomer OH™ conductivity and

improved reaction kinetics.
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Figure 3: Temperature dependence of an electrolyzer operated in pure water with the 50-um-thick PiperlON
MEA.

Various cell conditioning methods were then compared for the PiperlON system. Cell
conditioning is a well-established practice for PEM electrolyzers and fuel cells,**=¢ during which
the cell is operated and performance gradually improves.>” While the detailed processes that cause
this improvement are not fully understood, it is hypothesized that cell conditioning further
activates catalyst surfaces, more-fully hydrates the membrane and ionomer, and better establishes
ion pathways through the membrane and ionomer.*% 383 In this system, the cell is conditioned in
pure water by applying current from 100 mA-cm™ to 1 A-cm™ in 100 mA steps holding for 2 min

at each step. After conditioning, the cell was stepped from 1 A-cm™ to 100 mA-cm™ in 100 mA
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steps holding for 20 s at each step. There is a notable difference in the time required for the voltage
to reach steady state, as observed in Fig. 4a and b. The polarization curves obtained during and
after cell conditioning (from Fig. 4a and b) were compared by plotting the voltage at 2 min and 20
s, respectively (Fig. 4c¢). As is shown, there is a significant difference in low-current-density
performance before and after this initial conditioning period. This highlights the importance of
sufficient cell conditioning prior to data collection.

Another commonly used process for pure-water AEM electrolyzer operation is to condition
the cell in alkaline electrolyte, purge the cell with pure water, then measure the performance.'®!”
We compared this method to that used here. After conditioning and collecting a polarization curve
using the current-step method, an LSV was collected at 20 mV-s™! from 1.3 to 2 V. As can be seen,
these results agree well, showing that after sufficient conditioning there is no significant difference
in electrochemical technique used to collect the polarization curve. Next, 1 M KOH was flowed to
both the cathode and anode and an LSV was collected. The full polarization curve in 1.0 M KOH
up to 2 V resulting in ~ 4 A-cm™ of current is included in Fig. S6. Then, pure water was returned
to the cell, and an LSV was collected after 500 mL of water was purged through the system
(following the procedure used by Li et al.).!® The performance obtained using this method is
significantly better than that obtained by conditioning in pure water. After collecting this LSV, the
conductivity of the effluent electrolyte was measured over time. The effluent conductivity was still
decreasing, even after > 1 L of pure water was flowed through the cell (Fig. S7), therefore this
enhanced performance is attributed to residual KOH that was not sufficiently purged. After pure
water was flowed for an additional 3 min (an additional 1.5 L of water) and the conductivity of the
effluent was stable, four sequential polarization curves were collected (Fig. 4b). To stabilize the

polarization curves, > 2.5 L of pure water was needed to flow through the small 1 cm? electrolyzer,
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Figure 1: Effect of cell conditioning on polarization curves. Voltage changes over time when stepping current a) at
cell start-up and b) after completing cell break-in. ¢) comparison of polarization curves collected during and after
electrolyzer conditioning. d) comparison of polarization curves at various points when conditioning in 1 M KOH. All
data was collected at 55 + 1 °C with either a 50 um thick (a-c) or 40-pm-thick (d) membrane.

yet the voltage was still lower than the recorded pure-water baseline (without KOH flow for pre-
treatment). This result shows that performance enhancements from conditioning in hydroxide-
containing electrolyte might not be completely attributed to residual OH™ in the system.

The residual performance increase after extensive pure water purging might be due to more-
complete exchange of OH", for example due to removal of residual carbonate species in the
ionomer or membrane that increases the ionic conductivity of the ionomer in the catalyst layer.*’
The lower swelling conditions of the conductive electrolyte might also create a more-favorable
environment for the catalyst-ionomer interaction during conditioning. We note that all pure water
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entering the electrolyzer was purged with N> while the KOH solution was not purged. While this
effect is complex and requires further investigation, the results clearly show the importance of
ensuring data is being collected in true pure-water conditions if using a conductive electrolyte for
conditioning and that previously reported high-performance “pure-water” experiments are likely

influenced by residual KOH.!®
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Figure 2: a) Stability comparison of the three commercial AEMs when operating at 500 mA-cm™ at 55 °C in the
electrolyzer. Experiments were ended when the total cell voltage exceeded 2.9 V. All membranes display a similar
degradation rate for the first ~20 h (inset). b) XPS of a pristine PiperION film and c) PiperION anode GDL surface
after 175 h of operation showing substantial evidence of oxidized carbon and loss of N and F.

The stability of each membrane was evaluated over 175 h of operation at 0.5 A-cm™ (Fig. 5).
Over the first ~20 h, all membranes show similar fast degradation rate of 11-15 mV-h'! (Fig. 5
inset), indicating a similar degradation mechanism. After this initial “break-in” the PiperlON
system stabilizes. This MEA was continuously operated for over 175 h with a degradation rate of
0.67 mV-h'! over the last 20 h. The Aemion and Sustainion systems were shut down when the cell
voltage exceeded 2.9 V. While it is possible these systems stabilize in a similar manner to
PiperlON, the system voltage is too high for energy-efficient operation.

Membrane and ionomer degradation are complex processes that are still not fully understood,

and there are potentially multiple different degradation pathways contributing.*! The stability tests
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were purposefully conducted at conditions that can be easily reproduced by other groups. To begin
understanding the source of degradation of the PiperlON system, after conditioning and operation
in pure water, 1 M KOH was then flowed to the anode and cathode and the change in voltage
observed (Fig. S8). After introducing electrolyte, the degradation rate increased from 24 mV-h!
to 87 mV-h'l. Further, black particulates were observed in the cathode stream, indicating
mechanical failure of the cathode. We hypothesize this is either attributed to the sudden increase
in electrolyte conductivity shocking the cathode ionomer or a degradation mechanism influenced
by the increasing hydroxide concentration or K counter-ions, leading to breakdown and catalyst
detachment. Such effects would not affect the durability during continuous pure water operation
and therefore are not contributing to the observed degradation discussed previously. After, pure
water was purged through the system for 10 min and then KOH was flowed only to the anode.
After the pure-water purge (red line until 0.5 h in Fig. S8) the total voltage rapidly exceeds the
previous values obtained during the initial pure water operation (black trace), indicating anode
ionomer degradation, already during the pure water operation (black trace). Once KOH is flown
to the anode (red trace after 0.5 h in Fig. S8) the degradation rate decreased from 96 mV-h! to 40
mV-h'! (Fig. S8), suggesting that the increased conductivity with the KOH compensates for the
loss in conductivity from the degrading ionomer.

To further investigate this degradation, the PiperlON MEA was disassembled after 175 h
steady-state operation and XPS was collected on the anode GDL surface which remained coated
with catalyst and ionomer after disassembly (Fig. 5¢). Additional C peaks associated with oxidized
species along with a loss of F and N signal compared to a pristine PiperlON film (Fig. 5b),

demonstrating the ionomer in this region is undergoing significant oxidative damage. However,
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more research is essential to understand the impact of oxidizing electrode potentials on the specific
ionomers, among other effects such as COz poisoning (and COs>* formation).

The MEA described here is a starting baseline for further AEM materials development.
Examples of improvements are shown in Fig. 6 using custom GDL and thinner membrane
materials. The 40-um-thick membrane shows ~100 mV improvement across all current densities.
Proprietary Ti-based GDLs engineered to improve mass-transport and decrease system resistance
for acidic PEM electrolyzers were obtained from Nel Hydrogen. When replacing the commercial
stainless-steel GDLs with this material, a similar improvement of 90 mV is observed at 100
mA-cm, but only 30 mV at 1 A-cm? indicating resistive losses, likely in the catalyst/ionomer
layers, are more important at high current densities. A lower resistance was observed with the 40-
um-thick membrane as indicated by the decreased slope. The improved performance might also
be due to improved water management at the electrode interfaces creating and maintaining a better

ionomer/catalyst interface.’
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Figure 6: Improvements to baseline performance using enhanced materials. All cells were operated at 69 = 1 °C. All
cathode materials remained unchanged. The anode catalyst is IrO, on the designated GDL material.
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Conclusion

We described the materials and preparation technique for baseline AEM pure-water
electrolyzers with state-of-the-art performance and durability. The baseline AEM system performs
below 2 V at 1 A-cm™ and was tested for > 175 h reaching a final degradation rate below 1 mV-h-
in pure water at 0.5 A cm™. We further demonstrated the importance of proper cell conditioning
before data collection to ensure true pure-water performance is reported. All materials are
commercially available and the cell size is small, making this performance an accessible baseline
to the research community for further development. Operation using improved GDLs and a thinner
membrane are shown as examples for future improvements. These examples highlight that
improving OH" conductivity, mass transport, and long-term ionomer stability are key issues for

developing commercially relevant pure-water AEM electrolyzers.
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