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1. Purpose

This document provides a ‘reference design’ for a high-performing anion exchange membrane water
electrolysis (AEMWE) membrane electrode assembly (MEA) based on lonomr’s Aemion® pre-exchanged
AF3N-HWC9-75-X materials. This membrane comes in nitrate form and can be activated in 1 step, which is
particularly useful for dry assembly. Its predecessor came in iodide/chloride form, which required a 2-step
ion exchange. Protocols for electrode fabrication, test cell design and assembly, and experiment monitoring
are provided. The intent of this document is to provide a comprehensive set of recommendations and best
practices for integrating and testing AEMWE materials, so that a user will be able to achieve performance
and durability similar to the reference values reported in Section 7 of this document.

2. Scope

This document covers 3 primary topics:

1) Description of reference design electrodes and test hardware for water electrolyzer MEAs using
membranes and ionomers based on 3" generation Aemion®.

2) MEA fabrication and cell assembly procedures.

3) Test protocols for measuring performance and durability of AEMWEs.

3. Definitions

3.1 AEM - Anion-exchange membrane. A film of anion-conductive ionomer used to transport hydroxide
anions, OH-, through hydrated channels while acting as a barrier to gases and electrons between the
electrolyzer’s anode and cathode compartments.

3.2 BOL/EOL - Beginning of life and end of life (typically in the context of an electrochemical cell life test).

3.3 CV-Cyclic voltammetry.

3.4 EIS - Electrochemical Impedance Spectroscopy.

3.5 lonomer - a polymer containing permanent ionic functional groups of the opposite charge to
transported ions. AEMs are polycations, most commonly of ammonium or imidazolium ions.

3.6 MEA-Membrane electrode assembly. Refers to the electrochemically active ‘sandwich’ comprising
the membrane, electrodes, and diffusion media within an electrolyzer test cell typically arranged in a
CCM or GDE-type configuration.

3.7 PTL or GDL - Porous transport or gas diffusion layer. A metal or carbon-based foam, felt, or paper
diffusion media situated between the flow plate and catalyst layer of a CCM-type MEA.

3.8 GDE/PTE-Gas diffusion electrode or porous transport electrode. A GDL or PTL that is coated with
a catalyst layer, sometimes referred to as catalyst coated substrates (CCS) both are generically
referred to as gas diffusion electrodes (GDEs) for the sake of this document.

3.9 CCM -Catalyst coated membrane. Refers to the direct deposition or adherence of the catalyst to the
membrane directly, as opposed to deposition onto the PTL/GDL, which is called a GDE.

Safety Note: For information on the safe handling of chemicals mentioned in this Application Note, please
refer to the manufacturers’ safety data sheets. Particular attention is drawn to the corrosive nature of
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potassium hydroxide, the toxicity of nickel-containing catalysts and of methanol, and the flammability of
organic solvents.

4. Reference Documents

4.1 APN-AEM-1005 - 3rd Gen Aemion® lonomr Dispersions and Ink Formulations

4.2 APN-AEM-1018 — Aemion® AF3N Membrane Pre-treatment & Activation Procedure

4.3 APN-AEM-1019 - Aemion® Cell & Stack Compression

4.4 APN-AEM-1024 - Properties of Aemion® Pre-Exchanged Water Electrolysis Membranes AF3N-HWC9-
75-X

5. Reference Membrane Electrode Assembly (MEA) Design

5.1 Electrode Composition

Gas Diffusion Electrodes (GDEs): The recommended electrodes to use in an AEMWE MEA containing
3" generation Aemion® membranes are GDEs which are specified in Table 1. These reference components
may be purchased directly from lonomr. Electrodes with equivalent compositions may also be obtained from
commercial suppliers. In addition, equivalent GDEs / PTEs can also be fabricated in-house using techniques
described in detail in Appendix C and Appendix D.

Table 1. Reference electrodes specifications for benchmarking AEMWE MEAs containing Aemion® AF3N
membranes.

Specification Anode Cathode
Electrode type Porous transport electrode (PTE) Gas diffusion electrode (GDE)
Substrate type Sintered nickel fiber felt Carbon paper
Catalyst and loading NiFe (2 mg/cm?) Pt/C (0.4 mg/cm?)
lonomer and loading AP3-HNN9-00-X (10.7 wt% solids) AP3-HNNO-00-X (10 wt% solids)
Porous media options Bekaert 2Ni18-0.25 PTL (250 pm)’ Freudenberg E20H GDL (214 pm)
lonomr part number AOH-13 COH-20

160% nominal porosity.

Catalyst Coated Membranes (CCMs): Beyond GDEs, it is possible to use commercial CCMs with
similar characteristics. If coating the cathode on the membrane, user must consider the different swelling
properties between the membrane and cathode ionomer AP3-HNNO-00-X.

Alkaline Electrodes: Alkaline woven mesh “flynet” style electrodes: this type of “traditional" electrodes
may also be used (if available) with the bare membrane. Special care must be taken during the cutting and
assembly processes of expanded metal mesh electrodes to prevent puncture of the membrane. Edge
protection and methodology to create good electrical connections are helpful but have not been employed
in the data presented herein.
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5.2 Membrane Activation Procedures

Activation Step - Nitrate to Hydroxide Form: In order to maximize performance and durability of
Aemion® AEM materials, membranes must be ion-exchanged to convert its native nitrate form into the final
hydroxide form (NO3z > OH). Activate the membrane according to the protocol in the table below.

Table 2. Membrane ion-exchange recommendations.
Activation Step: Nitrate to Hydroxide Form (ex-situ or in-situ)

Volume ratio Min. time*
Protocol Temp. (°C) Electrolyte .
(m Lelectrolyte/cmzAEM/mln) (hourS)

RT 8
Dual feed

80 8

1 M KOH =2
RT 15
Dry cathode
80 9

*Min. time is the amount of time required to achieve 90% of the conductivity measured after 24 hours, under
a specific protocol. See Figure 1 for HFR over time under different protocols or refer to APN-AEM-1018 for
more information.

8000
® Dual feed, RT
~. 6000 ® Dualfeed, 80C
é Dry cathode, RT
‘g 4000 Dry cathode, 80 C
£ )
2000 A
T ..
0 O,U..‘Mﬂﬂj‘ L1 0 L0 ™ | )
T T T T T
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Hours

Figure 1. AF3N membrane activation tracked via HFR at OCV over time; dry assembly with in-situ activation
using 1 M KOH (not corrected for cell/hardware resistances).

& Caution: Never contact the AEM with DI water after the KOH exchange, including dip/rinse.

Electrolyte Bath Considerations for Ex-Situ Exchange: Stable materials must be used for the
electrolyte bath such as PE, PP, or PTFE; do not use glass containers due to silicate formation.

Reagent Grades & Impurities: ACS grade KOH or equivalent treatment is necessary (< 2% carbonates,
our typical assay is 0.5% carbonates). Atmospheric exposure of the KOH electrolyte solution results in
gradual increases to solution carbonation and must be minimized. It is also necessary to ensure: a) low
phosphates; b) low silicates; and c) low contents of other ions that can form multivalent anions in
operational conditions. During initial setup or after major design changes, it is suggested to test the
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composition of the KOH electrolyte solution before and after operation (=1 week) using a relevant test
method (e.g., ICP-OES) to ensure low impurity contents and verify no component degradation.

5.3 Cell Hardware, Sealing & Compression

General Configuration: Aemion® membranes have a rough side (facing out) and a smooth side (against
backing film). It is recommended to assemble the membrane into the water electrolyzer with the smooth
side facing the anode and the rough side facing the cathode. As a general rule, the rough side is
recommended to face the side that will experience higher pressure. The membrane may be exchanged ex-
situ or in-situ — if exchanging ex-situ and assembling in a wet state in the hydroxide form, it is advised to do
so immediately after removal from KOH to limit exposure to atmospheric CO,.

This document describes the use of lonomr reference electrolyzer hardware 12-5EL (5 cm? active area)
and 12-50EL (50 cm? active area), which utilize Ni plates with 75 pm recessed pockets. The layout of
components in the reference hardware are shown in Figure 2 below. In this configuration, the GDEs should
sandwich the AEM with the electrodes contacting the AEM. Electrode compression and sealing is provided
by hard stop gasketing on either side of the membrane. Other hardware configurations can be adapted as
required and utilized successfully; however, it is important to ensure proper electrode compression and cell
closure as described below.

Current collector

Ni Plates (GDE sits in 75 pm
recessed pocket)

Cathode gasketing (127 um)

Cathode GDE (214 um + catalyst layer)

Membrane (75 pm)

Q Anode GDE (250 um + catalyst layer)

Anode gasketing (178 um)

Ni Plates (GDE sits in 75 pm
recessed pocket)

Current collector

Figure 2. Subscale electrolyzer configuration for lonomr’s reference design MEA and cell hardware.
Component thicknesses are based on using lonomr’s AOH-13 as the anode and COH-20 as the cathode with
Aemion® membrane in lonomr cell hardware which includes a recessed pocket of 75 pm on the flow field
plates.

Membrane: Aemion® is one of the few reinforced AEMs on the market today and the lowest swelling AEM
material available. The reinforcement limits the x,y swelling to a very low level. Due to the nature of the
polymer, much less creep is observed with Aemion® making it more stable at higher temperatures. This
means that the approach to compression should be different with Aemion® membranes.
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Table 3. Aemion® dimensional properties in different ionic forms.
. . Membrane thickness /
X,y swelling/ | zswelling/
Membrane Hm
% % .. -
Initial Final
KOH treatment,
Aemion® RT 0.2 20 75 90
(nitrate form) Water treatment, <3 8 75 81
80°C
KOH treatment,
<
Aemion® 80°C 8 50 75 113
hydroxide f
(hydroxide form) \é\(l)a:gr treatment, <3 40 75 105

Gaskets & Seals: It is critical to ensure even and well-controlled compression to avoid membrane
breakage utilizing accurate frame/gasket thicknesses to set electrode compression. In lonomr’s
configuration, incompressible, “hard-stop”-type gaskets, such as skived PTFE sheets or PPS, are
recommended to control and set the compression based on thickness of gasket and GDE/PTE as described
below. Compressible gaskets can also be used when their compressed thickness at the applied load inside
the cell is known. Similarly, injection-molded plastic frames may be used in place of hard-stop gaskets,
however similar design consideration should be made to align the height of the frame and the transport layer
components to meet the required compression recommendations in the active area.

@ End plate -
= T
£ GDE . Cathode Cathode Cathode
Gasket —
Membrane
Gasket
5
E PTE Anode Anode Anode
End plate
Gaskets too thick Gaskets correct Gaskets too thin

Figure 3. Potential problems with cell setup.

Figure 3 shows potential problems with implementing gaskets of incorrect thickness. If the gasketis too
thick, there is poor contact between membrane and electrodes, which would lead to high interfacial
resistance and poor performance. If the gasket is too thin, incompressible electrodes or PTLs sit higher than
the gasket and risk material damage (both to membrane and compressible electrodes or GDLs) from

overcompression.
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Electrode Compression: We recommend compressing our GDE/PTEs to 5-15% based on their initial
thickness. The thickness of gasket dgsiet required to achieve a specified % compression is calculated in
Equation 1, where the relevant dimensions and installation processes are illustrated in Figure 4 below.

100 — compression (%)
100

Sgasket = ( X 86pE or PTE) — Opocket €Y)

When using our reference design cell hardware in conjunction with our reference GDEs, we specify 5 mil
(127 pym) gasket on the cathode and 7 mil (178 pm) gasket on the anode. If pocket-less (i.e. §pocrer = 0) cell
hardware designs are employed with our reference electrodes AOH-13 and COH-20, we recommend 8 mil
(203 pm) of gasket material on the cathode side and 10 mil (254 pm) on the anode side. The flow field pocket
can be precisely machined to fine tune compression in combination with a standard thickness gasket.

\ 4

5-cm?: 280 — 400 Ibs.
50-cm?2:; 2750 — 3950 Ibs.

flow field plate 8pocket
7

¥

electrode

P

il il

flow field plate

compress cell

flow field plate

compressed

electrode | gasket

gasket ‘

gasket

gasket ‘ compressed |

electrode
] y
(S )

flow field plate

Reference | Thickness | Target com- Hard stop gasket thickness to achieve target compression
GDE (um) pression (%) | Flat plates (no pocket) | 75 um pocket (lonomr ref. design)
Cathode 230 =5 12 8 mil (203 pm) 5mil (127 um)
Anode 28010 15 10 mil (254 pm) 7 mil (178 pm)

Figure 4. A cross-sectional schematic diagram of a zero-gap single cell which illustrates electrode
compression processes before and after closure by applying the recommended loads depending on the
active area size (5 or 50 cm?) and a summary of hard-stop gasket thicknesses suggested to achieve target
compression for plates with and without pockets.

Note: Electrode compression must always be controlled and maintained between 0-15%.

Lo excessively high H, crossover is observed, consider reducing compression to < 10%.

To further assure proper sealing, the lonomr hardware also employs sealing o-ring around the outside of
the active area (see Figure 4). It’s important that the o-ring material is KOH compatible, and use of EPDM on
the cathode and Viton Extreme (or Kalrez 6380) on the anode are recommended. Other o-ring materials will
work but need to be tested in the exact conditions of operation (caustic concentration, temperature,
atmosphere (O,), and pressure all matter).
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It is recommended to close the cell using a pneumatic bladder or hydraulic press to ensure even
compression across the cell. While the risk of uneven compression is higher without a pneumatic or
hydraulic press, if neither is available, users may use beveled washers with pairing and deflection calculated
to achieve target compression. The pressure applied to the active area should be between 50 and 120 psi,
as this typically affords enough pressure to provide good contact between the different cell components,
while preventing membrane distortion or over-compression. The target active area compression will depend
on the compressibility of the electrodes, i.e., metal (incompressible) anode/carbon (compressible) cathode
or metal anode/metal cathode. lonomr recommends the use of Fujifilm Prescale LLLW or LLLLW pressure
paper to validate compression.

For more information on compression and related topics, please see APN-AEM-1019 and pay close
attention to revisions as this document is continuously updated.

6. AEM Water Electrolysis Performance & Durability Testing

6.1 Example Test Configuration & Equipment Specifications

Electrolyte & Flow Rate: It is recommended to maintain a constant flow of 1 M KOH at a fixed
temperature (e.g., 70 °C) on both the anode and cathode sides with arecommended flow rate of 5-20 mL/min
for the 5 cm? reference hardware (12-5EL) and ~200 mL/min for the 50 cm?reference hardware (12-50EL). For
non-reference hardware designs, flow should be maintained based on a surface velocity of 0.01 -0.11 m/s.

volumetric flow (cm3/min) / flow field channel path area (cm?)
(60 sec/min) * (100 cm/m)

Surface velocity (m/s) =

Example Test Station Setup: The sample test station setup illustrated in Figure 5 only includes the
fundamental components of an electrolyzer test assembly. In this design, the anode and cathode electrolyte
tanks are connected via a pipe to maintain constant electrolyte levels over time. Please note that additional
valves, gauges, electrical components, and diagnostic equipment may be required based on your particular
application specifications and cell configuration, especially for operation at non-ambient pressure.

e Tank: KOH-compatible body material (e.g., 316L stainless-steel, nickel), 5-10 L volume for 50 cm? cell,
threaded outlets with KOH-compatible gaskets.

e  Pump: 0-300 mL/min flow rate, KOH compatible (suitable for 5-50 cm? designs)

e Tubing: Rigid or flexible, rated for up to 120 °C (or higher depending on heating method), KOH-resistant
material (e.g., PFA, FEP, nickel, 316L stainless steel)

e Heater: As these are small systems, external heating rather than cooling is necessary to maintain a
constant cell and electrolyte temperature. It is recommended to heat a long segment of rigid tubing that
is rated for high temperatures (e.g., nickel) as close as possible to the cell for accurate control of KOH
temperature at cell inlet. Some examples of suitable heaters are ultra-high temperature heating tape or
an oil bath. The temperature oscillation should be < 0.1-0.5 °C, especially when testing durability of an
electrolyzer cell. The heater should be controlled by a PID temperature controller, which receives input
from a contact thermocouple/RTD sense located as close as possible to either the cell inlet or outlet.
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e Additional components: It is recommended to use a condenser on the gas exhaust line from each cell
to avoid water entering the sampling point and to avoid pressure buildup inside the tank. A tube
condenser or spiral condenser will be suitable. Additional three-way valves must be included for KOH
draining and refilling.

=] [l T WACCUM PP
B

POWER SOURCE
13508 WA i3 7.5
+

=
o
‘m- ;

[ ] \L [1

CATHOLYTE
TaNE

I

AMOLYTE TARE

7 ok [
£ T ~
=/ 7

Figure 5. Sample electrolyzer test setup. The manifold of valves included in the anode effluent gas allows
for the sampling of gas for intermittent hydrogen crossover analysis.

6.2 Electrochemical Performance Testing

e Break-in: Perform 2 polarization curve measurements, then hold the cell at 1 A/cm? for 15 min.

¢ Initial Operation: 24 hr hold at constant 1 A/cm? (lonomr uses a max of 2.2 V).

e BOL Measurements: Polarization curve, EIS.

e Cell Refresh: Turn off cell, renew KOH solution (optional), and measure polarization curve, EIS, and CV.

e Continued Operation: Operate steady-state under desired operating conditions (e.g., 60-80 °C at 1
A/cm?). Measure polarization curve, EIS, and CV daily.
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6.3 Durability Testing Protocol

Break-in: Potential hold at 1.8 V or constant current at 150 mA-cm™ (whichever is limiting) for 16-24
hours. For example, if 150 mA-cm™ is achieved at 1.75 V, then break-in is performed at the constant
current; If a higher voltage (e.g., 1.88 V) is required to reach 150 mA-cm, then the break-in is performed
at the constant voltage of 1.8 V.

Initial performance: Turn off cell, renew KOH (optional), and measure polarization curves, EIS, and CV.
lonomr typical procedure is to perform this on a weekly basis, e.g., durability results below (figure 6).
However, tests have been performed > 3000 hours of continuous operation with solution mixing but
without interruption or renewal, and showed no evidence of progressive carbonation, rather a gradual
carbonate reduction, despite the presence of some non-metal components expected to be CO,-
permeable.

Durability: Galvanostatic (i) hold at a current density corresponding to a potential between 1.8-2.0 V
(voltage will typically drop slightly over the first hundred hours). Run the durability test for =2 5000 hours
or untilthe potentialreaches 2.2 V. This is lonomr’s internal protocol to prevent oxidation of test hardware
but this is not rigorously characterized and may be possible to exceed without irreversible reactions
occurring.

Maintenance: Renew, re-mix, or top off the KOH solution with water as often as required to prevent the
concentration of the electrolyte from changing more than 10% of the original concentration. This time
interval depends on the electrolyte reservoir size used for the testing, balancing setup, and operating
current density (noting that both the rate of water splitting and electroosmotic drag are key factors that
depend upon this). It is recommended to measure polarization, EIS, and CV upon temperature
equilibration. Every experimental setup will vary in CO, uptake rates, which must be accounted for with
respect to the KOH replacement (or treatment) schedule. The KOH solution should be titrated
periodically to find the carbonate content as a function of time. It is recommended that carbonate
contentdoes not exceed 1% (ideally, <0.05 M) before replacement/treatment. Well-sealed systems such
as those with predominantly metal components will reduce carbonate concentration as a function of
operation, and may not require reduced KOH replacement.

Cell Monitoring: Measure polarization, EIS and CV periodically as well as every time the KOH solution is
replaced or topped up with water. Ensure that the solution is equilibrated at the desired temperature
before any electrochemical measurements are performed. Measure pH and titrate old KOH solutions to
track evolution of concentration and potential water losses in the system.

Hydrogen Crossover: Measure hydrogen crossover via sampling of the oxygen stream to measure the
hydrogen content therein at least once per week.
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6.4 Online Measurement of % H,in O,

Expected Values: The hydrogen permeability of Aemion® membranes is < 3.6E-09 NuL-cm2-min”-bar”
as reported in the Properties of Aemion® Pre-Exchanged Water Electrolysis Membranes AF3BN-HWC9-75-X
(APN-AEM-1024) reference document. Users can expect < 0.5% H; in O, at 1 A/cm? and ambient pressure
when using reference design materials. However, the H, crossover from cathode to anode is strongly
dependent on cell configuration (i.e., cell design, electrode type, compression) and operating conditions.
The permeability of cathode components in particular is an important factor. For example, it is typical for
open mesh electrodes (higher permeability) to exhibit lower crossover values, whereas felts and carbon
papers (lower permeability) may exhibit slightly higher values.

If experiencing issues with crossover >2.5% H, in O,, lonomr recommends lowering the compression of
the GDEs or GDL/PTL to prevent oversaturation of H, gas. In any case, it is recommended to keep the
electrode compression < 15%, and to close the cell per lonomr recommendations, described in Section 5.4
above. Lower compression can also mitigate membrane thinning and puncture from sharp electrode edges
or fibers, which may contribute to increased crossover values if present.

7. AEM Water Electrolysis Performance & Durability Data

2.40
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Figure 6. Ongoing durability test of Aemion® AF3N membrane and reference design electrodes at constant
current density (1 A/em?) in 1 M KOH at 70 °C. The system equilibrates during the first 24 hours. Hydrogen
crossover is measured by intermittent anode effluent gas analysis. Significant crossover reduction is
achievable using AP3-HNNO-00-X ionomer in the cathode, as is the case in this cell. The cell resistance is
measured by galvanostatic electrochemical impedance spectroscopy (GEIS — not corrected for cell HFR).
(Bekaert Currento® Ni felt anode PTL and Freudenberg E20H cathode GDL.)
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Figure 7. Ongoing durability test of Aemion® AF3N membrane and reference design electrodes at constant
current density (1 A/lcm?) in 1 M KOH at 70 °C. Plots show unchanging Ohmic resistance, indicating that
degradation largely stems from the electrodes. (Bekaert Currento® Ni felt anode PTL and Freudenberg E20H

cathode GDL.)
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Appendix A - Complete List of Reference Design Components

Table A1. AEM water electrolyzer test cell components, 5 and 50 cm?.

Component

Details

Supplier

Bipolar Plate /

Nickel-coated 316L SS flow field — parallel
or triple serpentine, 0.075 mm recessed
pocket depth to help place and align the

lonomr reference 5 or 50 cm? cell (12-5EL
or 12-50EL respectively) or partner

compression

Ni-coated 316SS hardware with Belleville
Disc Washer Springs. Close this cell via
application of uniform ~3,000 lbs load in a
hydraulic press (e.g., 1600 psi for a piston
diameter of 40 mm)

Flow Field GDEs or PTL/GDLs (if CCM is used) ]
. . . equivalent.
Nickel coating thickness 10-15 um, plate
flatness within 25 pm
EPDM for cathode side and possible for lonomr reference 5 or 50 cm? cell (12-5EL
Sealing both sides in short-duration testing or |12-50EL respectively), partner
O-rings Viton extreme or Kalrez 6380 equivalent, or purchased from The O-ring
recommended for the anode side Store, LLC or similar.
- t Nickel or gold-plated copperfor5cm2 cell | lonomr reference 5 or 50 cm? cell (12-5EL
urren
Integrated into bipolar or manifold plate for | or |2-50EL respectively) or partner
collectors 2 .
the 50 cm” cell equivalent.
5cm?cell:
Pneumatic bladder (0 — 200 psi)
Recommended 160 psi
Cell 50 cm? cell: lonomr reference 5 or 50 cm? cell (12-5EL

or 12-50EL respectively) or partner
equivalent.

%’ FEP tubing for 5 cm? cell

Electrolyte i . »| McMaster-Carr Supply Company or
. . 3/8” FEP tubing, stainless 316SS for 50 cm L
circulation similar.
cell
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Table A2. Membrane electrode assembly components.
Component Details Supplier
Anode 250 pym sintered Ni Felt, 60% porosity Bekaert Currento® 2Ni18-0.25
PTL
Anode - CIT - -
PTE Anode NiFeOx (2 mg/cm~” NiFe) Umicore NiFe,O,4
Catalyst (99.99%, <100 nm, 20 nm nominal)
Layer AP3-HNNO9-00-X (10.7 wt%) lonomr
Cathode Carbon paper GDL (214 pm) Freudenberg E20H
GDL -or- 250 pm sintered Ni Felt, 60% porosity | _gr- Bekaert Currento® 2Ni18-0.25
Cathode
GDE Cathode Pt/C, nominal 40 wt% Pt (0.4 mg/cm2 Pt) TKK, TEC10E40E
Catalyst AP3-HNNO-00-X (0.2 wt%) lonomr
Layer
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Table A3. Instrument Recommendations.
Component Details
Keithley 2260B-30-72 (72 A) or (108 A), capable of pairing to double
Power supply

maximum current (integrated with LabVIEW)

Potentiostat

Gamry Interface 5000E

Pumps

MasterFlex L/S -or- Chonry BT300M (5 cm?) or BT600M (50 cm?)

Tubing

FEP

Valves / Fittings/

316 SS or 316L SS (preferred), Compression Fittings (Swagelok) and/or NPT
Compliance with product cleanliness requirements as stated in ASTM G93

Fasteners . . .
for oxygen enriched section in the vent line
HDPE, PP, FEP, or PTFE containers. Secondary containment tray larger than
total reservoir volume is recommended for entire setup, or reservoir at a
minimum (e.g., PP or HDPE tray). If HDPE is used, ensure the solution does
not exceed the hydrated working temperature of HDPE (50-70 °C).
Reservoir

All connectors must be assembled in a way that prevents residual stresses
and leaks on the container cap.

Use of Ni-coated SS316L or higher-grade (e.g. Monel, Hastelloy) reservoirs is
recommended for pressurized systems.

Hydrogen sensor

RKI instruments, Eagle 2 Multi gas Detector for batch analysis of hydrogen
concentration in anode effluent.
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Appendix B - Considerations for Preparing Stock AP3 lonomer Solutions for
Catalyst Inks

Procedure for AP3-HNN9-00-X: According to our application note APN-AEM-1005, we recommend pre-
dissolving the AP3-HNN9-00-X ionomer, which is a high IEC ionomer recommended for anode inks, by stirring
it in a 50:50% (v/v) mixture of EtOH:acetone at 5 wt% until the polymer dissolves. Note that these stock
solutions of 5 wt% ionomer in EtOH:ketone are suitable for preparing catalyst inks with final solids contents
(catalyst+ionomer in the total solvent system) from 2 to 15 wt%, such as those described in Appendix C and
Appendix D of this document.

Ketone requirements: The ketone requirement is only to solubilize the ionomer into liquid form.
Acetone can be substituted with another ketone such as MEK.

Higher wt% stock solutions: If 10 wt% stock ionomer solutions are required, small amounts of
acetonitrile can be added to increase solubility, if possible, within EHS standards. Additionally, it is possible
to achieve higher wt% solutions using 50:50% (v/v) MeOH:MEK. Generally, there has been a market push to
move away from methanol-based solutions and compatibility with your coating process must be verified,
due to the low vapor pressure and toxicity concerns of the MeOH component.

Procedure for AP3-HNNO-00-X: Users may also pre-dissolve AP3-HNNO0-00-X ionomer, which is an
ionomer recommended for cathode inks, by stirring it in 100% cyclopentanone or another solvent/solvent
system listed in APN-AEM-1005, provided that the solution maintains 0.2 wt% ionomer in the final ink

solution.
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Appendix C - Preparation of Spray-Coated Membrane Electrode Assemblies
According to Reference Design Specifications

C1. Equipment and Consumables for Catalyst Ink Preparation

e 1 Stirbar e 1 Glass pipette and bulb

e 1 Stir plate (in fume hood) e Kimwipes

e 1 Sonication bath with auto-timer e Ice

e 1 Clean spatula or spoon e Probe sonicator (preferably with a 2”

o 1 Weigh paper (4inx4in) probe, 1/8” microtip, capable of at least
e 1 Weigh boat 60 W of power)

e 3100ml glass beaker e 1 Rotatory Tumbler

C2. 5wt% NiFeOx Anode Ink Recipe

The following recipe makes 100 g of NiFeOx ink at 5 wt% solids, in EtOH:AC:H20 75:20:5 (w/w) which is
suitable for spray coating 1 A4 sheet (21 cm x 30 cm) to a loading of 2.0 mg NiFe/cm?®. Per 100g ink consists
of 4.47 g of NiFeOx catalyst powder < 100 nm can also be readily made from water or ethanol dispersions in
4.75 g of water, 13.92 g of acetone, 66.17 g of reagent ethanol and 10.7 g of Aemion® ionomer solution of
reagent ethanol and acetone 50/50 (w/w). All solvents used are ACS grade and EtOH is reagent ethanol.

Table C2.1. NiFeOx OER Electrode Ink Composition

Materials Weight (g) % Weight of Solids % Weight of Ink
NiFeOx 3.41 89.30 4.47
5 wt% stock AP3 ionomer solution
. 8.18 (0.41 g of
[5 wt% AP3-HNN9-00-X in 50/50 . 10.70 10.70
ionomer)
EtOH:Acetone (w/w)]
Reagent ethanol 50.55 0 66.17
Acetone 10.63 0 13.91
Water 3.63 0 4.75
Total 76.40g 100% 100%

C3. Jar-milling Procedure for Anode Inks

C3.1 Create stock 5 wt% stock ionomer solution in 50/50 EtOH:Acetone (w/w) as described in Appendix B.

C3.2 Weigh out NiFeOx catalyst, add water first, followed by ethanol (Note it is useful to reserve ~5 mL of
ethanol for end to capture the ionomer residue left on the walls of the glassware).

C3.3 Add the necessary quantity of 5 wt% stock ionomer solution dropwise into the catalyst ink while
stirring. Proceed to add the rest of the alcohol, acetone and water.

C3.4 Add about 45 g of 2 mm YSZ beads to the plastic bottle (ink container) per 1 g of catalyst.

C3.5 Balance of the tumbler is mandatory. If only one ink is to be jar-milled, fill another plastic bottle with
water and ensure its weight is the same as the plastic bottle containing all the ink ingredients. This is
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C3.6

C4.
C4.1

C4.2

C5.

to ensure both barrels have similar weight such that they are balanced and thus stable on the rotary
tumbler while tumbling.
Jar milling procedure takes ~24 hours to obtain a stable homogeneous ink.

Shear Mixing Procedure for Anode Inks

If Jar milling equipment is not available, high shear mixing can be used. In this case, follow steps in C3
to prepare the ink recipe. Then, ink needs to be mixed with a high shear mixer. Mixing time and speed
should be adjusted based on the mixer specifications. For example, if an IKA mixer with 13 mm shear
screen is used, the mixing procedure is optimized to be at 15K rpm for about 2 h. Ink container must
be covered by parafilm to prevent solvent evaporation during the mixing process.

Note: The jar-milling procedure provides more stable ink compared to the high shear mixing method.

2 wt% Pt/C Cathode Ink Recipe

The recipe below makes about 80 mL of Pt/C cathode ink at 2 wt% solids in 100% cyclopentanone, which
is suitable for spray coating 1 A4 sheet (21 cm x 30 cm) to a loading of =2 0.4mg m/cm>. This cathode ink uses

anionomer:catalyst ratio of 1:9 and consists of 1.47 g of Pt/C in 79.84 g of cyclopentanone and 0.16 g of AP3-
HNNO-00-X. Note that this ionomer cannot be dissolved in the same solvent system used for anode
inks. Solvents that can dissolve AP3-HNNO-00-X are listed in APN-AEM-1005.

Table C5.1. Pt/C HER Electrode Ink Composition

Materials Weight (g) | % Weight of Solids % Weight of Ink
Pt/C, 40% Pt 1.47 90 1.80
AP3-HNNO-00-X ionomer 0.16 10 0.20
Cyclopentanone 79.84 0 98
Total 81.47¢g 100% 100%

C6. Mixing & Sonication Procedure for Cathode Inks

C6.1 Make a 0.2 wt% AP3-HNNO0-00-X ionomer dispersion by adding 0.16 g of solid ionomer powder into
79.84 g of cyclopentanone. The mixture may be stirred at 375 rpm (on a stir plate) or heated to 40 °C
(on a hot plate) until the polymer is dissolved. Dissolution of larger batches may add several hours to
the processing time.

C6.2 Weigh out 1.47 g of the Pt/C catalyst powder on a weigh boat.

C6.3 Whiletheionomer dispersion is stirring, slowly add the Pt/C catalystin 0.05-0.1 gincrements into the
mixture. Continue stirring for 15 minutes.

C6.4 Turn off the stir plate, then cap the bottle and ensure proper sealing.

C6.5 The catalyst ink may continue to be mixed via jar milling or bath sonication. If jar milling, place the ink
bottle on a high-speed roller (900 rpm) overnight followed by sonication for 20 minutes. Alternatively,
users may choose to sonicate the ink bottle directly for at least 2 hours (e.g., at 40 kHz). Either method
will yield a homogeneous cathode ink that is ready for spray coating.
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C7. Spray-Coating Catalyst Layers onto PTLs and GDLs

The following instructions are tailored to the Sono-Tek ExactaCoat spray coater and the settings may
differ from that of another system.

C7.1

C7.2

C7.3

C7.4

C7.5

C7.6

While the ink is conditioning, open the spray coater software and turn on the machine. Pre-heat the
hotplate to 90 °C if coating a PTL/GDL, 70 °C if coating a membrane.

While the hotplate is heating up and ink is being sonicated, fix the PTL/GDLs to the heat plate either
using small weights or Kapton® tape (or other heat-resistant tapes) on the tip of each corner, making
sure it’s flat on the hotplate for spray coating. When coating membranes, tape the membrane to the
coating mask with a flat, porous heat-transfer layer to ensure zero gap (liken to GDL-MPL). Center the
membrane piece to the cut-outs in the mask and tape all four edges of the membrane with 0.5 cm of
overlap. Additionally, ensure that there’s at least 2 cm of membrane overlap between the membrane
and the covered portion of the mask (outside of the active area).

Load the ink into the syringe pump for deposition and fill the syringe pump up to about 25 mL. Ensure
there are no air bubbles in the coating line and that the ink has completely filled the line. Once loaded,
“toggle” the syringe pump to ensure the ink is adequately loaded and the spray pattern is constant and
consistent.

Heat the sample piece on the hot plate until equilibrated (for PTL/GDL ~30 seconds, for membrane flip
several times on heating to minimize stress/curling). Remove and quickly weigh the sample piece on
an analytical balance. Record the bare PTL/GDL weight. This will be the comparative weight to
determine both the anode and cathode loading of the membrane. For greater accuracy, record at least
three measurement values at approximately 30 seconds after each weighing, paired with the same
measurement after loading and averaging the difference.

For membranes, place the sample piece onto one of the free slots on the coating mask. Place the mask
that now contains all your samples on top of the carbon paper (that has just been placed on the hot
plate) and allow it to heat for a further 10 minutes. If necessary, place weights on the corners of the
mask to ensure the mask is flat on the hot plate. For PTL/GDLs, place the sample piece on the hotplate
with weight on each corner of the sample piece. Now you are now ready to begin spray coating.

Begin coating PTL/GDL with a low flow rate (e.g. 0.4 to 0.6 mL/min at a head speed of 75 mm/min and
shaping air of 1.8 psi if using “Accu-mist” nozzle, and 1mL/min at a head speed of 115mm/min if using
“Propel” nozzle (with a higher difference at low flows) for at least 2 runs (a set of four passes qualifies
as 1 run). It is necessary that lines are connected (i.e. one start and one stop event per pass, ‘arc’
setting on), and nozzle height, line widths, and shaping air are all connected and need to be
determined experimentally, aiming for zero observable overlap or ‘under-lap’ between lines + shaping
air minimum depends on vent speed; ink drift will be easily observed if shaping air too low. It is
recommended that lines are drawn without overlap and passes start from the same corner alternating
two in the x- direction and two in the y-direction if the nozzle is symmetrical (e.g. “Accu-mist”) nozzle
shapeis used (not applicable for fan nozzles [e.g. "Impact”], which are necessarily unidirectional) with
offset of 50% for the second pass (e.g. if line widths are 6 mm for an x-direction coating, this would
have a 3 mm offset in the x coordinate), with sufficient overspray and on/off distance settings to ensure
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the ‘on’ spray pattern, ‘off’ drip possible area and ‘connection’ lines are off of the target coated area for
all passes. Ensure ‘idle sonication’ is off to prevent catalyst buildup in the head. If aggregation is
observed stop and thoroughly clean the head with cleaning wire to eliminate aggregates
(recommended before every coating and after metal oxide coating).

C7.7 Temporarily stop the spray coater after 1 or 2 runs of spray coating and visually check the appearance
of the coating to see if it is homogenous. If not, adjust the position of the sample piece on the hotplate
and spray coat it for another 1 or 2 runs. Check the coating appearance again and re-adjust its position
if necessary. Rotate the sample piece by 90 degrees after every 5 or 10 runs of spray coating to ensure
the coating appearance is homogenous and catalyst is evenly distributed on the surface of the
substrate.

C7.8 Increase the flow rate ensuring no pooling results (each line should dry as it deposits). For PTL/GDLs,
a high flow rate of 0.8 mL/min can be used for spray coating. 115 mm/min is approximately the
maximum speed of the equipment without vibration causing inhomogeneities and in the range of 1-2
mL/min, or higher volume for coating larger areas (e.g. >10 cm x 10 cm). For membranes it is
recommended to go no higher than 0.8 mL/min for CCM for a head speed of 75 mm/min, as any flow
rate higher may damage the membrane and greatly increase the crossover value.

C7.9 After 5or 10 runs of spray coating are completed, weigh the sample piece immediately upon removal
from the hot plate (e.g. < 10 seconds).

C7.10 Inputthe weight into the appropriate Excel file to check the catalyst loading for the coating sample.

C7.11 Continue with spray coating until the targeting loading has been reached.

C7.12 For electrodes containing solvents with a high boiling point (e.g., cyclopentanone, bp = 130 °C),

place the GDE inside an oven for up to 2 hours to evaporate residual solvent. Note that the oven
temperature may vary but must be slightly higher than the bp of the solvent.

C7.13 For membranes, flip the mask over and complete spray coating on the other side of the membrane
until the desired loading has been reached.
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Appendix D - Considerations for Preparing 10 wt% Solids Inks According to Reference Design
Specifications Suitable for Direct-Coating Electrodes

Developmental Procedure: We are currently in the process of developing and validating ink recipes
and mixing procedures for higher solids content (>10 wt%) inks which are more suitable for direct coating,
and we intend to issue updated Reference Designhs once completed. For >10 wt% solids inks with AP3-
HNNO9-00-X, we have used a developmental total solvent system composition of EtOH:Acetone:MEK at
70:15:15% (w/w). Note that this solvent system is different from the EtOH:Acetone:H,0 75:20:5 (w/w) solvent
system used for 5 wt% spray coating inks described in Appendix C. No such process has been developed for
AP3-HNNO-00-X.

Use of 5 wt% Stock lonomer Solution: Note that the 5 wt% stock solution in EtOH:acetone prepared
in Appendix B can also be used in such high solids ink formulations, and, thus, it is not necessary to prepare
a >5 wt% stock ionomer solution unless otherwise demanded by your process or application.
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Revision History:

Revision Date Description of Changes

A Sep. 1, 2023 Initial Release

B Nov. 22, 2023 Correction to channel width/depth. Clarification to
catalyst & ionomer mixing procedure, updated figures

C Feb. 21, 2024 Addition of updated catalyst milling procedure, table &
structural formatting

D Oct. 21, 2025 Revision to cathode (GDL, ionomer, and ink procedure),
gasket thickness and compression, hardware
specifications, exchange recommendations, updated
figures

E Jan. 30, 2026 Revisions to membrane ion type (halide to nitrate form),
polymerion type, exchange recommendations, updated
figures, corrected membrane part number

F Feb. 26, 2026 Revision to polymer ion type, modification to
confidentiality statement in footer, added company
address, added disclaimer statement

All technical information and recommendations are based on lonomr’s research results and application experience
and should be used for reference only. lonomr uses best efforts to provide accurate and reliable information but
assumes no legal responsibility for the information or the results of its use. This data does not imply any warranty or
performance guarantee. Application results may vary due to differences in application environments and conditions.
Customers should verify its suitability and usability based on their specific application and their inbound goods control
procedures. The data within the document belongs to lonomr and is subject to change. It should not be used alone as
the basis of design or to establish specification limits in isolation.

This document supersedes

APN-AEM-1011-E

lonomr Innovations Inc. Proprietary Information © 2026

Page 22 of 22

111-2386 East Mall, Vancouver, BC, V6T 173, Canada
Document print date: 26 February 2026




