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Abstract

Green hydrogen produced through anion exchange membrane water electrolysis is a
promising, low-cost chemical storage solution for intermittent renewable energy sources. Low-
temperature electrolysis using anion exchange membranes (AEM) combines the benefits of
established water electrolysis technologies based on alkaline electrolysis and proton exchange
membrane electrolysis. The anion conductive ionomers (ACI) used in the AEM electrolyzer
(AEMEL) electrodes has been investigated. The ACI serves two primary purposes: (i) facilitate
hydroxide conduction between the catalyst and bulk electrolyte and (ii) bind the catalyst to the
porous transport layer and membrane. High ion exchange capacity (IEC) ACIs are desired,
however, high IEC can cause excessive water uptake (WU) and detrimental ACI swelling. Proper
water management is a key factor in obtaining maximum performance in AEM-based devices. In
this study, a series of poly(norbornene)-based ACIs were synthesized and deployed in hydrogen
evolving AEMEL cathode electrodes. A balance between ionic conductivity, WU and ionomer
swelling was achieved in the ACI by varying the IEC and degree of polymer cross-linking. It was
found that higher IEC ACIs with light crosslinking are preferred in the HER electrode. Such a
configuration fine-tuned the WU and ionomer swelling to achieve optimum cell performance and

reduce cell operating voltages.



Introduction

Renewable energy from wind and solar can be used to supply significant global energy.!
However, renewable technologies are intermittent and require a reliable and economical way of
storing energy. Hydrogen produced via water electrolysis is a promising method for on-site
chemical energy storage or local generation of hydrogen at the point-of-use. Green hydrogen can
be transported and used on-demand in fuel cell-powered applications for transportation or base-
load power.

Anion exchange membrane electrolyzers (AEMEL) are a low-cost alternative to existing
commercially available low-temperature electrolysis technologies such as liquid-electrolyte
alkaline electrolyzers (AEL) or proton exchange membrane electrolyzers (PEMEL).> AEMELSs
can theoretically combine the advantages of AELs and PEMELs. The alkaline environment
enables more facile oxygen evolution reaction (OER) kinetics and the use of non-platinum group
metal (PGM) electrocatalysts.!"!! The inexpensive solid polymer electrolyte design lowers the
overall cost by eliminating the need for electrolyte recirculation and allows for a compact system
design that can directly deliver high-purity, pressurized hydrogen.! 1218

In an AEMEL, hydroxide ions are oxidized at the positive electrode (i.e., anode) producing
oxygen and water, as shown in Figure 1. At the negative electrode (i.e., cathode), water is reduced
to form hydrogen and hydroxide ions. In many AEMELSs, including those of commercial interest,
liquid water is fed to the oxygen-evolving positive electrode and not the negative electrode so that
the hydrogen gas is less humid and can more easily be compressed without having to separate it
from liquid water.'”!°  Thus, the water feed to the AEMEL cathode is by back diffusion of water
from the anode to the cathode through the AEM. The activity of water at the electrode surface is

influenced by the rate of water diffusion through the membrane and hydrophilicity of the anion



conductive ionomers (ACls). Excess water in the cathode can lead to electrode flooding and a high
cathode overpotential. Inadequate water content can result in electrode dry-out which may limit

the rate of hydrogen production and degrade the electrode materials because the pH is too high.
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Figure 1. Diagram of the low-temperature AEM electrolysis cell configuration and associated half-
reactions.

The anion exchange membrane (AEM) based systems have become competitive with their
proton exchange membrane counterparts. High conductivity (>200 mS/cm), stable, low-cost

AEMs have been developed in recent years. They have been successfully deployed in



hydrogen/oxygen AEM fuel cells, with some being able to achieve up to 3.5 W/cm? peak power
density.?>?® The properties of such high-performing membranes are also attractive to AEMELSs.
AEM fuel cell work has also shown that the properties of the ACI can play a significant role in the
device performance®®, however, the ACI in the catalyst layers of AEM electrolyzers has received
little attention.'* %

The primary purpose of the ionomer in the AEMEL electrodes is to provide an ionic
pathway between the catalyst sites and AEM. High ionic conductivity and chemical stability are
desired in electrolyzer ionomers, however, mechanical strength is not as important in the ACI
compared to the AEM because the ACI does not form a free-standing layer.’** The second
purpose of the ionomer is to provide adhesion of the catalyst layer within the electrode to the
porous current collector and membrane. Good adhesion is critical in the electrolyzer cathode where
hydrogen gas is formed. Gas formation may cause delamination of the electrode from the
membrane or detach the catalyst from the electrode.* Third, the ACI must facilitate water transport
between the catalyst and the AEM, and be able to do so while avoiding excessive water uptake
(WU). Excessive ionomer swelling can disrupt the three-phase boundary between the catalyst,
ionomer and porous transport layer and choke-off the ionic or electronic pathway to the catalyst
sites.?* 343 Tt can also reduce the rate of gas bubble removal which would decrease performance
by limiting the pore volume available for mass transport within the electrodes.

In a previous report, the ACI in the oxygen evolution electrode (OER) was optimized
through a trade-off between conductivity and WU.? In this study, a family of poly(norbornene)
tetrablock copolymers were synthesized and used to investigate the properties of the hydrogen
evolution reaction (HER) ionomer in low-temperature AEM electrolysis cells. The ion exchange

capacity (IEC) of the ionomers (1.49 to 3.60 meq/g) was adjusted by controlling the ratio of ion



conducting to non-ion conducting norbornene monomers in the ACI and used to control the
hydrophilicity and water uptake within the cathode catalyst layer. Ionic conductivity and swelling
due to WU are especially important at the negative electrode because water is used as a reactant in
the HER. Light cross-linking of the ionomer was used to maintain adequate WU in high IEC
ionomers without the penalty of excessive swelling or dry-out. Optimization of the ionomer
loading was also performed. This work compliments a previous study regarding the use of cross-
linked high IEC OER ionomer in an AEM water electrolyzer and highlights for the first time the

differences in ionomer requirements between the OER and HER electrodes.

Experimental

Synthesis: Poly(norbornene) (PNB) tetrablock copolymers were used for both the AEMs
and ACls in this study. The polymers were synthesized and characterized by the method previously
reported by Mandal et al, Scheme 1.2° Briefly, the tetrablock copolymer was synthesized in a vinyl-
addition polymerization reaction. A bromoalkyl tether was used in the cross-linking reaction. Non-
cross-linked bromoalkyl tethers were aminated using trimethyl amine (TMA) followed by ion

exchange of the bromide ions for hydroxide ions.
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Scheme 1. Synthesis and cross-linking of poly(norbornene) ACI.

The IEC of the ionomer was controlled by tuning the ratio of hydrophobic butyl norbornene
(BuNB) and hydrophilic bromoalkyl norbornene (bromopropyl norbornene (BPNB) or
bromobutyl norbornene (BBNB)) blocks. No obvious difference was found between the
bromopropyl and bromobutyl forms of the polymers in synthesis or performance. IEC was
calculated based on 'H NMR analysis using a Bruker Avance 400 MHz NMR instrument using
CDCls as the solvent.*” The number average molecular weight (M,) and dispersity index (D) of

the polymers were measured by gel permeation chromatography (GPC) on a Shimadzu GPC



(DGU-20A, LC-20AD, CTO-20A, and RID-20A), a Shodex column (KF-804L), with HPLC grade
THF (1 mL/min flow rate at 30 °C) eluent and calibrated against a polystyrene standard as

d.?>22 IEC, molecular weight and dispersity index were measured with the

previously describe
ionomer in bromoalkyl form. The ionomers were soaked in 50 wt% aqueous trimethylamine (TMA)
solution at room temperature for 48 h to convert the bromoalkyl blocks into quaternary ammonium
head-groups.

Ionomers: Poly(norbornene) ACIs were made by first solvent casting the polymer/toluene
solution into films. Ionomers with light cross-linking were made by adding 1, 3, 5 or 10 mol% of
a cross-linking agent, N,N,N',N'-tetramethyl-1,6-hexanediamine (TMHDA), with respect to the
number of available bromoalky] sites in the polymer. The solution consisting of polymer and cross-
linker was solvent cast into a shallow aluminum dish and allowed to dry overnight in a tube
furnace. The polymer was then soaked in 50 wt% aqueous TMA solution at room temperature for
48 h to convert the remaining uncross-linked bromoalkyl sites to quaternary ammonium head-
groups. The remaining solvent was evaporated in a vacuum oven (0.5 atm) at 60 °C after
thoroughly washing with DI water. The dried, quaternized ACI was milled into fine powder using
a high-speed grinder with dry ice. The in-plane conductivity was measured using a 4-point probe
with the membrane submerged in HPLC grade water after conversion to the hydroxide form. The
WU of the ionomer samples was measured by soaking the material in liquid water and subtracting
the dry polymer mass from the hydrated polymer mass. The hydrated material was dried in a
vacuum oven (0.5 atm) for 48 h at 60 °C prior to measurement. The WU is expressed in terms of
percent water per mass of dry polymer.

Membranes: The AEMs used in this study were formed by casting the tetrablock

copolymer into a film with a proprietary polymer reinforcement (Pention®, Xergy Inc.). 5, 10 or



15 mol% TMHDA cross-linker was used relative to the mol% of the halogenated monomers in the
polymer. Unreinforced membranes cast using GT74 tetrablock copolymer (74 mol% BBNB, IEC
= 3.60 meq/g, Mn = 40.35 kDa, b = 1.26) with 5 mol% cross-linking were used in some
experiments. The thickness of the AEMs is specified in the experiments described in the Results
section.

Electrodes and Membrane Electrode Assembly: Anodes and cathodes were fabricated
using the catalyst-coated substrate (CCS) method by using an airbrush to spray catalyst ink directly
onto the porous transport layer (PTL). The dry ACI powder was first ground into fine particles
using a mortar and pestle. The loading (wt%) of the ACI is specified in the experiments described
in the Results section. The ACI was wetted with a small amount of DI water (1mL) and allowed
to sit for 20 to 30 min before use. The hydrated ionomer was then wet-ground for 10 min using a
mortar and pestle. 200 mg of platinum supported on carbon black (Pt/C, Nel Hydrogen) or 30 wt%
platinum-nickel alloy on ECS-3701 (PtNi, Pajarito Powder) was added to the ACI and mixed
together with the mortar and pestle to form the cathode catalyst ink. 5 mL of isopropyl alcohol
(IPA) was added to the solid mixture and ground for an additional 10 min to break-up any
aggregates. The mixture was then completely transferred to a vial and another 9 mL of IPA was
added to create the catalyst ink. The ink was sonicated for at least 60 min in an ice bath before it
was hand sprayed with an airbrush onto the PTL (Toray TGP-H-090 with 5% wetproofing) to
produce a 16 cm? electrode.

The same fabrication method was used for the anode using iridium oxide (IrO2, Nel
Hydrogen) or lead ruthenate (PbRuOx, Pajarito Powder) to form the catalyst ink. In the anode, the

ionomer loading was held constant (25 wt%) and the ink was sprayed onto platinized titanium



PTLs from Nel Hydrogen. The target catalyst loading of the cathode and anode electrodes were
both 2 mg/cm?.

The membrane electrode assemblies (MEAs) were made by cutting electrodes (4 cm?) from
the larger, 16 cm? anode and cathode sheets. The AEM (5 cm?), cathode and anode were
individually ion exchanged to the OH™ form by soaking in 1.5 M NaOH solution for a total of 60
min refreshing the base solution every 20 minutes prior to cell assembly. A nitrogen cover gas was
applied during the entire ion exchange to avoid carbonation from atmospheric CO,. The AEM
was placed between the two electrodes and pressed together in the 5 cm? Fuel Cell Technologies
hardware between two 316 stainless steel single-pass serpentine flow-fields and 10 mil Tefzel
gaskets. The torque applied to the cell hardware was 25 in-1b.

Electrolyzer Testing: The MEAs were tested using a custom-built electrolysis test station
and operated at a cell temperature of 50 °C. Potassium carbonate in DI water (1 wt%) was supplied
at 0.2 L/min to the anode side. The cathode side was at atmospheric pressure. The cell was allowed
to equilibrate at the desired temperature for 1 hr before testing. A linear polarization sweep was
performed prior to break-in of the cell. Cell break-in was performed by first applying 125 mA/cm?
current until the cell voltage no longer changed. The current density was then increased and
allowed reach steady-state in steps of 250 mA/cm? until the desired operating current density was
reached. Additional polarization curves were taken periodically throughout the course of the
operational test. The high frequency resistance (HFR) of the cell was measured via electrochemical
impedance spectroscopy (EIS) using a Metrohm Autolab B.V. Type PGSTAT204 potentiostat.
Measurements were conducted at 0.01 A with a frequency range from 10 kHz to 0.1 Hz. The area

specific resistance (ASR) was calculated from the EIS data.
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Results

A representative NMR spectrum of the synthesized polymer is shown in Figure 2, which
shows distinct peaks for both bromopropyl norbornene and butyl norbornene monomers. The
peaks at 0.89 ppm and 3.41 ppm correspond to terminal methyl protons (Ha) of the butyl
norbornene block and methylene protons (Hp) of the bromopropyl norbornene block, respectively.
The integration ratio of H, and Hp was used to calculate the IEC and mol% of the halogenated
block.?*- 2!

The physical properties of the poly(norbornene) tetrablock copolymer ACI ionomers are
given in

Table /. In Table 1, the ionomers are denoted as GTXX, where XX is the mol% of
bromoalkyl norbornene monomer (resulting in the quaternary ammonium head group) in the block
copolymer. Larger XX values result in a higher IEC and WU. Ionomers were prepared with IEC
values ranging from 1.49 to 3.60 meq/g. Non-crosslinked version of GT69, GT72 and GT74
ionomers were soft and swollen when hydrated and their WU was greater than 1000%. Therefore,
5 mol% TMHDA crosslinker was added to these ACIs to control WU and swelling. Free-standing

films of the cross-linked polymers were mechanically robust and could easily be handled.
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Figure 2. Representative NMR spectrum of GT32 ionomer.

The hydroxide conductivity of the ionomer samples also increased with IEC. The
conductivity of all samples doubled when the temperature was increased from 25 °C to 80 °C. The
dispersity index of all the ionomer samples was similar and ranged from 1.17 to 1.88, averaging

1.47. The number average molecular weight (M,) of the ionomer samples ranged from 40.4 to
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116.4 kDa. A representative GPC trace of GT32 ionomer is shown in Figure 3. The ratio 6/IEC,
in units of g S/cm eq, is a measure of ion mobility in the polymer and is reported in

Table /. The mobility tended to track with molecular weight in the polymer films. For
example, GT32 and GT69 had the highest molecular weight and mobility.

0.6 -

—GT32; M, =114.9 kDa; b =1.42

Normalized Intensity

0.4

6 8 10
Elution Time (min)

Figure 3. Representative GPC trace of GT32 ionomer

Table 1. Properties of poly(norbornene) ionomers.

Sample | M, b IEC Ionic o/IEC WU (%)
(kDa) (meq/g) Conductivity (g S/cm eq)
(mS/cm) (80 °C)
25°C 80 °C
GT25 68.6 1.88 1.49 27.5 60.4 40.5 24
GT32 114.9 1.42 1.88 62 123 65.4 63

13



GT38 50.8 1.54 2.21 51 102 46.2 71

GT69? 116.4 1.56 3.38 89 178 52.7 115
GT72* 68.2 1.17 3.50 83 175 50.0 96
GT74* 40.4 1.26 3.56 80 160 44.9 103

?6 and WU measured with 5 mol% TMHDA cross-linker. GT38 and GT32 were synthesized
using BPNB as the halogenated block and the others used BBNB. IEC was determined by 'H

NMR in bromide form. Standard deviation for WU was *+ 3%. ND = not determined.

After determining their physical properties, the ACIs were integrated into AEMEL cathode
electrodes and their electrolyzer performance was characterized. The ACI content in the
hydrogen-evolving cathode was first investigated by comparing MEAs with four GT74 ionomer
loadings: 10%, 15%, 20% and 30%. The tests were performed at 1 A/cm? and identical anodes.
The resulting cell voltage using the four ACIs was 1.80 V, 1.82 V, 1.82 V and 1.86 V for the
MEAs with 10%, 15%, 20% and 30% HER ionomer content, respectively. The area specific
resistances of the four MEAs were similar, though there was a slight increase with ionomer content:
0.83 Q-cm? (10% ionomer), 0.84 Q-cm? (15% ionomer), 0.86 Q-cm? (20% ionomer) and 0.87 Q-
cm? (30% ionomer). Figure 4 shows a comparison of the polarization curves of the MEAs with the
different ionomer content in the HER catalyst layer. Figure 5 shows the steady state response for
these MEAs operated at 1 A/cm?®. This set of results shows that the electrode with 10% ionomer
gave the best performance, although there was not a sharp drop-off from 10% to 20% ionomer.
Electrodes with less than 10% ionomer content did not perform as well. It is also noted that higher
ionomer content (i.e., 30% in Figure 5) showed an increase in current with time indicative of

electrode flooding.
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Figure 4. Comparison of polarization curves of MEAs with various HER ionomer content. The
AEM was GT69 with a PTFE reinforcement (40 pm thick, 15 mol% cross-linking). The anode

ionomer was GT25 (25 wt%) and catalyst was PbRuOx. The cathode ionomer was GT74 and the
catalyst was PtNi.
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Figure 5. Cell voltage vs. time for MEAs with various HER ionomer content at 1 A/cm?. The AEM
was GT69 with a PTFE reinforcement (40 um thick, 15 mol% cross-linking). The anode ionomer
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was GT25 (25 wt%) and catalyst was PbRuOx. The cathode ionomer was GT74 and catalyst was
PtNi.

Next, the effect of HER ionomer IEC was investigated at a constant ionomer loading of 20
wt%. Figure 6 shows polarization curves from 0 to 500 mA/cm? for AEMELs with cathode
ionomers with relative low IEC (GT32) and high IEC (GT74). From the polarization curve, both
MEAs performed similarly at low current density (100 mA/cm?). At 100 mA/cm?, where the
reaction kinetics dominate, the two MEAs had very similar cell voltage, 1.68 V and 1.67 V for
cathodes containing GT32 and GT74, respectively. However, at a higher current density of
500 mA/cm?, the cell voltage of the MEA with GT74 in the cathode was 100 mV lower than the
MEA with GT32 in the cathode (2.11 V vs. 2.21 V). Fi 7 shows the cell voltage vs. time for these
two MEAs at 500 mA/cm? constant-current operation. The electrode with GT74 trended toward
lower cell voltage with time, down to 2.05 V while GT32 trended up to 2.26 V. The upward trend
of GT32 with time may be indicative of electrode dry out as the electrode consumes water. These
trends indicate that water balance in the HER electrode is a critical factor with dry-out possible
with GT32 (i.e., rising voltage with time) and GT74 showing adequate water retention to support

500 mA/cm?.
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Figure 6. Comparison of polarization curves of MEAs with HER ionomers of high and low ion
exchange capacities. The AEM was unreinforced GT74 (54 um thick, 5 mol% cross-linking). The
cathode catalyst was Pt/C. The anode ionomer was GT38 (25 wt%) and the catalyst was IrO,.
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Figure 7. Cell voltage vs. time for MEAs with high and low IEC HER ionomers at 500 mA/cm?.
The AEM was unreinforced GT74 (54 um thick, 5 mol% cross-linking). The cathode catalyst was
Pt/C. The anode ionomer was GT38 (25 wt%) and the catalyst was IrO».
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The effect of ionomer WU in the HER electrode was investigated by controlling the
swelling in the ACI polymer through polymer cross-linking. Cross-linked, high IEC ionomers
were used because they have high ionic conductivity and high WU which is the established HER
preference (above). A high IEC tetrablock copolymer, GT72 (IEC = 3.54 meq/g, M, = 68.2 kDa),
was selected as the baseline polymer for the cross-linked HER ACI experiments. Four levels of
cross-linking (1 mol%, 3 mol%, 5 mol% and 10 mol%) were used and are denoted as GT72-Y,
where Y represents the mol% of cross-linker relative to the available cationic sites within the
ionomer. The physical and electrochemical properties of the cross-linked ionomers were measured
and are listed in Table 2. The hydroxide conductivity of GT72, GT72-1 and GT72-3 could not be
measured because there was insufficient cross-linker to form a mechanically stable, free-standing
film for measurement, although the polymers could be used as ionomer. GT72 had a high degree
of swelling without any cross-linking and the estimated WU was greater than 1000%. The WU
decreased significantly with increasing cross-linker content. The WU of GT72-1 was less than half
that of the uncross-linked version (502%). Further increases in the cross-linker content lowered
the WU to 198% (GT72-3), 96% (GT72-5) and 78% (GT72-10). The IEC of the cross-linked
samples not significantly affected by cross-linker content, ranging from 3.47 (GT72-10) to 3.54
meq/g (GT72). The conductivity of the cross-linked ionomers remained high (>150 mS/cm) but
decreased slightly with cross-linker content.

Figure 8 shows the polarization curves for AEMELSs deploying the cross-linked ionomers
from 0 to 500 mA/cm?. At low current density (100 mA/cm?), the performance of all of the MEAs
was nearly identical. The difference in performance was more distinguishable at high current
density (500 mA/cm?). The trend observed at 1 A/cm? Figure 9, matched the trend in the

polarization curves. The MEA with 10 mol% cross-linker had the highest steady-state cell voltage
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among all samples tested (1.89 V). The MEA with 5 mol%, and 1 mol% cross-linker had cell
voltages of 1.84 V and 1.80 V, respectively. The MEA with no cross-linker had a cell voltage of
1.83 V. The MEA with 3 mol% cross-linker had the best constant-current cell voltage among all
samples tested, 1.77 V, which was an improvement of 120 mV over the MEA with 10 mol%
crosslinker. The constant-current cell voltage (at 1 A/cm?) and water uptake as a function of the
amount of cross-linker are plotted in Figure 10. A minimum in-cell voltage at 3 mol% cross-linker
was observed with a corresponding water uptake of 198%.

The effect of ACI molecular weight was tested by comparing the performance of the GT72
ionomers with GT74, a low molecular weight ionomer with similar [EC. GT74 had a number
average molecular weight of 40.4 kDa, IEC of 3.60 meq/g and WU of >1000%. In comparison,
GT72 had a number average molecular weight of 68.2 kDa, IEC of 3.54 meq/g and WU of >1000%.
The performance of a cross-linked version of the lower molecular weight ionomer, GT74-3, with
3% TMHDA was also compared with GT72-3. GT74-3 and GT72-3 had similar IEC (3.58 vs. 3.52
meq/g) and WU (219% vs. 198%). Figure 11 shows the cell voltage vs. time at 1 A/cm? for the
MEAs fabricated with high and low molecular weight ACI at the same cross-linker concentration.
The cell voltage of the MEA with GT74 was 1.82 V, which was similar in performance to the
MEA with GT72 (1.83 V). The addition of cross-linker to GT74 showed an 18 mV increase in cell

voltage compared to its non-cross-linked form.
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Table 2. Properties of cross-linked ionomers.

Sample Cross- IEC Ionic Conductivity | o/IEC WU (%)
linking (meq/g) (mS/cm) (g S/cm eq)
(mol%) 25°C 80 °C 80 °C)
GT72 0 3.54 ND ND ND >1000
GT72-1 1 3.53 ND ND ND 502
GT72-3 3 3.52 ND ND ND 198
GT72-5 5 3.50 83 175 50.0 96
GT72-10 | 10 3.47 69 153 44.1 78
GT74 0 3.60 ND ND ND >1000
GT74-3 3 3.58 ND ND ND 219

IEC was determined by 'H NMR in bromide form. Standard deviation for WU was * 3%. ND =

not determined.
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Figure 8. Comparison of polarization curves of MEAs with cross-linked HER ionomers. The
AEM was GT72 with PTFE reinforcement (30 pm thick, 10 mol% cross-linking). The anode
ionomer was GT72-10 (25 wt%) and catalyst was PbRuOx. The cathode catalyst was PtNi.
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Figure 9. Cell voltage vs. time for MEAs with cross-linked, high IEC HER ionomers at 1 A/cm?.
The AEM was GT72 with PTFE reinforcement (30 pm thick, 10 mol% cross-linking). The anode
ionomer was GT72-10 (25 wt%) and catalyst was PbRuOx. The cathode catalyst was PtNi.
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The AEM was GT72 with PTFE reinforcement (30 pm thick, 10 mol% cross-linking). The anode
ionomer was GT72-10 (25 wt%) and catalyst was PbRuOx. The cathode catalyst was PtNi.
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Figure 11. Cell voltage vs. time for MEAs with HER ionomers at 1 A/cm? The AEM was GT72
with PTFE reinforcement (30 pm thick, 10 mol% cross-linking). The anode ionomer was GT72-
10 (25 wt%) and catalyst was PbRuOx. The cathode catalyst was PtNi.
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Discussion

The comparison between HER ionomers with high and low IEC, and the amount of cross-
linking shows that performance is improved with ionic conductivity if excessive WU is avoided.
There was a dramatic improvement in cell voltage (approximately 200 mV at 500 mA/cm?
constant-current operation) when using high IEC ionomer compared to low IEC ionomer in the
HER electrode. This result is contrary to previous observations for the OER ionomer where low
IEC ionomers (with low conductivity and WU) outperformed high IEC ionomers in the absence
of polymer cross-linking.? In the case of the OER electrode, WU was the critical factor in
performance because excess swelling in the water-fed electrode negated the benefits of high ionic
conductivity. Conductivity still played a role in cell performance, but it was a weak factor when
there was high WU, especially in the flooded anode. The HER electrode, on the other hand,
requires a higher local water activity because water is consumed at the HER electrode to form
hydrogen and hydroxide ions, and is supplied only by diffusion from the water reservoir at the
anode. The HER electrode is also a drier environment than the anode because it is not being
supplied externally with liquid water. These results show that a more hydrophilic environment is
needed at the HER electrode than at the OER electrode for optimal cell performance.

Figure 4 shows that cell performance was improved when the water content was changed
by lowering the amount of high-IEC ionomer in the HER electrode. The volume fraction of water
in the electrode (in the form of hydrated ionomer) decreases when the ionomer-to-catalyst ratio is
decreased. The MEA with the lowest amount of ionomer (10%) showed the best performance
among the four cells tested. Electrodes with <10% ionomer were not usable because of issues with
catalyst detachment due to insufficient binder content. The MEA with the highest ionomer content

(30%) showed the highest cell voltage and displayed performance stability issues after four hours
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of constant current operation. These results show that although a higher water content is preferred
at the HER, excess swelling in the HER electrode can be detrimental to both performance and
stability.

The addition of a cross-linker to the ACI significantly lowered WU by limiting the swelling
of the ionomer yet minimally affected the IEC and ionic conductivity. Restricting the swelling in
the hydrated ionomer increased the density of quaternary ammonium head groups and facilitated
more efficient ion conduction, compared to ionomers with a high degree of swelling. Figure 10
shows that the HER electrode was sensitive to the amount of cross-linker in the ionomer. This
degree of sensitivity was not observed previously in an OER electrode.”® This is because
differences in ionomer swelling are less apparent in the fully flooded anode environment than in
the drier cathode environment. The optimal amount of cross-linker was found to be 3 mol%
TMHDA, which corresponds to a water uptake of 198%. A favorable cell performance of 1.77 V
at 1 A/cm? was achieved using optimized HER and OER electrodes with a less conductive
electrolyte (1 wt% vs. 3 wt% Na,CO; in water), compared to the previous study.? This cell
configuration is competitive with Nafion-based PEMELSs and outperforms AEMELs built with
other commercially available AEMs at higher operating temperature and NaOH electrolytes.*!* +*
Increasing or decreasing the amount of cross-linker in the HER ACI adversely affected the
performance of the cell. The cell voltage rose by 30 to 60 mV when the HER ionomer cross-linker
content was less than 3 mol% and WU was >500%. This behavior is similar to the flooded anode
behavior observed previously when the ionomer content in the HER was increased. On the other
hand, when the WU was decreased to <100% using a higher level of polymer cross-linker, the cell
voltage rose by 70 to 120 mV. In this case, performance suffered more severely when there was a

lower water content in the hydrogen evolving cathode due to low local water activity. It should
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also be noted that GT72-10, which was previously found to be the best performing ionomer for
the OER electrode, was the worst performing cross-linked ionomer for the HER electrode, among
those compared.

Finally, the molecular weight of the ACI also had an impact on the effectiveness of the
cross-linker. Non-cross-linked HER ionomers with comparable IEC performed similarly despite
their differences in molecular weight. This observation was consistent with the previous report
regarding non-cross-linked OER ionomers.?” However, the shorter chain ionomer (GT74-3) did
not show the same jump in performance as the longer chain ionomer (GT72-3) when the same
amount of cross-linker was added. The performance of the MEA with GT74-3 was more similar
to that of the non-cross-linked, higher molecular weight ionomer (GT72). This suggests that the
molecular structure of cross-linked, higher molecular weight ionomers is more favorable for ion
conduction. Chain entanglement within high molecular weight polymers may be responsible for
the improved ion conduction.

The results from this study show that water management is needed in the HER electrode to
a greater extent than in the OER electrode. These results also highlight the importance of using
asymmetric ionomers that optimize the water content for the reactions at each electrolyzer

electrode to achieve maximum cell performance.

Conclusions

Poly(norbornene) tetrablock copolymers with different ion exchange capacity were
synthesized and used in the fabrication of hydrogen evolving electrodes in low-temperature AEM
electrolyzers. It was found that ionomers with high IEC had better performance than ionomers

with low IEC due to their higher ionic conductivity. The results also show that the HER electrode
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requires an ionomer that maintains high water activity. Optimization of the ionomer-to-catalyst
ratio in the cathode electrode showed that better performance and durability could be achieved by
limiting the water content in cathode and by lowering the amount of ionomer present. Light cross-
linking of the ionomer was used to manage the swelling of the ACI while maintaining high IEC
and ionic conductivity. It was found that lowering the water uptake through cross-linking improved
performance of the electrolyzer. Further reduction of the HER ionomer WU to below 200% had
detrimental effects on cell performance. The highest achievable performance was 1.77 V at
1 A/cm? at 50 °C. The results of this study, as well as the results of the companion study on the
OER ionomer, demonstrate the importance of managing water content in both AEM electrolyzer
electrodes. These two studies also suggest the use of asymmetric ionomers to optimize the water

content for the reactions at each electrode to achieve optimal cell performance.
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