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DISSERTATION ABSTRACT 
 
Grace A. Lindquist 
 
Doctor of Philosophy 
 
Department of Chemistry and Biochemistry 
 
June 2023 
 
Title: Advancing Anion-Exchange-Membrane Water Electrolyzer Devices: Catalyst 

Layer Interactions, Degradation Pathways, and Operational Development  
 
 

Water electrolyzers (WEs) are a key technology for a sustainable economy. When 

powered by renewable electricity, WEs produce green hydrogen, which can be used for 

energy, fertilizer, and industrial applications and thus displace fossil fuels. Pure-water 

anion-exchange-membrane (AEM) WEs offer the advantages of commercialized WE 

systems (high current density, low cross over, output gas compression, etc.) while enabling 

the use of less-expensive components and catalysts. However, current systems lack 

competitive performance and durability needed for commercialization, largely limited by 

the poor stability of anion-exchange polymers used in the membrane and catalyst layers. 

Further, while non-platinum-group-metal oxygen-evolution catalysts show excellent 

performance and durability in alkaline electrolyte, this has not transferred directly to pure-

water AEMWEs.  

The following dissertation is a comprehensive analysis of the fundamental 

processes that dictate pure-water AEMWE performance and stability. Chapter I introduces 

AEMWEs in the context of industry-scale devices. Chapter II reports AEMWE cell 

performance comprising entirely of commercially available materials, detailing the key 

preparation, and operation techniques. In Chapter III, the structural stability and ionomer 
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interactions of non-platinum-group-metal (non-PGM) anode catalysts are characterized. 

The results show catalyst electrical conductivity is key to obtaining high-performing 

systems and that many non-PGM catalysts restructure during operation, resulting in lower 

lifetimes. Chapter IV investigates ionomer degradation during device operation, revealing 

anode ionomer oxidation is the dominant degradation mechanism for all AEM-based 

electrolyzers tested. Improved device stability using oxidation-resistant catalyst layer 

binders is shown and new design strategies for advanced ionomer and catalyst layer 

development are provided. Chapter V provides a summary of the findings in Chapters III 

and IV and describes the future outlook for advanced catalyst layer development. Lastly, 

Chapter VI introduces advanced applications for AEMWE systems, detailing technical 

barriers and possible research approaches to developing AEM electrolyzers for impure-

water splitting. 

These results significantly improve upon past understanding of pure water 

AEMWE devices by revealing the fundamental catalyst layer processes resulting in 

AEMWE device failure under relevant conditions, demonstrating a viable non-PGM 

catalyst for AEMWE operation, and illustrating underlying design rules for engineering 

anode catalyst/ionomer layers with higher performance and durability. This dissertation 

contains previously published and un-published co-authored materials. 
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CHAPTER I 

INTRODUCTION: OVERVIEW OF LOW TEMPERATURE WATER SPLITTING 

TECHNOLOGY 

 

This chapter contains co-authored work published in ACS Applied Materials and 

Interfaces in 2021, Advanced Materials in 2022, and co-authored work submitted for 

publication in Energy and Environmental Science in 2023. Reproduced with permission 

from [ACS Appl. Mater. Interf. 2021, 13, 44, 51917-51924] and [Adv. Mater. 2022, 34, 35, 

2203033]. The work was organized and written primarily by myself with editorial 

assistance from Shannon W. Boettcher. 

 

H2 gas is used as a feedstock for vital industrial processes including ammonia-

based fertilizer production, metal-ore refining, and chemical production. 1 It is also of 

significant interest for energy storage and transportation2 and central in plans for 

reducing, and eventually eliminating, CO2 emissions. 3-4 H2 gas is often referred to as a 

“green” energy source, 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. 5 The rest is essentially all produced from fossil fuels by coal gasification and 

natural-gas reforming and contributes more than 830 Mt of CO2 emissions annually. 5  

Green H2 production brings additional benefits to the renewable technology 

sector, including longer-duration and increased scale of energy storage compared to 

batteries, 6 and therefore it has seen substantial investment as political and environmental 
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factors drive a demand for increased renewable energy use. 1, 7-8 Renewable energy 

technology typically yields electrical power, which can then be stored or converted to 

energy carriers such as renewable/green H2. Green H2 also enables the otherwise-difficult 

decarbonization of manufacturing and industry sectors like chemical, metal, and fertilizer 

production. 9  

Both capital and operating costs must decrease to achieve the electrolyzer 

capacity required to meet global hydrogen demands. 10 The best technology for this scale 

up is not yet evident. Of the low-temperature (> ~100 °C) water-electrolysis technologies, 

alkaline water electrolysis (AWE) is the most mature. AWE operates in hot, liquid-

alkaline electrolyte (~80 °C, ~5 M KOH) with two electrodes separated by a porous 

diaphragm. It provides high efficiency and uses earth-abundant non-platinum-group-

metal (non-PGM) materials, but is affected in performance and capital expense due to gas 

crossover through the porous separator and shunt currents through the electrolyte flow 

paths. 11-12  

Proton-exchange-membrane (PEM) electrolysis is another established technology 

at megawatt scale13 with gigawatt pilot projects deployed. 14-16 PEM electrolyzers use 

perfluorinated sulfonic acid polymers, like Nafion, a cation-exchange ionomer with high 

H+ conductivity. 17-18 Membrane-based water electrolysis is often preferred over 

traditional alkaline liquid-electrolyte technology due to its ability to offer higher-purity 

H2, directly compress the evolved H2, operate at higher current density by minimizing iR 

losses, and operate efficiently intermittently and with varying load. 19 PEM electrolytes 

achieve ~80% voltage efficiency at 1 A cm-2 or higher20 and steady-state degradation 

rates below 20 µV h-1. 19 However, the locally acidic environment necessitates the use of 
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expensive platinum-group-metal (PGM) catalysts, in particular Ir, which limit device 

scale-up and deployment. 21 Substantial catalyst loading reductions are needed for PEM 

to achieve H2 cost targets. 8  

 

 

Figure 1.1. Ion transport and reactivity in AEM electrolyzers. Schematics of a) 
electrolyzer cell and b) anode catalyst layer. OH- anions conduct through the ionomer, 
and electrons conduct through the catalyst. OER occurs at the ionomer/catalyst interface.  

 

Anion-exchange-membrane (AEM) electrolysis is a developing technology that 

combines the benefits of AWE and PEM. AEM electrolyzers operate using an anion-

selective membrane, which creates a locally alkaline environment ideally enabling 

operation in water with no supporting liquid electrolyte under differential pressure and 

the use of non-PGM catalysts and materials 12 enabling the use of inexpensive, earth-

abundant catalyst and cell materials (Figure 1.1). However, the mobility of OH- is half 

that of H+, and therefore anion-exchange polymers must have twice the charge-carrying 
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capacity of PEM polymers to achieve comparable conductivity. These transport 

limitations combined with the poor stability of anion-exchange polymers has prevented 

AEM electrolyzers from reaching maturity and commercial penetration. 22 

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, 23-25 and thus ionic conductivity is often 

sacrificed to achieve the required mechanical durability for electrolyzer hardware. In 

addition to the ionomer (ion-exchange polymer) playing an essential role as the 

membrane, it is also used in the catalyst layer (Figure 1.1b). The catalyst layer is 

deposited on the membrane or electrode porous-transport layer (PTL) using an ink. The 

ink is comprised of the catalyst, solvent, and dissolved ionomer that acts as a catalyst 

binder and enables ion transport to the active catalyst surface. 26 When the ink is 

deposited, the solvent evaporates and creates a porous layer of ionomer, catalyst, and 

void space for liquid/gas transport to/from the catalyst. The interactions between 

materials in this region directly impact device performance and durability, 27-29 as the 

impedance of electric, ionic, and reactant/product transport to/from the reaction zone 

reduces performance. 11 

Commercial PEM electrolyzers operate in pure water at 1.7 – 2 V at 1.5 – 2 A 

cm−2 for thousands of hours, with optimized lab-scale devices achieving similar voltages 

at higher current densities. 30 Most reported AEM electrolyzers operate in carbonate- or 

hydroxide-based electrolyte that mask the stability issues of the ionomer in the alkaline 

oxidative environment. Understanding the factors that control performance and durability 

in the absence of supporting electrolyte is therefore an important immediate goal.  
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CHAPTER II 

PERFORMANCE AND DURABILITY OF PURE-WATER-FED ANION 

EXCHANGE MEMBRANE ELECTROLYZERS USING BASELINE 

MATERAIALS AND OPERATION 

 

This chapter contains co-authored work previously published in ACS Applied 

Materials and Interfaces in 2021. Reproduced with permission from [ACS Appl. Mater. 

Interf. 2021, 13, 44, 51917-51924]. Copyright 2021 American Chemical Society. The 

project was conceived by myself, Andrew Motz, Chris C. Capuano, Kathy Ayers, and 

Shannon W. Boettcher. The experiments were conducted by myself with support from 

Sebastian Z. Oener, Raina A. Krivina, and Alex Keane. The work was organized, written, 

and edited primarily by myself with editorial assistance from Sebastian Z. Oener, Chris 

C. Capuano, Kathy Ayers, and Shannon W. Boettcher. 

 

Introduction 

Many previous AEM electrolyzers running in dilute electrolyte or pure water have 

limited durability and at 2 V provide only a few hundred milliamps per square centimeter. 

1-4 Recent work has shown more-competitive AEM performance in pure water, achieving 

cell potentials below 2 V at 1 A cm−2. 5-7 These studies use custom-made membrane and 

ionomer materials5-6 and/or specialized gas diffusion layers (GDLs). 7 Testing protocols 

have also involved operation in alkaline electrolyte prior to pure water testing. 5-6 

Residual electrolyte may affect performance and introduces uncertainty regarding 

degradation mechanisms associated with the ionomer relative to performance loss due to 
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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 IrO2/Ti 

anode. 8 No such baseline materials exist for AEM systems and a wide variety of 

membranes, ionomers, catalysts, and GDLs are used. 1-3 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, 9-11 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.  

Although materials play a significant role in determining MEA performance and 

stability, preparation and assembly techniques, 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. 12 During 

electrolyzer operation, different electrolyte pretreatments have also been used, even if 
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testing in pure water, 5-6, 13 which can also affect measured electrolyzer performance and 

durability. Here, we detail the preparation and operation of an inexpensive small 1 cm2 

AEM electrolyzer operating with pure water below 2 V at 1 A cm−2 using commercially 

available materials. We use commercial stainless- steel GDLs (original designed as filter 

media) with a graded porosity, a property that has been previously shown in custom 

materials to be useful for optimizing membrane-electrolyzer performance. 14-16 We also 

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 durability. Through initial optimization, we show improved durability reported in 

pure water at 0.5 A cm−2 with the baseline material compared to other available systems 

and reveal insight into initial degradation pathways, highlighting evidence for ionomer 

oxidation at the anode. We also show the importance of sufficient pure-water purging of 

the system if electrolyte pretreatments 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 and studies of the underlying basic science 

phenomena in AEM electrolyzers. 

 

Experimental Methods 

Catalyst Dispersions and GDL Coating. Pt black (high surface area, Fuel Cell 

Store) and IrO2 (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 of H2O was added, followed by 1.7 g of 2-propanol. The 

PiperION (TP-85, 5% w/w in ethanol), Sustainion (XB-7 5% in ethanol), and Aemion 
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(AP1-HNN8-00-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/wcatalyst) ink. Inks were then bath-sonicated (Branson 1510R-MTH) 

at room temperature for a minimum of 1 h (Pt black) or 2 h (IrO2) 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 

N2 at a pressure of 12 psi. A catalyst loading between 2.3 and 2.8 mg cm−2 was 

determined by mass difference. A thin layer (1−2 wt % wionomer/wcatalyst) of ionomer 

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 

Supporting Information. 

Membrane Conditioning. PiperION (TP-85 50 and 40 μm, W7Energy), Sustainion 

(X37-50, Dioxide Materials), and Aemion (AF1-HNN8-50-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 0.5 M (PiperION) or 1 

M (Aemion and Sustainion) KOH solution when not in use. The thickness of hydrated 
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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 μm thickness, Baoji Yingao Metal Materials Inc.). 

Gasket material (0.005 in. PET/PETE clear film, McMaster-Carr) was laser cut to an 

active area of 1 cm2. 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 MΩ cm water then rinsed with 18.2 MΩ 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 N m. 

Electrolyzer Operation. 18.2 MΩ cm water (or in certain experiments 1 M KOH) 

was flowed to the cathode and anode at 500 mL min−1. N2 was bubbled into the water 

tank. The anode water flow (carrying produced O2) was recirculated in the system while 

the cathode water flow (carrying produced H2) flowed into a chemical hood, degassed 

with N2, 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 

(Figure A.2). Once the cell temperature was stable, the MEA was conditioned by stepping 

the current from 100 mA cm2 to 1 A cm−2, 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- 
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state electrolysis current decays to zero at <1.23 V, whereas shunt currents persist). The 

cell was brought back to 1 A cm−2 for 2 min to stabilize. The potential was then recorded, 

and the current was decreased in 100 mA cm−2 steps measuring the potential for 10 s at 

each step to collect the JV curve. The cell was held at 500 mA cm−2 for stability 

measurements. Linear sweep voltammetry (LSV) measurements were collected from 

1.3−2 V at a scan rate of 20 mV s−1. The full details of all relevant materials and 

parameters are given in Figure 2.1 and Appendix A.  

 

 

Figure 2.1. Schematic detailing the preparation and assembly of the 1 cm2 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 PiperION 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 
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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 Kα monochromated (20 eV pass 

energy, 500 μm 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 

were then compared to the spectra of a pristine PiperION thin film spin-coated from the 5 

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

 

Results and Discussion 

The performance of Aemion, Sustainion, and PiperION AEM electrolyzers are 

shown in Figure 2.2. All tests were operated at the same temperature (55 ± 1 °C). It 

should be noted that 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 (Figure A.4). At 100 mA cm−2, 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, whereas PiperION out-performs both. The lower hydroxide conductivity of 
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Aemion17-19 is likely contributing to its higher voltage performance, specifically, we 

hypothesize, at the catalyst interface. Lower hydroxide-ion conductivity is particularly 

detrimental at the reactive electrode interfaces, 20 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 (Figure A.5). Each membrane arrives with different counterions (Table 

2.1)17-19 that are exchanged for OH− before electrolyzer operation. Weakly hydrated ions 

interact more strongly with the charged end-groups of the AEM21 and thus require higher 

concentrations of hydroxide for ion exchange and can be incompletely exchanged. MEA 

 

Table 2.1. Membrane properties 

Membrane Aemion Sustainion PiperION 
Ion exchange 

capacity 
(meq g-1) 

2.1-2.5 1.1 2.02-2.37 

Reported OH- 
conductivity 
(mS cm-1) 

>80, no specified temperature >130* at 70 °C >135 at 70 °C 

Reported % 
water uptake 

33-37% 80% 50% 

Dry thickness 
(µm)** 

50 50 50 

Wet 
thickness*** 
(in KOH, 

µm) 

73 72 62 

Chemical 
structure 

(including 
manufacturer-

provided 
counter ion) 

 

 

N

CF3

x 100-x

HCO3
-

 

*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 Figure A.3 for 
measurement images. 
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performance is also dependent on the applied hardware pressure; 22 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 because of nonideal or 

nonuniform cell compression.  

 

 

Figure 2.2. 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 μm thick. Each curve is the average of three individual MEA’s tested. 
Error bars are the standard deviation obtained from three separately fabricated devices. 
 

The temperature dependence of the PiperION membrane was further investigated 

(Figure 2.3). Although some AEMs are not stable at elevated temperatures, 23 the 

PiperION membrane operated well at all temperatures tested, and has been reported 

operating up to 90 °C. 7 The voltage decreases with increasing temperature due to 

increasing membrane/ionomer OH− conductivity and improved reaction kinetics. 

Various cell conditioning methods were then compared for the PiperION system. 

Cell conditioning is a well-established practice for PEM electrolyzers and fuel cells, 24-25 
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during which the cell is operated and performance gradually improves. 26 Although the 

detailed processes that cause this improvement are not fully understood, it is 

 

 

Figure 2.3. Temperature dependence of an electrolyzer operated in pure water with the 
50 μm thick PiperION MEA. 
 
 
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. 25, 27-28 In this system, the cell is conditioned in pure water with no soluble 

supporting electrolyte by applying current from 100 mA cm−2 to 1 A cm−2 in 100 mA 

steps holding for 2 min at each step. After conditioning, the cell was stepped from 1 A 

cm−2 to 100 mA cm−2 in 100 mA steps holding for 20 s at each step. There is a notable 

difference in the time required for the voltage to reach a steady state, as observed in 

Figure 2.4a, b. The polarization curves obtained during and after cell conditioning (from 

Figure 2.4a, b) were compared by plotting the voltage at 2 min and 20 s, respectively 

(Figure 2.4c). There is a significant difference in the low-current-density performance 
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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. 5-6 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−1 from 1.3 to 2 V. As can be seen, these results agree well, showing that after  

 

 

Figure 2.4. 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. (c) 
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 were collected at 55 ± 1 °C with either a (a−c) 50 μm or (d) 40 μm thick 
membrane. 
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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−2 of current is included in Figure A.6. 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.). 5 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 (Figure A.7); 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 (Figure 2.4b). To stabilize the 

polarization curves, we needed >2.5 L of pure water to flow through the small 1 cm2 

electrolyzer, yet the voltage was still lower than the recorded pure-water baseline 

(without KOH flow for pretreatment). 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, because of removal of residual 

carbonate species in the ionomer or membrane that increases the ionic conductivity of the 

ionomer in the catalyst layer. 29 
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 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 entering the electrolyzer was purged with N2, whereas the KOH 

solution was not purged. Although this effect is complex and requires further 

investigation, the results clearly show the importance of ensuring data are 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. 5 

 

 

Figure 2.5. Durability testing of commercial AEM MEAs. (a) Stability comparison of the 
three commercial AEMs when operating at 500 mA cm-2 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−2 (Figure 2.5). Over the first ∼20 h, all membranes show similar fast degradation rate 

of 11−15 mV h−1 (Figure 2.5 inset), indicating a similar degradation mechanism. After 

this initial “break-in” the PiperION system stabilizes. This MEA was continuously 

operated for over 175 h with a degradation rate of 0.67 mV h−1 over the last 20 h. The 
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Aemion and Sustainion systems were shut down when the cell voltage exceeded 2.9 V. 

Although it is possible that these systems stabilize in a similar manner to PiperION, 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. 30 The stability tests were purposefully conducted at conditions that can be 

easily reproduced by other groups. To begin understanding the source of degradation of 

the PiperION system, after conditioning and operation in pure water, we then flowed 1 M 

KOH to the anode and cathode and observed the change in voltage (Figure A.8). After 

introducing electrolyte, the degradation rate increased from 24 to 87 mV h−1. 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+ counterions, leading to breakdown and catalyst 

detachment. Such effects would not affect the durability during continuous pure water 

operation and therefore are probably not contributing to the observed degradation 

discussed previously. After, pure water was purged through the system for 10 min and 

then the voltage was recorded again in the pure-water conditions (red line until 0.5 h in 

Figure A.8). The total voltage rapidly exceeds the previous values obtained during the 

initial pure water operation (black trace), indicating further anode ionomer degradation 

after that which had already occurred during the initial pure water operation (black trace). 

We then flowed KOH to the anode only (red trace after 0.5 h in Figure A.8), and the 

degradation rate decreased from 96 to 40 mV h−1 (Figure A.8), suggesting that the 
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increased conductivity with the KOH compensates for the loss in conductivity from the 

degrading ionomer. 

To further investigate this degradation, we disassembled the PiperION MEA after 

175 h of steady-state operation in pure water and collected XPS on the anode GDL 

surface, which remained coated with catalyst and ionomer after disassembly (Figure 

2.5c). Additional C peaks associated with oxidized species along with a loss of F and N 

signal compared to a pristine PiperION film were found (Figure 2.5b), demonstrating the 

ionomer in this region is undergoing significant oxidative damage. More research is 

essential to understanding the impact of oxidizing electrode potentials on the specific 

ionomers, among other effects such as CO2 poisoning (and CO 2− formation). 

 

 

Figure 2.6. Improvements to baseline performance using enhanced materials. All cells 
were operated at 69 ± 1 °C. All cathode materials remained unchanged. The anode 
catalyst is IrO2 on the designated GDL material. 

 

The MEA described here is a starting baseline for further AEM materials 

development. Examples of improvements are shown in Figure 2.6 using custom GDL and 

thinner membrane materials. The 40 μm thick membrane shows ∼100 mV improvement 
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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−2, but only 30 mV at 1 A cm−2, 

indicating that resistive losses, likely in the catalyst/ionomer layers, are more important at 

high current densities. A lower resistance was observed with the 40 μm 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.9 

 

Conclusion 

We described the materials and preparation technique for baseline AEM pure-

water electrolyzers with state-of-the-art performance and durability, although substantial 

improvements are still needed for commercial relevant performance. The baseline AEM 

system performs below 2 V at 1 A cm−2 and was tested for >175 h reaching a final 

degradation rate below 1 mV h−1 in pure water at 0.5 A cm−2. 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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Introduction  

Most AEMWE testing is conducted with expensive IrO2 oxygen evolution 

reaction (OER) catalyst because it is stable and active. 1-3 In alkaline electrolyte, however, 

Ni–Fe oxyhydroxides have the lowest overpotential and highest per-cation turn-over 

frequency in three-electrode studies. 4-6 The performance and durability of Ni–Fe 

oxyhydroxides has generally been poor in pure-water membrane-electrode-assembly 

(MEA) configurations, however, which we have attributed to difficulties in oxidizing the 

bulk of the catalyst to its active state without soluble electrolyte. 3 Recently, non-PGM 

catalysts have shown more-promising performance and durability in MEA configurations, 

but appear to require either supporting electrolyte7-9 or complex electrode and/or catalyst 

design and preparation, 10 for example, with the Ni–Fe catalyst supported on a high-sur-

face-area Ni foam, that may not be easily translated to commercial-scale devices. 11-15 

These studies are often further complicated by membrane and ionomer instability that 

causes degradation independent of catalyst identity. Very few studies have investigated 

the catalyst-level phenomenon that modulates apparent durability, especially in industry-

relevant MEA conditions. Recent developments in AEM ionomer and MEA preparation 

and assembly have improved AEMWE durability, 1-2, 12 making it possible to better isolate 

the role of metal-oxide catalysts in system degradation. 

Here, we study five Ni-, Co-, and Fe-oxide-based nanoparticle anode catalysts and 

compare them to commercial nanoparticle IrO2 in pure-water AEMWEs to understand the 
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fundamental factors controlling the performance and durability of non-PGM materials in 

industry-relevant designs. Using operando analysis and post-operation materials 

characterization, particularly by X-ray photoelectron spectroscopy (XPS) of the catalyst 

layer, we observe multiple processes contributing simultaneously to degradation. We 

show differences in structure dynamics of the anode catalysts driven via operation and 

how catalyst restructuring processes affect the device performance. We find that the 

introduction of soluble Fe species during device operation accelerates degradation. 

Finally, we demonstrate a device using a Co3O4 anode with comparable performance and 

durability to IrO2, proving a viable route for non-PGM operation at scales where IrO2 

may not be viable due to scarcity. 

 

Results and Discussion 

AEMWE Performance and Durability.  

AEMWE devices were constructed for each catalyst following published 

procedures1 (see Experimental Section). Catalysts were dispersed in an ink of isopropyl 

alcohol, water, and ionomer and sprayed onto gas-diffusion-layer (GDL) substrates. 

Commercial nanopowders (IrO2, Co3O4, NiO, NiCoO2, NiFe2O4, and Ni0.5Co0.5Fe2O4) 

were used as anode catalysts (Table 3.1) and Pt black as the cathode catalyst. 

Anode catalysts were sprayed onto a stainless-steel woven mesh and cathode 

catalysts on Toray-090 carbon paper. The loading for all catalysts was between 2.2 and 

2.7 mg cm–2 with 10% by weight ionomer content. A thin layer (2–5 wt% relative to 

catalyst loading) of ionomer was sprayed on top of the catalyst layer. The MEAs were 

constructed using a 40 µm thick PiperION TP-85 membrane and compressed with a 
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torque on the assembly bolts of 5.6 N m. Water (at 60 °C) was pumped to the anode and 

cathode at 125 mL min–1 until the hardware temperature equilibrated to 57 °C. The cell 

was conditioned prior to data collection as described in the Experimental Section. Figure 

B.1 shows a photo of the electrolyzer system and a schematic of the MEA components. 

 

 

First, the performance and durability of each catalyst was assessed during pure-

water electrolyzer operation. IrO2 out-performed all other catalysts by ~100 mV at 10 mA 

cm–2 (Figure 3.1a). At such a low current density, Ohmic and mass-transport losses 

should be minimal, and performance is largely dominated by the OER overpotential. As 

current density increases, the performance more closely compares to the next-best 

catalysts, Co3O4 and NiO, which are within 50 mV of IrO2 at 1 A cm–2. All tested mixed-

metal catalysts displayed worse performance. To investigate the origin of this trend, gal-

vanostatic electrochemical impedance spectroscopy (GEIS) was conducted at 50 mA cm–

2 immediately after cell conditioning (Figure 3.1b). The data were fit to a Randle’s circuit 

with constant phase elements (Figure 3.1b inset). All cells show comparable high-

frequency series-resistance, and thus the performance discrepancies are not attributed to 

Table 3.1. Anode catalyst properties.   

Catalyst Diameter [nm] Surface Area [m2 g-1] σ [mS cm-1] 

IrO2 5-10 14.1 ± 0.1 metallic* 

Co3O4 30-50 28.0 ± 0.1 30 ± 6 

NiO 15-35 32.4 ± 0.1 4 ± 3 

NiCoO2 20 19.5 ± 0.1 0.9 ± 0.4 

Ni0.5Co0.5Fe2O4 40 57.7 ± 0.3 0.004 ± 0.005 

NiFe2O4 20 69.6 ± 0.5 0.02 ±  0.01 
*measurement indistinguishable from contact resistance  
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differences in materials/cell-assembly conditions, for example, contact between the 

catalyst layer and membrane or in the ink-dispersion quality. The trend in low-frequency 

resistance, assigned to charge-transfer phenomena, agrees with the voltage trend observed 

at 50 mA cm–2, as expected. IrO2 and Co3O4 also showed the best durability over 20 h, 

stabilizing to a degradation rate of 2.6 and 1.8 mV h–1, respectively (Figure 3.1c). While 

NiO showed similar performance, an initial rapid degradation was observed before the 

electrolyzer stabilized to a degradation rate of 6.4 mV h–1 at a ~200 mV higher voltage 

than IrO2 and Co3O4. Fe-containing catalysts showed exceptionally high degradation 

rates, with NiFe2O4 surpassing 5 V after only ~4 h. Although Ni–Fe-oxide-based catalysts 

substantially outperform IrO2 in alkaline three-electrode-cell tests, 4, 6 in a pure-water-fed 

MEA with an alkaline catalyst/ionomer environment, the trend in performance appears 

reversed. 

We tested the same inks used to coat GDLs (catalyst inks with 10 wt% ionomer) 

on quartz-crystal electrodes in 1.0 m KOH (Figure 3.1d) to identify differences between 

MEA and soluble electrolyte environments for catalysis. IrO2 and Co3O4 still outperform 

the Ni–Fe-oxide catalysts. In our previous studies, we used less-crystalline Ni–Fe-oxide 

thin films that converted to the M3+/4+ oxyhydroxide state rapidly during operation, 

leading to dramatically increased activity. 4, 6 The Ni–Fe nanopowdered oxide catalysts 

used for the MEA configuration might not easily convert to the more-active 

oxyhydroxide phase due to low electronic conductivity and, in the MEA, lack of soluble 

electrolyte that can penetrate the layered structure. Thus, the activity trend observed in 

prior thin-film studies cannot be directly translated to an ionomer environment in an 

MEA configuration. 
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Figure 3.1. Electrochemical performance. a) Polarization curves of anode catalysts 
tested. All experiments were conducted in pure water at 57 °C. A stainless-steel woven 
substrate with the indicated catalyst was used as the anode GDL and Pt black catalyst on 
Toray carbon paper was used as the cathode GDL. Data with iR correction is included in 
Figure B3. Sample size n = 3; data presented as mean ± one standard deviation. b) GEIS 
(at 50 mA cm–2) for each catalyst tested in the pure-water MEA for a single 
representative device. The inset shows the equivalent circuit used for data fitting. c) 
Durability testing for each catalyst held at 500 mA cm–2 for 20 h at 57 °C for a single 
representative device. Duplicate MEAs are included in Figure B.4. d) Cyclic voltammetry 
for catalysts embedded in anion-exchange ionomer (10 wt%) tested in 1.0 m KOH on 
Au/Ti quartz-crystal-microbalance electrodes. The current density is calculated using the 
BET surface areas of the nanopowders. The overpotential was corrected for Ru (3.0–3.6 
Ω). The first CV cycle for one representative electrode is shown for clarity; replicate 
measurements with additional cycling are shown in Figures B.5 and B.6. 
 
 

The conductivity of the anode layer has significant impact on AEMWE 

performance. 16 The electrical conductivity of each catalyst was measured by pressing 

each catalyst powder between two stainless-steel disks under 23000 psi and collecting a 
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polarization curve. Catalyst performance at 1 A cm–2 follows electrical conductivity 

(Figure 3.2), indicating that the worst-performing catalysts suffer from limited available 

active sites due to a poor electron transport through the catalyst layer. A similar 

experiment was conducted with several Co-based anode catalysts measuring electronic 

conductivity in a catalyst/ionomer layer as opposed to pressed powders and a similar 

trend was observed (Figure B.10 and Appendix B Methods). The ionomer environment, 

in combination with low-conductivity catalyst, may impede the conversion of the Ni–Fe-

oxide catalysts into the more active oxyhydroxide form, which is more conductive and 

would ensure better electrical conductivity between the catalyst particles and the GDL. 

 

 

Figure 3.2. Electrical conductivity of non-PGM catalysts. Conductivity was measured by 
compressing the powders into a pellet (23000 psi) and measuring electrical resistance 
while under compression from the slope of a polarization curve. The resistance measured 
for the IrO2 pellets was comparable to the contact/wire resistance, and thus IrO2 is simply 
labeled as metallic (Figure B9). Sample size n = 3; data presented as mean ± one standard 
deviation. 

 
Several important points are evident from these data: i) IrO2 and Co3O4, the most 

electronically conductive of the catalysts tested, have superior performance in the pure-

water-fed system, ii) the least-conductive, Fe-based catalysts, which have superior 
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alkaline OER kinetics after restructuring to oxyhydroxides, 4, 6 perform the worst, and iii) 

mixed-metal and Fe-containing catalysts show significantly worse stability than single-

metal, non-Fe-based catalysts. 

Many processes could be contributing to these observed performance and 

durability trends. The ionomer in the catalyst layer might be degrading, for example, 

undergoing oxidation via direct contact with the catalyst surface and thus OER inter-

mediates. The extent of this degradation would likely vary based on catalyst properties, 

such as electronic conductivity and sur-face chemistry. The catalysts are also likely 

restructuring during oxidation, affecting the catalyst/ionomer interface or leaching metals 

causing the loss of active sites and voids in the catalyst layer or at the catalyst/ionomer 

interface. Dynamic metal sites, for example, soluble Fe species dissolved from the GDL 

or catalyst layer, might leach into the system where they could redeposit to block catalyst 

active sites, block OH– transport to the anode, be transported further into the MEA and 

decrease bulk membrane OH– conductivity, or cross fully to the cathode where they could 

deposit or block ion transport. Each of these possible degradation mechanisms was 

investigated. 

Ionomer Degradation by the Catalyst Surface 

To investigate damage occurring to the ionomer in the anode catalyst layer, the 

compressed AEMWE cells were disassembled and the anode GDLs were analyzed with 

XPS. Upon disassembly, the solid membrane was pulled away from the GDL exposing 

the leftover catalyst powder embedded in the ionomer directly in contact with the 

catalyst. These post-operation GDLs were soaked in 3.0 M NaCl to ion-exchange OH– for 
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Cl– to avoid further degradation post-operation from OH– whose nucleophilicity increases 

with drying. 

Previous studies have shown that the ionomer binder directly in contact with the 

catalyst layer oxidizes under operating potentials at the anode with IrO2. 1, 17 However, 

the mechanism by which this oxidation occurs is poorly understood. 1, 18-19 Oxidation 

could be occurring directly at the catalyst/ionomer surface or chemically through 

reactivity with OER intermediates or other reactive oxygen species formed, for example, 

through radical reactivity. 20-21 These degradation phenomena may or may not depend on 

catalyst type. Others have suggested that degradation rates correlate with 

ionomer/catalyst interaction strength, 22 and the adsorption energies of ionomer functional 

groups to the catalyst surface are expected to vary for different oxide catalysts. If 

degradation is occurring by chemical reactivity with OER intermediates, degradation may 

depend on catalyst activity and OER mechanism. Furthermore, AEM ionomers will 

oxidize at sufficiently high voltage regardless of catalyst/electrode surface, 17 thus 

degradation may only depend on device operating voltage. 

The extent of the ionomer oxidation by the six catalysts was assessed by XPS. 

The chemical structure of the ionomer and membrane used is in Figure 3.3a. The C 1s, N 

1s, and F 1s spectra were collected on the pristine catalyst/ionomer ink and port-mortem 

GDLs after 20 h of operating at 500 mA cm–2 (Figure 3.3b). The changes to the shape and 

interact with the surrounding ionomer differently. During operation with Co3O4 at the 

anode, the XP spectra of the ionomer do not change substantially. The N 1s peak that 
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Figure 3.3. Catalyst-dependent ionomer degradation. a) Chemical structure of the 
membrane/ionomer used in this study (PiperION by Versogen, PAP-TP-85). b) XP 
spectra of C 1s, N 1s, and F 1s peaks collected on the pristine anode catalyst-coated 
GDLs and the post-mortem GDLs after 20 h of operating at 500 mA cm–2 in pure water 
for a representative device with each catalyst type. Durability data from Figure 3.1c is 
overlaid on the F 1s spectra for reference. 
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represents the charge-carrying groups in PiperION retains its position and shape. The XP 

spectra of the ionomer interacting with IrO2, on the other hand, undergo significant 

chemical changes. A new high-binding-energy peak emerges at 288.4 eV after 20 h of 

operation and the N 1s peak vanishes. The F 1s peak also diminishes. 

As 20 h is a short durability test, one Co3O4 device was further operated for 250 h 

(Figure 3.4). The performance is similar to what has been previously observed for IrO2 

with both MEA’s stabilizing to degradation rates <1 mV h–1 after 150 h. 1 The C 1s region 

shows significant changes, comparable to that of IrO2 after a long-term operation. 1 We 

also analyzed a separate MEA operated for 57 h (Figure B.11), which showed slightly 

less oxidative damage. 

The variability in ionomer oxidation rates between Co3O4 and IrO2 at short time 

scales may be explained by the difference in the catalysts’ electronic conductivity. 

Catalyst surfaces are known to facilitate ionomer degradation, either through the polymer 

interactions with OER intermediates or by direct oxidation through functional groups 

adsorbing onto the catalyst surface. 21-23 A more electrically conductive catalyst could 

oxidize the bulk of the ionomer faster due to lower Ohmic voltage losses through the 

percolative electronic transport pathways in the catalyst, while less-conductive catalysts 

might only be able to oxidize the ionomer closer to the GDL where electronic Ohmic 

losses are small and high oxidizing potentials remain available.  

The next two most-stable catalysts, NiO and NiCoO2, also facilitate ionomer 

degradation: new high-energy peaks appear in the C 1s spectra; N 1s shifts in energy and 

diminishes; F 1s also decreases in intensity (Figure 3.3b). This could be attributed to 

ionomer degradation due to the higher operating voltage, but the XPS of the two worst-
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performing catalysts, NiFe2O4 and Ni0.5Co0.5Fe2O4, showed less changes to the ionomer 

structure than for NiO and NiCoO2 despite operating at a higher cell voltage 

(Figure 3.3b). Changes are only observed in the N 1s peaks suggesting ionomer 

dissolution or changes to the chemical structure of the charge-carrying groups. However, 

these changes are small compared to what is observed with the better performing 

catalysts like IrO2 or NiO. The XPS analysis of the GDLs is performed on multiple spots 

to obtain an averaged picture of the ionomer structure. The NiFe2O4 GDL showed minor 

changes to the carbon peak in some of the analyzed spots, but most of the spectra showed 

no change. 

 

 

Figure 3.4. Extended durability testing of an AEMWE with a Co3O4 anode catalyst. The 
cell was operated for 250 h at 500 mA cm−2 in pure water at 57 °C. A Pt-black catalyst on 
Toray carbon paper was used as the cathode. The inset shows XP spectra of the GDL 
surface after 250 h of operation illustrating severe oxidative damage. Sample size n = 1; a 
control MEA operated for 57 h is included in Figure B11. 

 

These trends may also be explained by the differences in catalyst conductivity. 

For catalysts with poor electrical conductivity, only the sites near the electronically 

conductive GDL are active, and therefore are also the only region available for ionomer 
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oxidation. XPS is surface-sensitive and will not detect degraded polymer in direct contact 

with the GDL if it is covered by a layer of an undegraded ionomer. It is difficult to 

determine the thickness of catalyst layer being analyzed during XPS. Thus, it might 

appear that a catalyst does not cause ionomer degradation after the 20 h run when 

degradation is prevalent directly next to the GDL, but not on ionomer closer to the 

membrane. 

Ionomer oxidation, however, may not be the primary degradation pathway for the 

Fe-based catalysts. To test this, the NiFe2O4 catalyst was operated at a constant voltage 

rather than current. Even when held at 1.8 V, lower than the operating voltage of the best-

performing catalyst, the activity of the system degraded rapidly, passing only a few mA 

of current by the end of the 20 h operation (Figure B.12). The C 1s and N 1s spectra of 

the ionomer in contact with the catalyst show small changes compared to the pristine 

material (inset in Figure B.12). These data suggested to us that changes in the catalyst 

structure and interface with the ionomer must also be considered. 

Catalyst Restructuring and Leaching 

Non-PGM OER catalysts are known to structurally evolve under operating 

conditions. 4-5 Co, Ni, and Fe oxides, for example, oxidize during OER typically 

converting to more-active and electrically conductive layered oxyhydroxides. 6 These 

catalysts also have dynamic Fe sites that dissolve and re-deposit that are responsible for 

the superior OER activity. 24-25 For Ni–Fe and Co–Fe oxyhydroxide catalysts, leaching of 

the metals has been reported. 24 Fe was measured to dissolve at higher rates than Ni or Co 

in Fe/Ni and Fe/Co oxides/oxyhydroxides, with Ni dissolution being the slowest. 24 These 

catalysts may also uptake additional ions present in trace amounts in electrolyte. 
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Figure 3.5. Comparison of non-PGM catalyst structure pre- and post-operation. a) The 
change in metal ratios of mixed-metal catalysts determined by XPS. Sample size n = 3; 
data presented as mean ± one standard deviation. b) XPS spectra of Co 2p in Co3O4 and 
Ni 2p in NiO. All catalysts were operated for 20 h at 500 mA cm–2. 

 

To assess restructuring and leaching in the mixed-metal non-PGM catalyst 

powders during electrolysis, we measured the metal ratios before and after operation 

(Figure 3.5a). The ratios determined by XPS are reflective of the surface composition and 

do not correspond to the overall composition of the nano-powders. For NiCoO2, the 

initial surface ratio of Co/Ni found by XPS was 0.24 ± 0.02. This ratio decreased to 0.15 

± 0.03 after operation, suggesting that the catalyst is restructuring and/or leaching, 

forming a Ni-rich surface. The Fe/Ni ratio in NiFe2O4 increased from the initial 0.54 ± 

0.02 to 1.1 ± 0.1 indicating the formation of an Fe-rich top layer. This is likely due to Fe 

leaching, followed by redeposition on the surface of the catalyst (soluble Fe species are 

anionic in base, thus prevented from crossing to the cathode by the Ohmic drop across the 

membrane). The Fe/Ni ratio in Ni0.5Co0.5Fe2O4, however, showed the opposite trend, 
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decreasing from 2.9 ± 0.1 to 1.8 ± 0.1, but this change was accompanied by a decrease in 

the Co/Ni ratio (1.0 ± 0.1 to 0.52 ± 0.04) suggesting the formation of a Ni-rich surface. 

Such composition on the surface is likely the result of Ni restructuring and covering Co 

and Fe. Co is known to be stable during OER25-26 and thus Co leaching is unlikely 

(discussed more below).  

For the monometallic oxides (NiO and Co3O4), we studied changes in the shape 

and energy of the metal XPS peaks (Figure 3.5b). The Co 2p peak remained unchanged 

after 20 h of electrolysis. The shape of the peak is consistent with Co3O4. 27 Co3O4 is 

known to form a sub-nanometer amorphous shell during OER, otherwise maintaining 

crystallinity, 28-29 and a small extent of oxidation may be occurring that is not detected by 

XPS. The Ni 2p peak shifted to higher binding energy and changed its shape consistent 

with the transition from NiO to NiOOH. 27 Ni(OH)2 significantly restructures under OER 

conditions compared to Co(OH)2 which tends to maintain its initial morphology. 26, 30 The 

change in oxidation state and structure might be accompanied by Ni2+/3+ 

leaching/redeposition. The changes to the catalyst structure likely explain the observed 

degradation behavior. Catalyst/ionomer interactions influence electrolyzer performance 

and durability. 23, 31-32 Structural evolution and cation leaching/redeposition likely disrupts 

the catalyst/ionomer interfaces. For example, as NiO dynamically restructures to form 

more disordered NiOOH, the physical proximity of the ionomer and catalyst likely 

decreases, increasing iR and/or decreasing ionic conductivity, leading to higher voltages 

without observing significant ionomer oxidation by XPS. Leaching of the metal cations 

and their consequent redeposition on the electrode surface could further disrupt the 
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catalyst/ionomer network. The lack of restructuring and leaching/redeposition under OER 

conditions likely contributes to the better durability of Co3O4. 

The Role of Dynamic Fe Species 

Leached ions also can participate in chemical reactions with the ionomer leading 

to chemical changes (e.g., Fenton-type oxidation reactions). 33-34 Fe is particularly 

dynamic, and thus the role of soluble Fe ions was further investigated.  

To probe the role of soluble Fe species, we intentionally added soluble Fe to the 

water feed. An MEA with a Co3O4 anode was operated for ≈10 h to stabilize, then 1 ppm 

 

 

Figure 3.6. Effect of soluble Fe on AEM durability. A device with a Co3O4 anode catalyst 
was operated in pure water until stabilizing (gold), after which the anode inlet was moved 
to a solution of 1 ppm Fe3+ (green trace). The 20 h Co3O4 run is shown in darker gold 
dashed line for reference. Inset: XP spectra of the anode GDL post-Fe spike (top) and 
pure water (bottom) operation. 
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Fe3+ was flowed to the anode while pure water was maintained at the cathode from a 

separate pump and water reservoir (Figure 3.6). The Fe increased the degradation rate to 

≈4 mV h–1. The run was carried out for 40 h, during which the degradation continued at 

this constant rate. XPS shows significant changes to the C 1s and N 1s spectra. The 

performance of Co3O4 tested for 40 h in the absence of Fe (Figure 3.6, gold) did not 

degrade as rapidly. However, the XPS analysis of the ionomer at the anode after the 40 h 

Fe-free run shows nearly identical changes to the C 1s and N 1s peaks (Figure 3.6 inset). 

As discussed above, Co3O4 alone oxidizes the ionomer but at a slower rate compared to 

IrO2 (Figure 3.4). One might attribute this new degradation to soluble Fe species crossing 

the AEM to the cathode where it could block active sites on Pt or otherwise facilitate 

cathodic degradation, but Fe was not detected on the cathode GDL post-operation by 

XPS (Figure B.13). Thus, it appears the introduction of Fe is accelerating the degradation 

in the anode. Soluble Fe ions likely deposit on or adsorb to the anode catalyst surface 

disrupting the ionic conductivity of the catalyst/ionomer network. To investigate the role 

of soluble metal ions, the Co3O4 and Ni0.5Co0.5Fe2O4 anode systems were operated in 

pure water and the anode effluent water was analyzed with inductively coupled plasma 

mass spectrometry (ICP-MS). The Fe, Ni, and Co concentrations measured for both 

systems were less than 5 ppb and no significant dissolution was observed (Figure B.14). 

It is likely the catalyst surfaces, particularly those with Ni and Fe, are dynamic at the 

local interface – dissolving to form voids and redepositing in unwanted locations – and 

that metal ions are not washed out into the system in the absence of soluble electrolyte to 

facilitate formation of stable dissolution products. 
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Conclusion 

We have discovered critical catalyst processes that affect the performance and 

stability of AEMWE devices and are key for scalable H2 production (summarized in 

Figure 3.7). The experiments indicate that conductive IrO2 provides more active sites to 

oxidize ionomer, as opposed to mixed Ni/Fe/Co catalysts that show a lower extent of 

oxidation by XPS, likely due to much lower electrical conductivity. IrO2 is sufficiently 

conductive, so any Ir sites in contact with the ionomer network are active, leading to 

rapid ionomer degradation throughout the catalyst layer. Co3O4, while less electrically 

conductive, appears conductive enough to maintain sufficient activity throughout the 

catalyst layer. Improved performance is likely possible by further improving the electrical 

properties. The OER on Co3O4 likely converts the particle surface to CoOOH, but the 

depth of conversion is sufficiently thin as to not disrupt the catalyst/ionomer interface. 

The ionomer still oxidatively degrades throughout the catalyst layer but at a slower rate 

than for IrO2. XPS shows NiO converts to nominally NiOOH, and our evidence suggests 

that changes to ionomer/catalyst interface associated with this transition contribute to 

faster degradation. The low electronic conductivity of NiCoO2, Ni0.5Co0.5Fe2O4, and 

NiFe2O4 confines OER to the region in direct contact with the stainless-steel GDL. As the 

ionomer oxidizes, ionic conductivity to this region decreases. Ionically accessible catalyst 

sites are now further from the GDL, but low electronic conductivity limits reactivity of 

these sites creating a resistive layer and cell voltage increases. This ionomer degradation 

would not necessarily be observed by XPS as it is a surface-sensitive technique, and the 

degradation does not extend into the bulk of the catalyst layer. 

NiCoO2 and Ni0.5Co0.5Fe2O4 show a Ni-rich surface after operation and NiFe2O4 
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Figure 3.7. Summary of possible anode degradation processes. Left: the catalyst starting 
state; Right: after extended operation. Pristine ionomer is shown in tan; degraded 
ionomer regions are dark brown. IrO2 (pink) degrades the ionomer throughout the 
catalyst layer but has sufficient electronic conductivity to still access ionically conductive 
regions. Co3O4 (gold) also degrades the ionomer but at a slower rate and has sufficient 
electrical conductivity to maintain some activity throughout the catalyst layer. NiO (light 
blue) converts to the electrically conductive NiOOH phase (dark blue), increasing 
electronic conductivity but disrupting the catalyst/ionomer interaction. NiCoO2 (blue and 
gold), Ni0.5Co0.5Fe2O4 (blue, gold, and green), and NiFe2O4 (blue and green) have low 
electronic conductivity. Ionomer degradation decreases ionic pathways to the catalyst 
creating a resistive zone. NiCoO2 and Ni0.5Co0.5Fe2O4 show a Nirich surface after 
operation and NiFe2O4shows an Fe-rich surface after operation, both likely due to 
dissolution/redeposition. 
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shows an Fe-rich surface after operation. Changes to the ionomer/catalyst interface 

associated with this rearrangement likely result in changes to surface contact and charge-

transfer resistance. For NiCoO2, as CoOx is known to be stable during operation, 25-26 we 

hypothesize Ni ions are leaching/redepositing from the catalyst, possibly due to a lower 

local-pH environment created by the reduced OH− conductivity to the region. The Fe-rich 

surface for NiFe2O4 is likely due to dominant Fe leaching/redeposition. For 

Ni0.5Co0.5Fe2O4 both Ni and Fe are likely leaching. Leached ions can create voids in the 

ionomer network disrupting the ionic connectivity and physical coupling between 

ionomer and catalysts. Ions that redeposit on the catalyst likely change ionomer/catalyst 

inter-actions, reducing ionic conductivity and/or blocking active sites. In solution, those 

ions may also accelerate existing, or introduce additional, ionomer degradation 

mechanisms. Multiple degradation modes are likely occurring simultaneously with the 

Ni–Fe oxides contributing to their rapid failure during device operation. 

Understanding the behavior of non-PGM catalysts in industry relevant pure-

water-fed AEMWE devices is critical to inform materials design for advanced 

electrolyzer technology. Here, we isolate anode catalyst processes from overall device 

performance and report the first chemical insight into catalyst characteristics and 

processes driving system degradation. Analyzing the performance and stability of five 

non-PGM anode catalysts in comparison with a baseline IrO2 catalyst in a pure-water-fed 

AEMWE, we reveal that high electronic conductivity of the catalyst results in a better 

voltage performance but faster ionomer oxidation. We also discover a variety of 

degradation processes occurring for each catalyst. The main sources of degradation stem 

from catalyst restructuring and ionomer oxidation under OER-relevant conditions – the 
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structural stability of IrO2 and Co3O4, coupled with good electrical conductivity and OER 

activity, are the reasons for their superior durability. We have thus begun to isolate 

ionomer degradation from catalyst phenomena during operation in an MEA configuration 

and simultaneously provided fundamental insight into non-PGM catalyst operation in 

industry relevant configurations and conditions. Our approach also uses a simple, 

scalable GDL preparation method and commercially available catalyst to show Co3O4 is a 

viable option for developing non-PGM-based AEMWEs, which is important for 

AEMWEs to grow into a competitive future technology. 

 

Experimental Methods 

Catalyst Dispersions and GDL Coating: Pt black (high surface area, Fuel Cell 

Store) nanoparticles were used as the cathode catalyst for all trials. Co3O4 (99.5%, 30–50 

nm), NiO (99.5%, 15–35 nm), NiCoO2 (99.9%, 20 nm), NiFe2O4 (99.99%, 20 nm), 

Ni0.5Co0.5Fe2O4 (99.995%, 40 nm) (US Research Nanomaterials), and IrO2 (core/shell 

Ir/IrOx, Fuel Cell Store) nanoparticles were used at the anode. Cathode and anode 

electrodes were prepared identically by spray-coating using a published 

method.1 Catalyst inks were prepared by mixing the catalyst powder (100 mg), water 

(0.5 g), isopropyl alcohol (1.7 g), and 5 wt% TP-85 (Versogen) ionomer (200 mg). 

Catalyst inks were sonicated for 1 h to disperse before spray coating using an airbrush 

(Testors, Aztek A2203). Pt black was sprayed onto carbon paper (Toray 090, Fuel Cell 

Store) and anode catalysts were sprayed onto a woven stainless-steel mesh (25AL3, 

Bekaert). A catalyst loading between 2.2 and 2.7 mg cm−2 was determined by mass 

difference. A thin layer of ionomer (2–5 wt%) was then sprayed on top of the electrode. 
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This resulting percentage was the lowest mass/thinnest ionomer layer that could be 

applied with uniform thickness. 

Membrane Conditioning: PAP-TP-85 membranes (40 µm, Versogen) were 

conditioned according to manufacturer instructions. The membranes were soaked in 0.5 

m KOH for 24 h, replacing the solution with fresh KOH after 1 h. Membranes were 

stored in 0.5 m KOH when not in use. 

MEA Assembly and Hardware Operation: GDLs were cut to 1 cm2 and assembled 

in the electrolyzer according to published procedures. 1 A water tank filled with 18.2 MΩ 

cm provided water to the cathode and anode at 125 mL min−1. 1 The anode water flow 

was recirculated in the system while the cathode water flow was degassed in a chemical 

hood then recirculated back into the water tank. The temperature of the water source was 

set to 60 °C. The temperature in the electrolyzer cell at this temperature equilibrated to 57 

± 1 °C and was monitored with a thermocouple inserted into the anode and cathode cell 

hardware plates. The temperature difference between anode and cathode was maintained 

to less than ± 1 °C. 

Applied Current Testing Conditions: All electrochemical testing was conducted 

using a potentiostat (BioLogic VSP-300) equipped with a 10 A/5 V booster cable. All 

tests were conducted under chronopotentiometric conditions unless otherwise indicated. 

The MEA was conditioned by stepping the current from 100 mA cm−2 to 1 A cm−2 in 100 

mA intervals, holding for 2 min at each step. Impedance spectra were then collected from 

500 kHz to 200 mHz at 50 mA cm−2. Then, the cell was held at 1 V to observe the steady-

state electrolysis current decay to zero, confirming there were no pinholes or shunt 

pathways present. The cell was brought back to 1 A cm−2 for 2 min to stabilize. The 
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potential was then recorded, and the current was decreased in 100 mA cm−2 steps until 

reaching 100 mA cm−2, further decreased to 50 mA cm−2, and lastly 10 mA 

cm−2, measuring the potential for 10 s at each step to collect the J–V curve. The cell was 

held at 500 mA cm−2 for stability measurements. During 20 h stability testing, impedance 

data, as described above, were collected after 1, 3, 8, and 20 h. For any testing longer 

than 20 h, impedance was collected only at the start and end of durability testing. After 

analysis, the cells were disassembled, and the ionomer and membrane were converted to 

the Cl– counter anion form by submerging the MEA in 3 m NaCl solution for at least 30 

min (to prevent OH– attack induced by drying the ionomer). The materials were then 

rinsed thoroughly with 18.2 MΩ cm water for 30 s and dried in air. 

Applied Voltage Testing Conditions: To test the performance of NiFe2O4 at a lower 

voltage, the cell was tested under galvanostatic conditions. For this, the MEA was 

conditioned by stepping the voltage from 1.7 to 1.9 V in 50 mV steps. Impedance spectra 

were collected over the same frequency range at 1.6 V. The cell was then stepped down 

from 1.9 to 1.6 V in 50 mV steps held at 10 s to record the J–V curve. Durability testing 

was conducted at 1.8 V. Impedance data of the same conditions were collected at the 

same time points as the chronopotentiometric testing for consistency. The MEA was 

disassembled and converted to Cl– counter ion as described above. 

Fe Spike Test: An MEA with a Co3O4 anode was prepared and conditioned 

according to the above procedure, but water was flowed to the anode and cathode with 

separate water pumps. Each was flowed at 75 mL min−1, which was the highest flow rate 

possible before high back pressure caused the water line to detach from the pump. 

Durability testing was operated at 500 mA cm−2. When the degradation rate stabilized to 
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below 1 mV h–1, the inlet line for the anode pump was moved to a 1 ppm Fe3+ solution 

composed of 0.19 × 10−3 M Fe(NO3)3·9H2O (ACS reagent grade ≥98%, Sigma). The 

solution was held at the same temperature as the water tank to maintain a constant 

hardware temperature. Current was held at 500 mA cm−2 during this time and durability 

testing was continued for an additional 28 h. The MEA was disassembled and converted 

to Cl– counter ion as described above. 

Catalyst Conductivity Measurements: The catalyst powders (~200 mg) were 

pressed between two stainless steel disks inset in a plastic holder (Figure B.7). An 

aluminum bar was placed above and below the disks to make electric contact, which were 

connected to a potentiostat using copper wire. Plastic sheets were placed above and 

below the aluminum to prevent short-circuit through the metal press. The powders were 

compressed to 23000 psi. The thickness of the powder was determined by measuring the 

distance between the top and bottom of the steel disks using a digital micrometer and 

subtracting the thickness of the disks with no catalyst powder. Polarization curves were 

collected from −1 to 1 V at 1 V s−1 (Figure B.8). The contact resistance was measured by 

the same method with no catalyst between the two disks. For the blank and IrO2 

measurements, the range was adjusted to −0.02 to 0.02 V at 10 mV s–1 to prevent current 

overload (Figure B.9). The measurement for IrO2 matched that of the contact resistance, 

and thus a value was not reported for this catalyst. For all other catalysts, the resistance 

was obtained from a linear fit of the obtained current–voltage curve. The lead resistance 

was subtracted before calculating conductivity according to σ = l/(RA), where σ is 

electrical conductivity in S cm–1, l is the thickness of the catalyst powder in cm, R is the 

measured resistance in Ω, and A is the disk surface area in cm2. 
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Catalyst Surface Area Measurements: N2 adsorption/desorption isotherms were 

measured using a Micromeritics ASAP 2020 surface area analyzer at 77 K. Specific 

surface areas (SBET) of the samples were calculated using the Brunauer–Emmett–Teller 

(BET) method, and pore widths and pore volumes (Vp) were calculated using the 

Barrett–Joyner–Halenda adsorption curves. Samples were suspended in isopropyl alcohol 

and dried at room temperature under vacuum for 12 h. Samples were then activated at 

393 K (Co3O4, NiCoO2, Ni0.5Co0.5Fe2O4, NiFe2O4, and IrO2) or 423 K (NiO) for at least 

24 h to remove the solvent and trapped gas. Activation was considered complete when 

the outgassing rate fell below 2.5 µtorr min–1. The sample mass was calculated by the 

difference in mass between the empty sample tube and the loaded sample tube post-

activation. The sample tube was massed before and after analysis to ensure the sample 

mass was unchanged during analysis. 

Testing on Quartz-Crystal-Microbalance (QCM) Electrodes in KOH: The catalyst 

inks were prepared identically as for device testing and were spin-coated onto 5 MHz 

Au/Ti quartz crystals (Fil-Tech) at 3000 rpm and dried at 80 °C to obtain the loading of 

≈22 µgMO cm–2 (normalized to exclude the mass of the ionomer). The cyclic 

voltammetry (CV) plots were collected using a potentiostat (BioLogic, SP-200) in 1.0 m 

KOH with the working electrodes connected to the QCM controller (Stanford Research 

Systems QCM200). Potentials in three-electrode modes were measured versus a 1 M 

KOH Hg/HgO reference electrode (CH Instruments). The reference electrode was 

calibrated before the electrochemical measurements using a reversible hydrogen 

electrode (HydroFlex). 
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During the three-electrode QCM experiments, the electrolytes were either bubbled 

with high-purity N2 (Figure 3.1d) or conducted in open air (Figure B.6). All three-

electrode electrochemical data were corrected for uncompensated series resistance (Ru), 

which was determined by equating Ru to the minimum total impedance in the frequency 

regime between 10 and 50 kHz, where the capacitive and inductive impedances are 

negligible, and the phase angle was near zero. 

XPS Analysis of Pristine and Post-Mortem GDLs: XPS measurements were 

performed on an ESCALAB 250 (ThermoScientific) using Al Kα monochromated (20 eV 

pass energy, 500 µm spot size) and non-monochromated Mg Kα (400 W, 75 eV pass 

energy) flood sources. The use of the Mg source is critical in discerning Fe in the samples 

as typical Al sources exhibit overlap of the Fe 2p peaks with Ni and Co Auger LMM 

features. The samples were charge-neutralized via an in-lens electron source. Spectra 

were analyzed with ThermoScientific Avantage 5.99 software. The binding energies were 

calibrated to the C 1s signal at 284.8 eV. 

The catalyst powders that do not contain Fe were analyzed as sprayed inks on 

stainless-steel GDLs prior and after the AEMWE operation with the ionomer ion-

exchanged to Cl– form. To avoid signal contribution from the Fe-rich stainless-steel, the 

metal ratios in the Fe-containing catalysts were analyzed separately from GDLs. To 

obtain the metal ratios in pristine catalysts, the powders were analyzed on a piece of 

carbon tape. To assess the changes to the metal ratios after electrolysis, the GDLs were 

sonicated in ethanol to remove the catalyst layer. The loose powder was collected, dried, 

and analyzed on a piece of carbon tape. The C 1s, N 1s, and F 1s spectra for Fe-

containing catalysts were obtained with the inks on GDLs similarly to the other catalysts. 
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CHAPTER IV 

OXIDATIVE INSTABILITY OF IONOMERS IN HYDROXIDE-EXCHANGE-

MEMBRANE ELECTROLYZERS 

 

Grace A. Lindquist, Jamie C. Gaitor, Willow L. Thompson,  

Valerie Brogden, Kevin J. T. Noonan, and Shannon W. Boettcher* 

 

This chapter contains co-authored work submitted for publication in Energy and 

Environmental Science in 2023. Myself and Shannon W. Boettcher designed the study. I 

collected and analyzed all electrolyzer, SEM, and XPS data, with electrolyzer support 

from Willow L. Thompson and SEM support from Valerie Brogden. The PNB ionomer 

system was designed by Jamie C. Gaitor and Kevin J. T. Noonan, with synthesis and 

characterization conducted by Jamie C. Gaitor. The work was written, organized, and 

edited by myself with a section written by Jamie C. Gaitor and editorial assistance from 

Shannon W. Boettcher.  

 

Introduction 

Anion-exchange ionomers have historically limited the performance and 

durability of HEM electrolyzer devices. 1-6 Common cation-exchange ionomers are 

perfluorinated-sulfonic-acid-(PFSA)-type materials with high chemical stability. 7 Most 

anion-exchange ionomers are hydrocarbons (e.g. polybenzimidazoles, polyethers, 

polyphenylenes, etc.) which are more susceptible to chemical degradation by nucleophilic 

OH- in the strong alkaline conditions. While substantial polymer development in the past 
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decade has improved electrolyte-free HEM electrolyzer performance, 8-14 further 

improvements are needed.  Most efforts at improving the stability of HEM polymers have 

focused on alkaline chemical stability, including adding protecting groups near 

electrophilic sites, 15-17 partial fluorination, 18 and tuning side-chain length19 or cation 

identity. 20-21 Ex-situ chemical stability, however, is not necessarily reflective of device 

conditions nor indicative of how a polymer will perform in a membrane-electrode 

assembly (MEA), in particular during operation with electrolyte-free (nominally pure) 

water feed. In the MEA, the polymer may degrade by other chemical and electrochemical 

means besides OH- attack. At the anode the ionomer is held at a strongly oxidizing 

potential and exposed to possible oxidizing species/intermediates produced during the 

oxygen-evolution reaction (OER). The oxidative and radical stability of anion exchange 

polymers has been investigated to various extents, 22-26 but few studies are conducted 

under device-relevant operating configurations and conditions. 

 Here we report a comprehensive ionomer failure analysis of HEM electrolyzer 

MEAs operating with electrolyte-free water and uncover common oxidative processes 

that must be solved for commercialization. Using integrated reference electrodes and 

impedance analysis on the full MEA electrolyzer, post-mortem surface analysis, and 

cross-sectional electron-microscopy and chemical imaging, we find ionomer oxidation as 

a dominant degradation mechanism across all ionomer chemistries studied in locally 

alkaline conditions, even those with all sp3 carbon and PFSAs. We further investigate the 

effect of various additives and alternative feed modes on the extent of oxidation, showing 

pure-water operation degrading > 0.5 mV/h over 100 h using an oxidatively stable anode-
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catalyst layer. Lastly, we introduce catalyst-layer design strategies for next generation 

HEM electrolyzer devices. 

 

Results and Discussion 

Degradation of TP-85 anion exchange ionomer 

HEM electrolyzers with an active area of 1 cm2 were prepared and assembled as 

described in the methods section and elsewhere (Figure C.11a). 9, 27 IrOx on platinized Ti 

and Pt black on Toray carbon-paper were used as the anode and cathode porous-transport 

electrodes (PTEs) respectively. Both electrodes were prepared with PiperION-A5 

ionomer dispersions and devices were assembled with a 40-um-thick PiperION TP-85 

membrane. For this study, the membrane and cathode remained constant for all 

experiments and only the anode PTE, including anode ionomer, was varied. 

 

 

Figure 4.1. Schematic of the reference electrode integrated in the electrolyzer MEA and 
hardware. A reference electrode is placed on a strip of membrane attached to the HEM in 
the MEA. The voltage is measured from the cathode end plate or anode end plate versus 
the reference. Precision gasketing and a high conductivity HEM and reference strip are 
used to minimize mis-alignment reference-potential errors. 28-29 
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Understanding electrolyzer device degradation during operation is challenging 

and usually limited to information gained from two-electrode studies. To better 

understand the contribution of individual components to the total cell voltage, a reference 

electrode was integrated into the MEA. 30 A strip of membrane is attached to the edge of 

the membrane in the MEA and extended outside the cell hardware, where a reference 

electrode is attached to the membrane strip and used to measure the anode and cathode 

components to the total cell voltage (Figure 4.1). A high conductivity HEM and reference 

strip are used to minimize reference electrode potential errors from non-symmetric 

current distributions. 28-29 

HEM electrolyzers were operated with electrolyte-free (nominally pure) water. 

The initial performance was 2.1 V at 1 A cm-2 (Figure 4.2a). The polarization curve is 

recorded following a ~20 min break-in period, during which some degradation may occur 

contributing to the high voltage performance relative to PEM benchmark systems. During 

operation at 1 A cm-2, the total cell voltage decreases for a short period before rapidly 

degrading at 22 mV/h from 1 – 10 h then stabilizing to 4 mV/h from 10 – 20 h (Figure 

4.2b). The reference electrode reveals this voltage degradation occurs at the anode. The 

cathode degradation was constant throughout the run at ~1 mV/h, which may be due to 

non-optimal water management that could be solved with better ionomer and cathode 

electrode design, but is not the focus of this work.  

The Nyquist plot of the full cell shows two semi-circles (Figure 4.3c). During 

operation, the low frequency resistances of both semicircles increase with time. If these 

two processes were assumed to be the anode and cathode, this would suggest an increase 
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in both OER and HER charge-transfer resistance. However, the anode and cathode 

Nyquist plots using the reference electrode show two semicircles for the anode, and one 

at the cathode (Figure 4.2d). The second RC component at the anode may be due to a 

variety of processes, including ionomer oxidation reactions, a slow corrosion or 

dissolution mechanism, or water-dissociation reactions from OER occurring in lower pH 

regions in the catalyst layer. Impedance analysis of electrochemical devices is 

complicated31 and more work is needed to assign mechanisms to each semicircle at the 

(degrading) anode. Previous measurements found OER faradaic efficiency of ~98 % for 

the same MEA system. 9 After operation at 1 A cm-2, both charge-transfer resistances at 

the anode increased significantly while the cathode increased only slightly, consistent 

with the conclusion that cell degradation is an anodic process. Simulated Nyquist data 

using values obtained from the reference electrode measurements agree with the raw 

total-cell impedance collected without the integrated reference electrode (Figure C.13). 

When the operating current is lowered to 200 mA cm-2 the total-cell voltage-degradation 

rate decreases to 7 mV/h from 0 – 10 h, and 3 mV/h from 10 – 20 h (Figure 4.2b). This 

voltage degradation is at the anode; the average cathode degradation rate was 50 µV/h. 

Interestingly, at 200 mA cm-2 the initial large decrease in voltage was not observed. A 

decrease in voltage can still indicate cell degradation, for example membrane thinning 

which decreases cell resistance, and is not necessarily cell performance improving. 6 The 

ionomer loading in the PTE is 20 wt% relative to catalyst mass, which was chosen to 

ensure sufficient ionomer sample signal for XPS and resolution for SEM cross-section 

analysis (discussed later). A high ionomer loading can contribute additional iR or mass-

transport losses to the cell voltage. This initial voltage decrease is not observed when the 
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ionomer content is decreased to 10 wt% (Figure C.14), and thus we interpret the initial 

voltage decrease at 1 A cm-2 as various coupled catalyst layer reorganization and 

degradation processes, which initially decreases catalyst-layer resistance and appears as 

an improvement in cell voltage.  

X-ray photoelectron spectroscopy (XPS) analysis of the PTE surface was 

conducted to understand the anode-degradation mechanism (Figure 4.3). The pristine 

 

 

Figure 4.2. Performance and stability of a HEM electrolyzer. Cells were operated with an 
IrOx/TP-85 catalyst layer on Pt/Ti anode, TP-85 membrane, and Pt-black/TP-85 cathode. 
a) Polarization curve showing anode and cathode contribution to total cell voltage. 
Reported data is the average of three polarization curves and the error bars are one 
standard deviation. b) Cell durability at 200 mA cm-2 (gray total cell, light red anode and 
light blue cathode) and 1 A cm-2 (black total cell, dark red anode and dark blue cathode). 
c) Nyquist plots of total cell impedance collected at 50 mA cm-2 as a function of time 
during the 1 A cm-2 test. d) Nyquist plots of the anode and cathode impedance measured 
at 50 mA cm-2 before and after 20 h operation at 1 A cm-2. Nyquist plots were fit to the 
inset equivalent circuit. Degradation is primarily evident in the anode impedance. 
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anode PTE shows the expected spectra for the undamaged ionomer. No Ir XPS peak is 

observed (Figure C.15), as the PTE surface is sprayed with a top layer of ionomer and 

XPS only penetrates a few nm into the surface of the material. After operating at 1 A cm-2 

for 20 h, the C 1s spectra from the cathode catalyst layer remains unchanged, while the 

anode C 1s spectra shows a new higher-binding-energy peak between 288 and 289 eV, 

consistent with carbonyl and/or ester group formation, 9, 23, 27, 32 and a loss of C-N content. 

This is accompanied by a loss of N 1s and F 1s peaks (Figure C.16), demonstrating both 

polymer backbone and cation groups have degraded and dissolved, at least from the 

surface layer analyzed. The surface of the anode PTE operated at 200 mA cm-2 for 20 h 

shows no obvious signal from ionomer oxidation, consistent with the more stable 

operating voltage and slower oxidation kinetics at lower anode potentials.  

 

 

Figure 4.3. XPS analysis of IrOx/TP-85 anode and Pt-black/TP-85 cathode. C 1s spectra 
of a) anode and b) cathode PTE. Inset shows the chemical structure of the TP-85 ionomer. 
Ionomer degradation is only observed on the anode PTE operating at high current. 
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We note that XPS signal from carbonate or bicarbonate may also appear in the 

binding-energy range where oxidized carbon species were found. All electrodes are 

quenched in 3 M NaCl before drying and thus any carbonate from operation should be 

exchanged to Cl- before analysis. We have previously shown this procedure is sufficient 

to exchange carbonate to chloride after testing of ionomer films in supporting carbonate 

electrolyte. 23 To confirm this assumption here, an MEA was prepared, and pure water 

was flowed through the device at 70 °C without applied current. The PTE was ion 

exchanged and dried following the same procedure as the operated samples. XPS analysis 

shows only pristine polymer with no higher-binding-energy carbon peak (Figure C.17), 

indicating complete exchange of any absorbed carbonate. Therefore, growth of the high-

binding-energy peak in the C region, combined with a loss of N and F signal, 

demonstrates severe ionomer oxidation in the anode catalyst layer. This oxidation is 

likely leading to reduced ionic transport to the catalyst, decreased electrochemical active 

area due to detachment of catalyst particles, and thus the increase in the anode charge-

transfer resistance measured by impedance.  

PTEs were then cross-sectioned using a plasma-focused-ion-beam (PFIB) and 

imaged with a SEM. The pristine PTE has ionomer uniformly dispersed throughout the 

catalyst layer (Figure 4.4a). After operation, no ionomer is observed, and only large 

aggregates of IrOx remain (Figure 4.4b). The cross section of the control MEA with only 

water flow shows no ionomer degradation or loss from the catalyst layer (Figure C.18). 

The observed ionomer loss is thus a coupled chemical/electrochemical/mechanical 

process, and not purely detachment due to poor catalyst layer adhesion. 
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 For HEM electrolyzers multiple degradation mitigation strategies have been 

pursued. These generally fall into three categories; improved ionomer design, introducing 

stable catalyst layer additives, and operation with supporting electrolyte – each of which 

is explored and discussed in the next section.  

 

 

Figure 4.4. Cross-sectional imaging and EDX of an IrOx/TP-85 anode PTE a) before and 
b) after 20 h operation at 1 A cm-2. All scale bars are 5 μm. No ionomer is observed in the 
catalyst layer after operation. 
 

All-sp3 Norbornene-backbone ionomers 

 Many polymer design strategies have been pursued to improve alkaline ionomer 

durability. The polynorbornene (PNB) backbone is of particular interest. The aromatic 

regions of HEM backbones are likely weak sites for oxidation, 22-23, 26 therefore a fully 

sp3-hybridized backbone should be more resistant to oxidative damage. These and related 
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polymers have shown promising performance and durability in HEM fuel cells33-34 and 

electrolyzers. 35-37  

Anode PTEs were prepared using Co3O4 catalyst and the PNB ionomer on a 

woven stainless-steel substrate. MEAs were prepared with the same TP-85 membrane 

and Pt-black/TP-85 cathode PTE as previously. The PNB ionomers show nearly identical 

polarization performance as the equivalent TP-85 electrode (Figure 4.5a inset). When 

operating at 500 mA cm-2 the PNB ionomer appears more stable, with a more-linear 

voltage degradation as opposed to the rapid onset and stabilization behavior observed for 

the TP-85 (Figure 4.5a, light red and light orange). However, substantial oxidation is still 

observed by XPS in conjugation with a loss of ammonium cation and growth of 

uncharged nitrogen species (Figure 4.5b). At 1 A cm-2, both electrodes show similar 

voltage degradation (Figure 4.5a, dark red and dark orange) and structural oxidation by 

XPS (Figure 4.5b). The extent of oxidation appears less compared to the IrOx OER 

catalysts, which we have found previously to be due to the lower electrical conductivity 

of Co3O4 that limits the reaction zone to near the PTL and thus less is observed on the top 

(opposite side) of the deconstructed post-mortem catalyst layer. 9 Different catalysts are 

also expected to differently interact chemically/electrostatically with ionomer which may 

lead to different adsorption and oxidation behavior. In any case, the results here show the 

PNB ionomer oxidation is comparable to the TP-85 under the same operating conditions, 

despite having all single bonds.  

 Other reports of PNB-based ionomers have shown stable voltage performance up 

to 1 A cm-2 during electrolyte-free water-electrolysis operation. 35-37 Other polymer 

characteristics can impact the extent of oxidation independent of polymer structure. Here,  
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Figure 4.5. PNB ionomer performance and durability. Cells were operated with a 
Co3O4/PNB or Co3O4/TP-85 catalyst on stainless-steel anode, TP-85 membrane, and Pt-
black/TP-85 cathode. a) Cell durability at 500 mA cm-2 (light red TP-85 and light orange 
PNB) and 1 A cm-2 (dark red TP-85 and dark orange PNB). Inset shows polarization 
performance (dark red TP-85 and dark orange PNB). b) XPS comparison of pristine and 
operated anode PTEs. Both systems show similar voltage degradation and anode ionomer 
oxidation, despite differences in ionomer chemistry. 
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the ion-exchange capacity of the ionomer was tuned to result in the same voltage 

polarization performance as the TP-85 system, but the two polymers possess different 

water uptake and OH- conductivity properties (Table C.1). Ionomer water uptake can 

affect device stability, and a low water uptake material at the anode was shown to 

improve stability despite the performance losses from low ionic conductivity. 36 Water 

uptake will also affect how chemical OH- and radical oxygen species access and interact 

with the ionomer, and thus ionomers with lower water uptake may not degrade as rapidly. 

The most-stable electrodes appear to be prepared with ground ionomer resin particles as 

opposed to the conventional dissolved/dispersed ionomer solution in ink as used here. 

Such electrodes often include PTFE additives. This observation presents an interesting 

question as to the effect of catalyst layer geometry and morphology on ionomer 

degradation and the role of non-ion-conducting additives as stabilizers in the catalyst 

layer.  

Degradation in electrodes with stabilizing additives 

 Despite Nafion being a cation-conducting polymer, some HEM studies have 

pursued it as a binder to improve system lifetimes (because PEM electrolyzers show far 

superior stability). A Nafion anode PTE was prepared with IrOx catalyst on platinized Ti 

and operated with a TP-85 membrane and Pt-black/TP-85 cathode PTE. The performance 

and durability were compared to a conventional PEM baseline with a Nafion membrane 

and Pt-black/Nafion cathode. The PEM electrolyzer reached 2 V at 2.5 A cm-2 (Figure 

4.6a). The PEM cells were operated at 1 A cm-2 and 2.5 A cm-2 to compare equivalent 

current and voltage conditions to the performance of the TP-85 HEM and ionomer 

system. Both PEM systems showed degradation rates below 1 mV/h (Figure 4.6b). There  
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Figure 4.6. Nafion PTE operation in different membrane-pH environments. All cells 
were operated with a Nafion/IrOx catalyst on Pt/Ti anode, TP-85 or Nafion membrane, 
and Pt-black/TP-85 or Pt-black/Nafion cathode (matching the membrane). a) polarization 
comparison of Nafion PTE operating in a PEM MEA (green) and HEM MEA (blue). b) 
Nafion anode durability when operating in a PEM MEA at 1 A cm-2 (yellow) and 2.5 A 
cm-2 (green) and HEM MEA at 1 A cm-2 (blue). c) XPS of Nafion PTEs before operation 
(yellow), after operation with a PEM MEA at 2.5 A cm-2 (green) and after operation with 
a HEM MEA at 1 A cm-2 (blue). Degradation at the Nafion anode PTE is only observed 
when operating with a HEM. 
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was some initial voltage degradation, which is common for the startup of PEM systems 

as cell break-in/conditioning is longer, often many hours, during which ion transport 

channels are established. Further, most PEM electrolyzers use catalyst-coated 

membranes, while the PEM devices prepared here were catalyst-coated PTEs for direct 

comparison to the HEM electrolyzers. The initial degradation may be attributed to 

interfacial optimization between the catalyst layer and membrane. The degradation rate 

stabilizes to near-expected PEM rates. The degradation rate of the Nafion PTE operated 

with a HEM was an order of magnitude larger than that of the PEM at the equivalent 

operating current. XPS analysis of the surface of the PEM-operated Nafion anodes shows 

no obvious oxidation of the pristine material (Figure 4.6c, yellow and green). However, 

the surface of the HEM-operated Nafion shows the growth of C-C and oxidized carbon 

species, a decrease in the higher C-F contribution, and a loss of higher binding energy F, 

consistent with a loss of CF3 content in the polymer. The sulfonate group is still 

resolvable, but with higher signal noise level than the PEM system. This suggests a side 

chain scission or loss mechanism, which is believed to be a dominant degradation 

pathway for Nafion polymer. 7, 38 

When operated with a HEM, the Nafion anode could create a bipolar interface 

between the anode and membrane, with proton transport through the anode and 

hydroxide transport from the cathode through the HEM recombining to form water at the 

anode/membrane interface. However, studies using mixed cation-ionomer/alkaline-

membrane devices suggest the membrane pH environment will dictate the pH at the 

electrode/membrane interface more than ion transport in the ionomer of the catalyst layer. 

39-40 The XPS degradation studies here support the existence of a high pH environment at 
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the catalyst layer/HEM interface. SEM cross-section analysis did not yield conclusive 

results regarding bulk catalyst-layer degradation, as the Nafion content was only 5% and 

no significant difference in ionomer environment is observed between the pristine Nafion 

PTE and the electrode operated with a HEM (Figure C.19).  

Nafion is known to be stable across a wide pH range and as a membrane is 

chemically stable in many acid and alkaline electrochemical device applications. 

However, as a binder in a HEM catalyst layer it experiences high-surface-area contact 

with the strongly oxidizing anode catalyst and is exposed to a high concentration of 

radical oxygen species from intermediates. Combined with the high-pH environment, 

even Nafion suffers thus oxidative damage.  

One mechanistic explanation for this broad instability is that the ionomer near the 

catalyst is polarized in the strong double-layer electric field, leading to increased 

susceptibility to nucleophilic attack by OH-, whereas in acidic systems no equivalent 

strong nucleophile exists. Alkaline oxidative environments are common in organic 

cleaning solutions used in semiconductor processing, for example RCA2. 41 

PTFE is also used as a non-conductive stabilizing additive. Anode electrodes were 

prepared with IrOx catalyst on platinized Ti and either TP-85, PTFE, or a 50:50 wt% 

mixture of the two in the catalyst ink. The mass of total binder and ionomer relative to 

catalyst in the ink was kept constant for all electrodes. The reference electrode technique 

was used to determine changes to the cathode and anode as components of the total-cell 

voltage. Interestingly, the replacement of half the mass of ionomer with PTFE did not 

affect cell performance (Figure 4.7a). When only PTFE is present in the anode catalyst 

layer the voltage performance is very poor, as there is little-to-no ionic conductivity in the  
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Figure 4.7. Effect of PTFE on electrolyzer performance. Cells were operated with an 
IrOx catalyst on Pt/Ti anode with the indicated ionomer and/or binder, TP-85 membrane, 
and Pt-black/TP-85 cathode. a) polarization curves of the anode and cathode potentials. 
Data shown is the average of three replicate measurements and error bars are one 
standard deviation. b) anode voltage during durability testing at 1 A cm-2 and c) XPS of 
the pristine PTFE anode (yellow), operated PTFE anode (blue), and operated mixed 
PTFE/TP-85 anode (green). No oxidation is observed for the PTFE-only system. 
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anode catalyst layer and thus only OER catalyst in direct contact with the HEM is active. 

The voltage-degradation profiles are quite different for the three electrodes (Figure 4.7b). 

Both electrodes containing TP-85 ionomer show a rapid degradation onset before 

stabilizing. The degradation profile of the electrode that contains a PTFE/TP-85 mixture 

matches that of the electrode operated with 10% TP-85 (the equivalent mass of just TP-

85 in the electrode) and reaches a steady-state degradation rate of 5.4 mV/h for the last 10 

h, comparable to the TP-85 system. The rapid degradation onset is not observed for the 

PTFE-only system. The steady-state degradation rate is 7 mV/h over the entire run.  

XPS of the mixed-polymer PTE shows C-F contribution from the PTFE and 

oxidized carbon (Figure 4.7). XPS of the PTFE-only system shows no oxidized carbon by 

XPS (Figure 4.7c). Interestingly, the operated PTFE shows a change in F 1s region. This 

suggests a defluorination degradation mechanism, however, this is not consistent with the 

lack of changes in the C-F content in the C 1s region. The change in the F 1s region is 

thus attributed to a polymer/sample inhomogeneity or sample-charging artifact.  

Cross-sectioning of the pristine mixed PTFE/TP-85 electrode shows the 

distribution of binder was not homogenous through the catalyst layer (Figure 4.8). The 

polymers are indistinguishable by EDX, as they only contain C and F content, but they 

show distinctly different texture/morphology. Some regions show the binder has a smooth 

texture, the same as what is observed for the TP-85-only catalyst layers and is thus 

assigned to the TP-85 ionomer (Figure 4.8b). Other regions show a porous binder 

environment (Figure 4.8a), which is assigned as PTFE binder. After operation, the mixed 

PTFE/TP-85 electrode shows regions of the porous-textured binder (Figure 4.8c) and 
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large catalyst aggregations with no binder (Figure 4.8d), which were likely regions where 

TP-85 has degraded and been flushed from the system. 

 

 

Figure 4.8. Cross-sectional analysis of IrOx/mixed binder anode PTE. SEM images of 
different regions of the pristine catalyst layer (a and b) and SEM with EDX maps of two 
operated regions (c and d). Only PTFE binder is observed in the catalyst layer after 
operation. 
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Despite different degrees of oxidative damage, all systems show similar voltage 

degradation from 10 - 20 h. All three electrolyzers were operated with a TP-85 membrane 

that is susceptible to oxidation at the anode PTE surface. The similar steady-state 

degradation rate after 10 h may be due to catalyst oxidizing the membrane surface, 

increasing ionic resistance between membrane and catalyst layer. The PTFE-only system 

shows a slightly higher steady-state degradation rate, which is likely due to catalyst 

detachment or non-uniformities in the catalyst layer. PTFE contains no ionic components 

and does not interact strongly in the ink solution with the solvent or catalyst, creating a 

poor catalyst dispersion. The quality of the ink and catalyst layer deposited can impact 

device performance independent of the properties of the individual components. 27 

Further, PTFE on its own is a poor catalyst binder, and the catalyst was observed to 

detach from the electrode during MEA preparation. SEM imaging shows the distribution 

of PTFE in the pristine catalyst layer was also non-uniform with large agglomerates of 

PTFE. The PTFE electrode charged too rapidly under the electron beam to obtain usable 

images. The PTFE catalyst layer after operation shows large areas of the bare exposed Ti 

support and no large PTFE agglomerates, suggesting some PTFE washed away during 

operation.  

As PTFE is the only polymer to show no oxidative damage during pure-water 

operation in the current study, longer-duration testing was conducted. When operating 

with Co3O4 catalyst at 500 mA cm-2, the cell operated for 100 h with a degradation rate of 

0.3 mV/h (Figure 4.9a). No changes to polymer structure were observed by XPS after 

operation (Figure 4.9b). While cell voltage was high for commercial applications, 

advanced electrode designs that use stable binders or additives, but maintain ionic 
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conductivity in the catalyst layer, may be a viable solution for pure-water HEM 

operation. 

 

 

Figure 4.9. Long-term operation of a PTFE-containing anode. a) HEM electrolyzer 
operation with a Co3O4/PTFE-coated stainless-steel anode PTE, TP-85 membrane, and 
Pt-black TP-85 cathode for 100 h. Inset shows cathode and anode contributions to total 
cell voltage. b) XPS of the anode catalyst layer before and after 100 h operation. 
 

Effect of supporting hydroxide electrolyte 

HEM electrolyzers have improved performance and stability when operating in 

KOH electrolyte. 35, 42 A Co3O4 TP-85 anode on a Ni-alloy substrate (to prevent corrosion 

in KOH on the PTE) was operated in 0.1 M KOH and also in electrolyte-free water 

(Figure 4.10). When fed with KOH, the catalyst layer is saturated with electrolyte and all 
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catalyst sites are exposed to OH-, as opposed to pure water where only catalyst sites in 

contact with the ionomer are active. The addition of electrolyte is expected to increase 

catalyst electrochemically active surface area, increase ionic conductivity of the catalyst 

layer, and decrease transport losses. This is reflected in the polarization data, as 

improvements in 0.1 M KOH are observed in the kinetic, ohmic, and mass-transport 

regions of the polarization curve (Figure 4.10a). The cells were then operated at 1 A cm-2 

for 20 h (Figure 4.10b), and a smaller degradation rate < 1 mV/h was found, compared to 

the rapid degradation of the pure water cell at 17 mV/h. A third cell was then operated 

with 0.1 M KOH at 3 A cm-2 so the starting operating voltage was ~ 2 V where ionomer 

oxidation is known to occur in the electrolyte-free water system. The voltage was also 

more stable at a higher operating current, with a cell degradation of 2.4 mV/h. The 

anodes operated in 0.1 M KOH also show no obvious evidence of oxidized carbon, even 

after operating at voltages comparable to the electrolyte-free-water devices (Figure 

4.10c). Only the electrolyte-free cell shows a growth of oxidized carbon in conjunction 

with a loss of N and F signal.  

In electrolyte-free water, the weakest, most-easily oxidized polymer sites degrade 

first. This leads to an increase in cell voltage, which may induce a larger driving force at 

the remaining catalyst/ionomer interface for oxidation, driving cascading degradation 

until substantial ionomer is oxidized. In KOH, the degradation of ionically conductive 

polymer is compensated by the presence of supporting OH-. Local oxidation may lead to 

some catalyst detachment and loss of binder but does not appear to dramatically increase 

cell voltage and therefore does not increase the driving potential for oxidation. 
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Figure 4.10. HEM electrolyzer operation in 0.1 M KOH versus pure-water feed. All cells 
were operated with a Co3O4/TP-85-coated Ni PTE, TP-85 membrane, and Pt-black/TP-85 
cathode. a) polarization curves of electrolyte-free water (red), and 0.1 M KOH (orange) 
water feed, b) durability of electrolyte-free water (red) and 0.1 M KOH (yellow) feed at 1 
A cm-2 and 0.1 M KOH 0.1 M KOH at 3 A cm-2 (orange; for operation at a comparable 
starting voltage to the electrolyte-free water system). Even under high voltages/currents, 
the presence of 0.1 M KOH dramatically suppresses oxidation, perhaps due to differences 
in double-layer structure. 

 

The potential distribution and structure of the electrical double layer at the 

catalyst surface may be quite different in electrolyte-free water versus in supporting 
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electrolyte. In alkaline conditions, metal-oxide surfaces are likely negatively charged 

(due to deprotonation) leading to absorption of cationic or polymer backbone groups 

from the ionomer, as has been invoked earlier for other reasons. 17, 20, 43-48 Without 

supporting electrolytes, ionomer therefore must play a fundamental role in the formation 

of the double layer requiring it to be in close vicinity to the polarized catalyst. The 

presence of mobile, soluble ions in supporting electrolyte likely leads to displacement of 

ionomer from direct involvement in the double layer, and this may be responsible for 

substantially reducing the degradation rate compared to pure water. Alternative strategies 

to exclude ionomer from the double-layer region therefore might be expected to also 

reduce oxidation rates. 

While these results show operation in supporting electrolyte suppresses ionomer 

oxidation improving cell stability, the durability testing here was relatively short. The 

ionomer and membrane may continue degrading at longer operating time, particularly 

over months or years, leading to slow catalyst detachment or membrane thinning as is 

observed on a shorter time-scales in the pure water tests.  

 

Conclusion 

We compared HEM electrolyzer operation with chemically varied ionomers, 

catalyst layer additives, and feed modes to understand the extent of ionomer oxidation 

and its impact on cell performance. Anode ionomer oxidation is the dominant degradation 

mechanism for all HEM-based devices operating in nominally pure water. All 

hydrocarbon-based anion-exchange ionomers oxidize rapidly, losing both backbone and 

cationic side-chain groups. Nafion oxidizes in a HEM electrolyzer but not PEM 
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electrolyzer, indicating the high rate of degradation can be in part attributed to the 

combination of the strongly oxidizing environment and high pH. No oxidative damage 

was observed when using PTFE, showing the promise of stable additives in improving 

HEM electrolyzer operation. 

This work illustrates the significant challenge facing pure-water HEM 

electrolysis, as no organic ion-conducting material was found to be stable under 

electrolyte-free operating conditions. While PTFE showed stable operation, the high ion-

transport resistance in the catalyst layer results in low voltage efficiencies and is therefore 

not a promising route to commercialization on its own. For nominally-pure-water 

operation, next-generation HEM cells must look beyond solely ionomer innovations to 

advanced catalyst layers. Improved catalyst-layer interfacial design should minimize 

ionomer contact, and therefore degradation, but maintain OH- conductivity. These could 

enable competitive performance and lifetimes for commercialized pure-water HEM 

electrolyzer devices at dramatically lower materials costs than current membrane 

technologies. 

 

Experimental Methods 

Polynorbornene ionomer synthesis materials. All chemicals were purchased from 

commercially available sources and were used as received. Tri-tert-butylphosphine 

palladium (II) methyl chloride was synthesized with modifications to an existing 

literature procedure. 49 5-hexylbicyclo[2.2.1]hept-2-ene (NB-5-Hex)  and 5-(4-

bromobutyl)bicyclo[2.2.1]hept-2-ene (NB-5-BuBr) were prepared according to prior 

work. 50 All polymerizations were performed in anhydrous, degassed CH2Cl2 under N2. 
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Initiation of the Pd catalyst to form the active complex was accomplished using 

tetrakis(pentafluorophenyl)boron lithium ethyl etherate. 

NMR Analysis. All NMR spectra were recorded on a 500 MHz Bruker Avance 3 

Spectrometer or a 500 MHz Bruker Neo Spectrometer with Prodigy Cryoprobe. The 1H 

NMR spectra were referenced to residual CHCl3 (7.26 ppm). 

Gel-Permeation Chromatography (GPC). Measurements were performed on a 

Waters Instrument equipped with a 2690 autosampler, a Waters 2414 refractive index (RI) 

detector, and two SDV columns (Porosity 1000 and 100000 Å; Polymer Standard 

Services). The eluent tetrahydrofuran (THF) was doped with 10 mM lithium 

bis(trifluoromethanesulfonyl)imide (flow rate of 1 mL/min, 40 °C). A nine-point 

calibration based on polystyrene standards (Polystyrene, ReadyCal Kit, Polymer Standard 

Services) was applied for determination of molecular weight. 
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Scheme 4.1. General synthesis of 60:40 NB-5-Hex-co-NMe3 HEM. 

 
Statistical copolymerization procedure for 60:40 NB-5-Hex-co-NB-5-BuBr 

copolymer. In a N2 glovebox, tetrakis(pentafluorophenyl)boron lithium ethyl etherate 

(0.0264 mmol), tri-tert-butylphosphine palladium (II) methyl chloride (0.0264 mmol), 

and dry CH2Cl2 (6.6 mL) were added to an oven-dried Schlenk flask equipped with a stir 

bar. 5-n-hexyl-2-norbornene (7.92 mmol) and 5-(4-bromobutyl)-2-norbornene (5.28 
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mmol) were added to a separate vessel and dissolved in dry CH2Cl2 (59.1 mL). Both 

solutions were brought to a benchtop stir plate, and the Pd catalyst reaction mixture was 

stirred for 15 min at 22 °C to ensure formation of the active cationic Pd catalyst. The 

solution of 5-n-hexyl-2-norbornene and 5-(4-bromobutyl)-2-norbornene in CH2Cl2 was 

then injected into the activated catalyst solution. The polymerization reaction was stirred, 

and a 0.05 mL aliquot was removed at various timepoints for crude analysis by 1H NMR 

spectroscopy to ensure complete consumption of the two monomers (disappearance of 

the vinyl protons). Polymers were precipitated into a large excess of methanol, which 

yielded an off-white stringy polymer that was filtered and dried in vacuo for 17 h at 22 

°C (2.51 g, 96% yield). 1H NMR (500 MHz, CDCl3) δ ppm: 3.4 (br s, 2H), 2.6 – 0.96 (br, 

all other protons except for hexyl norbornene -CH3), 0.88 (br s, 4.5 H) (Figure C.2). 

Functional group incorporation. Incorporation of NB-5-BuBr in the NB-5-Hex-

co-NB-5-BuBr copolymers was determined as in our prior report. 50 The ratios of the -

CH2Br signal from the bromobutyl chain and the -CH3 signal from the hexyl chain were 

compared to determine the relative ratio of the two monomers. The integration for the 

methylene signal was set to two (corresponding to one repeat unit of BrBuNB) and the 

value for the hexyl signal was divided by three to determine the relative ratio of hNB 

units. A sample calculation is shown in Figure C.2. In the 1H NMR spectrum for the 

60:40 copolymer, a 2:4.5 ratio should be observed for the -CH2Br signal on the NB-5-

BuBr the terminal methyl group from the hexyl chain of the NB-5-Hex, so the reported 

assignments for the terminal methyl group are set to 4.5. 

Solution casting of 60:40 NB-5-Hex-co-NB-5-BuBr copolymers. 150 mg of 

polymer was dissolved in 3 mL of CHCl3. Upon complete dissolution, the solution was 
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filtered through a 0.22 μm syringe filter onto a stainless-steel dish (diameter – 5 cm). The 

CHCl3 evaporated over an hour to afford a clear freestanding film, which was removed 

from the dish by immersion in deionized water.  The polymer was then dried in vacuo to 

remove water and any other residual solvents. 

Synthesis of 60:40 NB-5-Hex-co-NMe3 Polymer. The dried NB-5-Hex-co-NB-5-

BuBr polymer film was immersed in an aqueous solution of 25% (w/v) trimethylamine 

for 48 h at room temperature. The solution was then replaced with fresh aqueous 

trimethylamine and the films were immersed for an additional 24 h. The films were 

removed and immersed in 3 × 100 mL portions of deionized water for 1 h each. The films 

were then dried in vacuo to afford the trimethylammonium-functionalized polymers. 

Accurate 1H integrals were difficult to obtain due to overlapping solvent and signal 

broadness. Spectral data: 1H NMR (CDCl3:CD3OD 1:1) δ ppm: 3.0 (br s, 9H, NMe3 -

CH3), 2.5 – 0.76 (br, all other protons except for hexyl norbornene -CH3), 0.56 (br s, 6H) 

(Figure C.2). 

Catalyst Dispersions. Materials were prepared as previously reported. 9, 27 Pt-

black (high surface area, Fuel Cell Store) was used as the cathode catalyst for all studies. 

IrOx (core-shell Ir/IrOx, Fuel Cell Store) or Co3O4 (99.5%, 30-50nm, US Nano) 

nanoparticles were used as the anode catalyst. For HEM devices, cathode and anode ink 

solutions were prepared identically. For every 100 mg of catalyst, 0.5 g of 18.2 M  cm 

H2O was added, followed by 1.7 g of 2-propanol. The PiperION-A5 ionomer suspension 

(TP-85, 5% w/w, Versogen) was added (200 mg) to yield the final 10 wt. % 

(wionomer/wcatalyst) ink. For PEM studies, inks were prepared similarly but with 100 mg of 

D520 Nafion dispersion (alcohol-based 1000 EW at 5 wt%, Fuel Cell Store) as the 
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ionomer to yield the final 5 wt. % (wionomer/wcatalyst) ink. Inks were then bath-sonicated 

(Branson 1510R-MTH) with 5 °C water recirculating to maintain a room temperature 

bath. Inks were sonicated for a minimum of 1 h (Pt and Co3O4) or 2 h (IrOx) until fully 

dispersed.  

Electrode Preparation. Toray carbon paper (090, Fuel Cell Store) was used as the 

cathode electrode material for all studies. The anode was either a stainless-steel mesh 

filter material (25AL3, Bekaert), platinized Ti (Nel Hydrogen), or Ni-alloy (Hastelloy X, 

UNS 06002, Technetics Inc.). In all cases the support was taped to a hot plate set to 80 ºC 

and catalyst inks were air-brush coated onto the substrate (Testors, Aztek A2203, part of 

the Amazing Airbrush kit). A catalyst loading between 3 and 3.5 mg cm-2 was used to 

ensure a sufficiently thick catalyst layer for cross-sectional analysis. Loading was 

determined by mass difference. A thin layer (~5 wt. % wionomer/wcatalyst) of ionomer 

suspension was sprayed on top of the catalyst layer.  

Membrane Conditioning. PiperION TP-85 (40 µm, Versogen) membranes were 

conditioned according to manufacturer instructions. The membranes were soaked in 0.5 

M KOH for 48 h, replacing the solution with fresh KOH after 24 h. Membranes were 

stored in 0.5 M KOH solution when not in use. For PEM experiments, Nafion (212, Fuel 

Cell Store) was hydrated in 18.2 M  cm water and stored in water when not in use. 

MEA Assembly. MEAs were assembled in an adapted PEM fuel-cell hardware 

(Fuel Cell Technologies, 5 cm2 hardware) with stainless-steel (pure water feed) or Ni 

(KOH feed) anode flow fields and a graphite cathode flow field. Gasket material (0.005” 

and 0.002” PET/PETE clear film, McMaster-Carr) was laser cut to an active area of 1 

cm2. Sintered platinized Ti frits (Baoji Yinggao Metal Materials Co., Ltd.) were used as 
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spacers between the flow fields and PTEs to maintain uniform compression across the 

MEA (Figure C.9a). The conditioned membrane was submerged in a beaker of 18.2 M  

cm water then rinsed with 18.2 M  cm water for 10 s before assembly. Materials were 

assembled in the stack and tightened to 5.6 Nm. 

Assembly With an Integrated Reference Electrode. For some experiments, the 

cells were operated with an integrated reference electrode. Cells with an integrated 

reference electrode were constructed as previously reported. 30 An extended description of 

the reference-electrode technique is included in the supporting information (Figure C.3-

12).  Upon assembly, a strip of membrane is laid next to the anode porous transport 

electrode (PTE) and extended outside the cell hardware. The HEM is laid on top of the 

PTE and overlaps with the strip. The cathode PTE is placed on top, and the cell is 

assembled as usual. After assembly, a O-ring joint to straight-glass adapter is clamped to 

the membrane strip and filled with 0.1 M KOH (Figure C.12). A reference electrode 

(Hg/HgO, CH Instruments Inc.) is inserted in solution and the glassware is sealed with 

parafilm. The strip is kept hydrated with an intravenous bag dripping 18.2 M  cm water 

on the strip every 7 min (Figure C.12).  

Electrolyzer Operation. A water supply reservoir was filled with 18.2 M  cm 

water. This water is nominally pure (but not necessarily 18.2 M  cm), and is referred to 

as “electrolyte-free” water feed in this context. Water was flowed to either the anode or 

both cathode and anode at 125 mL min-1. The anode water flow was recirculated in the 

system, while the cathode water was flowed into a chemical hood, degassed in a plastic 

jug, then recirculated back into the water tank. Cell temperature was monitored with a 

thermocouple inserted into the cell hardware. Cells were conditioned by stepping the 
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current from 100 mA cm2 to 1 A cm-2, holding for 60 s at each step up to 700 mA cm-2, 

then 90 s from 800 mA cm-2 to 1 A cm-2. 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). When operating with KOH this step was 

bypassed, as ions can be transported across the membrane below 1.23 V when operating 

with supporting electrolyte. The cell was brought back to 1 A cm-2 for 2 min to stabilize. 

The potential was then recorded, and the current was decreased in 100 mA cm-2 steps 

measuring the potential for 10 s at each step to collect the polarization (J-V) curve. When 

operating with the reference electrode, water flow to the cathode was closed and the cell 

was held at 100 mA cm-2 for 1 min to accumulate H2 on the Pt catalyst. The cell OCV 

was then measured for 1 min and the reference electrode voltage versus the cathode (now 

poised at RHE) was used to calibrate the reference voltage for each run. The cell was held 

at constant current for stability testing. Galvanostatic electrochemical impedance 

spectroscopy (GEIS) was collected at 50 mA cm-2 and 500 mA cm-2 after collecting the J-

V curve every 5 h of the stability run. 

Post-Operation Sample Preservation. After operation, cells were disassembled 

according to standard methods. 51 MEAs were quenched in 3 M NaCl solution overnight 

to exchange OH- for Cl- ions. The MEA components were then submerged in a beaker of 

18.2 M  cm water and rinsed vigorously for 30 s before air drying at room temperature 

overnight. 

XPS Analysis. Catalyst layers were analyzed with X-ray photoelectron 

spectroscopy (XPS) on an ESCALAB 250 (ThermoScientific) using an Al Kα 

monochromated (20 eV pass energy, 500 μm spot size) source. The samples were charge-
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neutralized using an in-lens electron source. The stage was electrically floated to reduce 

sample charging. 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.  

SEM Cross-Sectioning and Imaging. PTEs were cross-sectioned and imaged using 

a plasma focused-ion-beam (PFIB) scanning-electron microscope (SEM) (Helios Hydra 

Multi-Ion Species Plasma FIB, Thermo Fischer). The ion beam was operated at a 30 kV 

accelerating voltage. The beam was focused at 0.1 nA, as the current was sufficiently low 

to not damage the polymer in the catalyst layer. Current was then increased to 1 or 2.5 µA 

without imaging and a section of PTE was blind cut. The edge was then polished at 15 

nA, again without active imaging to not damage the catalyst layer. Electron imaging and 

energy dispersive spectroscopy (EDS) was collected at a 10 kV accelerating voltage and 

0.8 or 1.6 nA electron beam current.  
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CHAPTER V 

CATALYST AND IONOMER SUMMARY AND OUTLOOK 

 

Grace A. Lindquist and Shannon W. Boettcher 

 

This chapter contains co-authored work accepted for publication in 

Electrochemical Society Interface in 2023. The work was written and organized by 

myself with editorial assistance from Shannon W. Boettcher.  

 

Degradation of anion exchange polymers 

For AEM electrolyzers and fuel cells, the stability-limiting component is the anion 

exchange polymer. 1 This polymer is used as a membrane and mixed in the catalyst layer 

to transport hydroxide to the high-surface-are catalyst and improve contact between the 

catalyst layer and membrane. Most polymer development has focused on improving 

polymer alkaline stability and prevention of OH- nucleophilic attack. 2-3 The oxygen 

electrode in fuel cells, however, operates at much less-oxidizing potential than in 

electrolyzers, meaning the ionomers in electrolyzers must have much better oxidative 

stability. Polymer degradation experiments also often use model ex-situ studies, such as 

soaking materials in KOH solution or three-electrode studies mimicking oxidative 

environments. 3-4  

When operating in an AEM electrolyzer with pure-water feed we find the ionomer 

in the anode catalyst layer sees substantial oxidative damage. When testing different 

anion exchange polymers, we observe a similar degradation rate for the initial ~20 h of 
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operation, nearly independent of polymer chemistry across a wide range of materials. 5 

XPS shows an increase in oxidized carbon content and a loss of cation groups. Kim and 

coworkers isolated phenyl oxidation to phenol in model studies, 6 and supporting 

computational work from Hendon and coworkers suggests the aromatic regions of the 

polymer are the weak sites for oxidation. 7 However, even fully-sp3-hybridized polymers 

were found to oxidize. The exact degradation mechanism is complicated, but likely 

includes both electrochemical reactivity by direct oxidation, perhaps coupled with OH- 

attack, of the polymer and chemical reactivity with oxygen radical species and other 

reactive OER intermediates. PTFE does not oxidize, showing promise for advanced 

electrode designs using stabilizing additives. Ionomers were not found to oxidize in 

KOH, suggesting a difference in double layer structure at the catalyst interface. 

 

Earth-abundant oxygen-evolving anode catalysts 

The activity of earth-abundant (particularly Ni, Fe, and Co-based) catalysts for 

OER has been extensively studied in alkaline conditions. 8-10 For all mixed-metal 

oxyhydroxides, and the oxides/sulfides/phosphides etc. that serve as pre-catalysts to the 

oxyhydroxides, 11-13 Fe is essential for high activity. 14-15 Fe-containing Ni oxyhydroxides 

are the most active catalyst in alkaline media, 16 with turnover frequencies 10-fold higher 

than IrOx. 17 Co oxides/oxyhydroxides have a lower activity but are more structurally 

stable under OER conditions.  The active catalysts phases in both cases are typically 

molecular-scale metal oxo-/hydroxo species that under OER conditions oxidize from a 

nominally layered double hydroxide to an oxyhydroxide structure. The transition metal 
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oxidation, i.e. formally Ni2+ to Ni3+, is generally accompanied by a large increase in 

electrical conductivity, which contributes to the high performance. 10  

 While structure-composition-performance relationships have been identified in 

three-electrode studies with supporting electrolyte, it is unclear how these translate to 

AEM devices fed with pure water. Despite their high OER activity, Ni-Fe-based catalysts 

tend to show poor activity and stability in a pure-water membrane-electrode assembly 

(MEA) environment. 18 We found that NiFe2O4 nanoparticles failed rapidly during 

electrolyzer testing, but Co3O4 nanopowders performed the best out of all non-PGM 

catalysts tested and showed comparable performance and stability to high-surface area 

commercial IrOx. 19 XPS analysis showed that the least-stable catalysts undergo 

significant surface transformations during operation. The electrolyzer operating voltages 

trended with the dry powder electrical conductivity, indicating the catalysts were limited 

by electronic conductivity and not fully restructuring to the conductive oxyhydroxide 

phase during operation. This observation is likely due to the use of an anion exchange 

ionomer to supply OH- ions rather than a supporting electrolyte. The hydroxide is 

confined to near the ionomer cationic backbone and not able to transport through the 

layered sheets, inhibiting the transformation.  

We attribute the better performance of Co3O4 to its high electrical conductivity 

and resistance to structural rearrangement during operation. Notably, others have shown 

Ni-Fe oxide catalysts perform well in AEM devices when fed with KOH20-21 or in pure 

water when using a thin layer of NiFe catalyst on a conductive supporting substrate, 

likely to compensate for the poor electronic conductivity of the material when not fully 

converted to the oxyhydroxide form. 22-23 
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Perspective and outlook 

AEM electrolysis is positioned to play a key role in the predicted exponential 

growth of green hydrogen technology with essential R&D advancements in the coming 

years. We revealed key design parameters essential to commercialization. First, stable 

alkaline OER catalysts with high electronic conductivity and minimal surface 

reconstruction during operation must be designed. Alkaline catalyst layers must also be 

applied to the MEA with scalable, industrially relevant techniques. Second, ionomer 

oxidation mitigation strategies must be developed. This approach could also target 

creative catalyst layer design, such as phase-separation control to protect oxidation-prone 

organic components or catalyst engineering to direct selectivity for hydroxide over 

polymer oxidation. If competitive efficiency and durability can be achieved in pure water, 

AEM electrolysis has the potential to become the dominant electrolyzer technology of the 

future. 
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CHAPTER VI 

FUTURE APPLICATIONS: MEMBRANE ELECTROLYZERS FOR IMPURE-

WATER SPLITTING 

 

Grace A. Lindquist, Qiucheng Xu, Sebastian Z. Oener, and Shannon W. Boettcher 

 

This chapter contains co-authored work previously published in Joule in 2020. 

Reproduced with permission from [Joule. 2022, 4, 12, 2549-2561]. Copyright 2020 Cell 

Press. The work was written and organized by myself with some sections written by 

Qiucheng Xu. Editorial assistance was provided by Sebastian Z. Oener and Shannon W. 

Boettcher.  

 

Introduction 

With further research and development, AEM systems may be suited to operate in 

impure water. During AEM electrolyzer operation (Figure 6.1a), water can be fed only to 

the anode where it would diffuse as a neutral species across the AEM to the cathode due 

to a concentration gradient (the membrane must then be engineered to prevent cathode 

dehydration at the relevant current density). The membrane conducts OH- generated at 

the cathode across the membrane to the anode where it is oxidized into water and oxygen. 

The flow of cationic impurities to the cathode from the impure water should be retarded 

by the membrane permselectivity (i.e., the selective conduction of anions over cations), 

which could reduce cathode-fouling rates. At the anode, water oxidation tends to be 

preferred over the oxidation of halogens, such as Cl-, due to the locally basic conditions. 1 
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The flow of OH- from cathode to anode would also reduce the extent of anion exchange 

(as an example, Cl- for OH-) in the AEM. 

 

 

Figure 6.1. Schematic of an anion-exchange-membrane electrolyzer and possible 
degradation modes. (a) The device includes the alkaline exchange membrane (AEM) 
containing fixed quaternary ammonium groups that selectively conduct anions as well as 
anode and cathode catalyst layers supported on a conductive gas-diffusion layer. (b) 
Possible electrolyzer degradation mechanisms due to impurities. 

 

To enable such new AEM electrolyzers, many technical barriers must be 

overcome. If the membrane permselectivity is low, cations will cross to the cathode 

where they can block active sites by either depositing on the surface or passivating and 

forming metal hydroxides (Figure 6.1b). Additionally, the preference for OER over Cl- 

reactivity necessitates an alkaline environment, but the local pH conditions within the 

membrane electrode assembly (MEA) are not usually well defined or understood. Given 

the current state of electrolyzer technology, moving to an impure-water source would 

likely increase energy consumption (through lower efficiencies) and decrease durability, 
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the latter being of key importance for amortized capital costs. 2-3 Despite this, there has 

been much interest in using liquid-alkaline electrolysis systems (i.e., using a porous 

separator instead of a membrane) for the direct electrolysis of seawater. 3-5 While it is 

often argued that seawater electrolysis would reduce system costs by obviating water 

purification, the cost savings from not using pure water are negligible compared with the 

cost of electrolyzer operation, as Dresp et al. have discussed, and might only motivate 

such systems for niche applications, such as O2 generation, for life support in underwater 

applications where space is at a premium. 5  

Understanding and mitigating degradation mechanisms caused by ionic and other 

contaminants is, however, important for increasing long-term durability and tolerance 

against subsystem failures, for example, of water-purification components. Minimizing 

water pretreatment, while maintaining high electrolyzer performance and lifetime, would 

also reduce operational costs. In this regard, moving to any water source less pure than 

ultrapure (typically 18.2 MΩ cm) water3 is progress toward fault-tolerant electrolyzers. 

This includes a broad range of quality, including natural fresh-water sources, tap water, 

deionized water, gray water from municipal sources, brackish water, and seawater. 

Minimal water pretreatment and maintenance, a long lifetime (ideally > 25 years), 

and efficient operation at high current densities (2 A cm-2 or higher) are all key for 

optimal electrolyzer scaling. These features minimize both operational costs (by 

maximizing kg H2 kW-1 h-1) and capital costs, which decrease for a fixed electrode area 

with increasing current density. An electrolyzer would ideally utilize only inexpensive, 

earth-abundant materials for the catalyst, bipolar plate, and gas-diffusion electrodes and 

use a low-cost membrane, for example, based on a hydrocarbon backbone instead of a 
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fluorocarbon one. 6 It would perform similar to, or better than, existing PEM systems with 

> 2 A cm-2 at < 1.8 V with a negligible voltage drift (for example, < 1 mV h-1 so that after 

25 years the voltage would increase by only ~0.2 V) and enable high-purity hydrogen 

production at a cost of < $2 per gasoline-gallon equivalent (gge) with appropriately 

inexpensive renewable electricity. 7 

 

Technical Barriers 

OER Selectivity 

The competition of halide reactions is one concern in dirty-water electrolysis. 

Research investigating OER selectivity has been focused on Cl- reactivity. Other 

halogens, such as Br- and F-, are also present in relevant concentrations in seawater, 

brackish water, and tap water. 8-9 While F- oxidation occurs at > 3 V versus SHE and, 

thus, is not a concern, Br- oxidation could compete with OER. Oxidation reactions 

involving I- occur at potentials more-negative than OER at all pH and, thus, can also 

occur; however, I- is not present in significant concentrations for most water sources of 

interest and is commonly not discussed. 

The selectivity trends for OER over the chloride- and bromide-oxidation reactions 

has been explained by thermodynamics (Figure 6.2). 10 Under acidic conditions, the 

chlorine-evolution reaction (CER, Eo = 1.36 V versus SHE) competes with OER (Eo = 

1.23 V versus SHE) due to faster kinetics (CER is a 2e- process, OER is a 4e- process). 

Bromide evolution to form Br2 (Eo = 1.08 V versus SHE) is thermodynamically and 

kinetically more favorable in acidic conditions. Seawater electrolysis, therefore, cannot 

be performed directly with a traditional PEM system due to Br2 and Cl2 co-generation, 11 
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although selective catalysts for acid OER have been studied that appear to block Cl- 

access to the catalyst surface. 12 In neutral-to-basic conditions, OER is argued to be 

thermodynamically preferred, as it occurs at a potential ~480 mV more negative than the 

competing 2e- reaction to form ClO-. Therefore, by maintaining the solution pH at > 7.5 

and using catalysts and/or currents where the OER overpotential is < 480 mV, OER is 

generally thought to be favored. 13 

 

 

Figure 6.2. Pourbaix diagrams for chlorine showing different species. (a-c) (a) OCl-, (b) 
OCl2-, and (c) OCl3- in 0.5 M Cl- at 25 °C. (a) shows the species predicted by 
thermodynamics, while (b) and (c) show the Pourbaix diagrams obtained by ignoring the 
other oxidized Cl- products. 

 

A more complete assessment of the Cl- oxidation products in an AEM electrolyzer 

might also consider the formation of, for example, OCl2- and OCl3-. The Nernstian 

expressions (in V versus SHE, ignoring activity effects) for possible anode reactions are: 

 
   (1) 

   (2) 

   (3) 

   (4) 

   (5) 
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We note that  and  (in 1 M OH-) are only 0.22 V and 0.36 V 

more positive than .21 Equations 2, 3, and 4 show that  is the dominant 

thermodynamic product under typical OER conditions at any pH, which can also be seen 

in the Pourbaix diagram in Figure 6.2a. However, the formation of  is a 6e- process 

and is, thus, likely to be kinetically slow, consistent with the lack of  formation 

observed in mildly alkaline media. 14 The same argument might be made for , where 

 is only 0.19 V more positive than OER, but is also a 6 e- process. The 

formation of  (Figure 6.2c) is a 4 e- process that could also compete with OER. Both 

chlorate reactions may go through a kinetic pathway involving  as an intermediate. It 

is likely that the oxidation products at the anode will be a mixture of , , and 

 (Figure 6.2c) with the speciation dependent on pH, current density, and mass 

transport. However, the competing kinetics of OER and CER appear not well understood, 

especially in impure-water conditions. 

Several strategies have been reported for the design of OER-selective anode 

catalysts. These approaches have been discussed in detail elsewhere. 3-4, 11, 15 Ni-Fe 

oxyhydroxides, which are known to be the most-active alkaline-stable OER catalysts, 16-22 

have been explored for OER selectivity. Dionigi et al. tested a Ni-Fe catalyst in 0.1 M 

KOH and a mixed 0.1 M KOH / 0.5 M NaCl electrolyte. They proposed that OER would 

be favored at overpotentials of less than 480 mV regardless of the presence of NaCl. 

Their system exhibited near-unity faradic efficiency for O2 in both electrolytes. 13 The 

catalyst was then tested by Dresp et al. in an AEM electrolyzer operated at 1.6 V, below 

the pro- posed 480 mV overpotential limit, in a 0.1 M KOH / 0.5 M NaCl mixed 

electrolyte. A decrease in current density was observed upon the addition of NaCl, despite 
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the electrolyte conductivity increasing. This was attributed to Cl- competing with OH- 

transport. They reported operation up to 200 mA∙cm-2 and > 100 h lifetimes, although 

current decreased throughout the run significantly in the presence of NaCl. 23 

Dresp et. al. further studied electrolyzer performance when NaCl was selectively 

fed to each electrode. The configuration fed with 0.5 M NaCl at the cathode and 0.5 M 

KOH at the anode operated at a current density 75 mA∙cm-2 higher at 1.7 V than the 

symmetric system fed with a mix of the two electrolytes. The asymmetric cell operated at 

< 1.7 V at 1 A∙cm-2. The faradic efficiency at low current densities (100 mA∙cm-2) was 

near 100% but decreased with current density to 93.4% at 1 A∙cm-2, indicating Cl- 

oxidation may be occurring, though no OCl- was detected by titration. 24 While Na+ did 

not appear to affect device stability over 12 h, natural saltwater feed to the system may 

poison the cathode due to other reducible cationic contaminants. Asymmetric impure-

water flow could, thus, be a useful approach for seawater electrolysis in both PEM and 

AEM systems. These studies are an important step toward practical systems, though a 

better understanding of the mechanism for Cl- oxidation suppression and studies in 

natural water with other competing contaminants remain needed. 

Co-based catalysts have also shown selectivity for OER over halogen oxidation. 

Nocera and co-workers developed Co (oxy)hydroxide/phosphate (Co-Pi), Co 

(oxy)hydroxide/borate (Co-Bi), and Ni (oxy)hydroxide/borate (Ni-Bi) catalysts that 

operate in electrolytes of a range of purity. 25-27 Surendranath et al. showed OER 

performance for Co-Pi catalyst in 0.1 M K3PO4 buffer containing 0.5 M NaCl that 

matched that in buffer made with pure water. Elemental analysis revealed a 6:1 ratio of 

Na+ to Cl- in the film, indicating exchange of Na+ for K+ but low incorporation of Cl-.25 
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Esswein et al. investigated the performance of Co-Pi in 1.0 M borate buffer prepared 

using natural river and ocean waters. Compared with electrolyte prepared with pure 

water, a lower overpotential was observed in river water, but a higher overpotential was 

observed in ocean (salt) water. This discrepancy was attributed to cations, such as Ca2+ 

and Mg2+, in ocean water deactivating the catalyst. 27 This could be due to M-OH 

precipitates forming on the surface, either blocking active sites or disrupting the 

formation of the active-phase (oxy)hydroxide. Keane tested Co-Bi and Ni-Bi films in 

natural seawater and showed 100% faradic efficiency for OER over Cl- and Br-.26 This 

work highlights the necessity for understanding the roles of all the various impurities 

present in natural water. Future work could also focus on understanding the impurity 

effects in an MEA configuration where pH and concentration are not controlled. 

Blocking layers have also been used to repel Cl- from the active catalyst surface. 

MnOx layers, for example, typically provide >90% OER selectivity across a wide pH 

window from 1 – 10. 28-30 Vos et al. found that depositing MnOx onto IrOx increases the 

OER selectivity from 14% to >90% in pH conditions < 1, where CER is 

thermodynamically and kinetically favored. 12 The MnOx film acts as a noncatalytic, 

permeable, cation-selective overlayer that slows Cl- transport. 12 Kuang et al. reported a 

multilayer Ni-Fe/NiSx-Ni anode electrocatalyst with near-unity faradic efficiency for 

OER in alkaline electrolyte, even when operating at an overpotential of 560 mV. They 

hypothesize that polyatomic sulfate- and carbonate-rich passivating layers are generated 

in situ and retard Cl- transport to the active catalyst surface during saltwater splitting. 31 

The system was operated at up to 1 A∙cm-2 over 1,000 h in 1 M KOH containing 0.5 M 
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NaCl. While this was a significant step toward higher-current-density studies, the cell 

potential at 1 A∙cm-2 was 2.44 V, which is high for a KOH-based system. 32 

Cation Poisoning 

OER catalysts are also susceptible to failure in the presence of cationic 

contaminants. In addition to the aforementioned degradation of Co-Pi by Ca2+ and Mg2+ 

in seawater, 27 Zaffran et al. showed Ni-Fe oxyhydroxide catalysts operated in electrolyte 

containing alkali-earth metals decreased OER activity. 33 Clearly cations can have 

detrimental effects at the anode and it would be useful to further study the failure 

mechanisms. 

 
Table 6.1. Maximum contaminant levels (MCLs) 
for cations in drinking water 

 Contaminant MCL (mg/L) 

Primary 

Barium 2 
Chromium 0.1 
Selenium 0.05 
Arsenic 0.01 

Antimony 0.006 
Cadmium 0.005 
Beryllium 0.004 
Tellurium 0.002 

Secondary 

Zinc 5 
Copper 1.3 

Iron 0.3 
Aluminum 0.2 

Silver 0.1 
Manganese 0.05 

 

Cationic contaminants can also be detrimental at the cathode. OH- is produced at 

the cathode during the hydrogen evolution reaction (HER). As discussed by Tong et al., 

this locally basic pH can precipitate divalent cations, 3 such as Ca2+ and Mg2+, as 
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hydroxides and could, thus, block catalyst active sites (Figure 6.1b). The ions Ca2+ and 

Mg2+ may transport (slowly) as co-ions through the AEM, which has imperfect 

permselectivity, to arrive at the cathode. Impure waters—such as tap water—also contain 

a number of other possible metal impurities (Table 6.1). 9 Of these impurities, Ag+ and 

Cu2+, for example, have sufficiently positive Eo values such that they will electroplate on 

the cathode under HER conditions and likely deactivate it. 34 

While most cationic impurities have negative effects during electrolysis, cationic 

Fe impurities appear essential for stable OER activity in alkaline conditions with earth- 

abundant catalysts. The dynamic role of Fe in alkaline OER catalysis has been studied 

extensively. 16-22 Zhang et al. showed that when Fe3+ is introduced into KOH electrolyte, 

it binds to pure CoOxHy, activating it for OER, but the binding is reversible and Fe 

readily leaches when OER is then driven in Fe-free KOH. 21 Diaz-Morales proposed this 

process can be used to engineer balanced dissolution and deposition and thus stability. 35 

Chung et al. showed that by tuning the Fe content and Fe-cation binding energy, the 

dissolution and redeposition can be optimized to result in a dynamically stable system. 36 

A Fe-NiCu hydr(oxy)oxide catalyst in 0.1 M KOH spiked with 0.1 ppm Fe had lower 

dissolution rates but increased current densities compared with the Cu-free analog, which 

they attribute to the optimal Fe-Cu adsorption energy and therefore higher Fe coverage. 36 

Liu et al. applied this under- standing of dynamic Fe sites to develop a ‘‘corrosion-

engineering’’ approach for OER electrode preparation and operation. A Fe-foam electrode 

was soaked in mildly acidic (pH 5–6) aqueous solutions containing Ni2+. Corrosion 

reactions led to the formation of a layered double-hydroxide structure on the surface that 

drove OER at a 340 mV overpotential at 1 A∙cm-2 in 1 M KOH. The catalyst operated at 1 
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A∙cm-2 for >8 months without large voltage changes. 37 The dissolution and deposition 

processes and catalytic mechanism resulting in stability at high current densities should 

be better understood and investigated in KOH as well as AEM electrolyzer configurations 

(with and without soluble base) to further applications. 

Membrane and Ionomer Performance and Stability 

While much effort has been directed toward catalyst development, further 

membrane and ionomer innovation for use with impure-water feed is needed. AEM and 

ionomer stability and performance are the major limitations in the development of AEM 

electrolyzers, regardless of water-feed purity. 1, 3-4 It thus remains of critical fundamental 

and practical importance to understand and mitigate degradation mechanisms in these 

components under operating potentials. It is also important to distinguish between the 

membrane and ionomer. Catalysts are dispersed with soluble anion-conducting ionomers 

to provide pathways for ion conduction to the high-surface-area catalyst. The ionomer is 

susceptible to the same degradation pathways as the membrane but is susceptible to 

additional oxidative degradation modes, as they are located at the catalyst interface where 

the OER occurs. Organic materials are notoriously difficult to stabilize under alkaline 

OER conditions, as has been shown for various carbon blacks. 38-39 Understanding 

degradation modes is limited by the lack of established baseline AEM materials, as 

degradation appears to vary substantially with membrane and ionomer structure (Figure 

6.3). 31, 40-43 For PEM systems, Nafion has become uniformly adopted, but there is no 

such analog for AEMs. 
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Figure 6.3 shows some possible failure mechanisms of various AEMs. Multiple 

chemical-degradation pathways have been identified for a variety of membranes in pure 

water. Ionomers are susceptible to nucleophilic substitution, elimination, phenyl 

oxidation, and methyl and/or proton-rearrangement reactions, depending on polymer 

structure (Figure 6.3). 31, 40-41, 44-45 Water-transport limitations enhance degradation due to 

locally increased OH- concentration. 46-48 These pathways break down the membrane 

structure (leading to possible solubility of ionomer fragments) and lead to loss of charged 

end groups (reducing ion conductivity). Fenton oxidation processes (involving Fe 

species) forming radical oxygen species can also degrade the ionomer and membrane. 49-

51 Fenton processes may be a prominent source of degradation in AEM systems with 

active nonprecious-metal OER catalysts that all contain Fe but have not been studied 

extensively in this context.  

 

 

Figure 6.3. Possible AEM degradation mechanisms. The chemical reactions shown are 
not the only possible degradation pathways and are not specific to the designated 
membranes, which are used as examples only. 
 

Many of these chemical-degradation pathways can be addressed by advanced 

polymer development, as discussed by Gottesfield et al. 51 One route to mitigate chemical 
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degradation is maintaining a high level of hydration in the membrane. AEM electrolyzers 

are already susceptible to membrane dehydration at the cathode, and this is accelerated in 

the presence of ionic salts. 52 Controlling water content in the system is thus key in 

mitigating membrane degradation, and will likely become increasingly important in 

impure water. 

Physical degradation of the membrane is another issue that is likely accelerated in 

dirty water. Just as metal hydroxides can deposit to poison the cathode, these precipitates 

can mechanically damage the membrane and/or ionomer causing irreversible 

performance loss. Ionic contaminants can also affect mass transport and lead to 

performance losses even when not involved in faradic processes. In the context of 

membrane electrolyzers, ions can be classified as those with the same charge as the fixed 

membrane charges (co-ions) and ions of opposite charge to the fixed mem- brane charges 

(counter-ions). Counter-ions directly compete with H+ transport in the PEM and OH- 

transport in the AEM. In PEM fuel cells, ionic contaminants have been shown to 

intercalate into the cation-exchange membrane, 53 increasing membrane resistivity and 

slowing water transport, therefore increasing membrane hydration. 54 Degradation at the 

metal catalyst/ionomer interface, already a significant site for degradation, was found to 

accelerate in the presence of cationic contaminants. 54-55 

A recent modeling study, however, has indicated that ion exchange, resulting in 

decreased ionic resistance in the bulk membrane phase, is likely not a significant issue. 

When comparing an AEM electrolyzer fed with KOH with one fed K2CO3, Stanislaw et 

al. showed that ion exchange by HCO3-/CO32- did not substantially affect conductivity. 56 

In contrast, the electrode interfaces are strongly influenced. As carbonate species are not 
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involved in the faradic reactions, they accumulate at the anode. This leads to 

concentration polarization57 and a Nernstian voltage loss due to the lower concentration 

of OH- at the anode relative to the cathode (i.e., a pH gradient). 56 Other contaminant 

anions are likely to lead to similar results. 

Many of the opportunities and challenges of membrane-based impure-water 

electrolysis are shared with the established field of electrodialysis where ions can be 

separated via permselective membranes in the presence of an electrochemical potential 

gradient. 58 Reviews on electrodialysis by Strathmann and others are available. 58-61 

Electrodialysis has also been specifically proposed for desalination and purification of 

water feeds of various impurity levels. 62-64 Membranes that are nominally selective for 

transport of counter-ions (i.e., anions in an AEM) over co-ions (i.e., cations in an AEM) 

motivate their use as ionic barriers for unwanted co-ion transport. However, the 

permselectivity is strongly affected by various factors, 64 including membrane 

hydrophilicity65 or the co-ion concentration in the adjacent electrolyte. 66 In 

electrodialysis, these permselectivity properties limit the product purity, e.g., of acid and 

base solutions produced. 67 In terms of increasing the resilience of water electrolyzers 

with respect to the water-feed purity, limited permselectivities in available membranes 

put an emphasis on advanced membrane development. 68 Electrodialysis and related 

fields can, thus, inform advanced membrane design for higher resilience against ionic 

contaminants in the water feed of electrolyzers. 

 

Outlook 

Membrane and Ionomer Improvements 
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One key research direction is to distinguish between degradation mechanisms of 

the bulk membrane, membrane interfaces, ionomer binders, and the catalysts themselves 

in the presence of pure water, pure-water alkaline electrolyte, and impure-water feeds. A 

recent study by Li et al. probed the performance difference observed when varying the 

chemical structure of the binder polymer using the same membrane. 69 They showed that 

the performance depended on the ionomer structure and loading. This was attributed to 

interfacial pH control. Phenyl groups in the polymer backbone can oxidize to form 

phenol (Figure 6.3), which was hypothesized to decrease surface pH and neutralize 

hydroxide associated with the cationic ionomer groups. 43 By removing phenyl groups in 

the ionomer backbone, they hypothesize that oxidative degradation is mitigated and a 

higher local pH is maintained. Future research could work to understand the performance 

and stability of ionomer binders at the membrane interface. 

There are other possible routes to advance membrane electrolysis by controlling 

ion flow for impure-water feeds. For example, bipolar membrane (BPM) electrolyzers 

operate the cathode at an acidic cation-exchange layer (CEL) and the anode at an alkaline 

anion-exchange layer (AEL) surface. To maintain the two dissimilar pH environments at 

steady state, water is dissociated (H2O 4 H+ + OH-) inside a narrow junction region 

between the CEL and AEL (Figure 6.4). 70 Recently, we studied the water-dissociation 

catalysis occurring inside the bipolar junction, realizing BPM electrolyzers that can 

match the performance of conventional AEM electrolyzer-control de- vices up to ~ 0.5 

A∙cm-2. 71 Compared to conventional AEM electrolyzers, a locally acidic environment is 

provided at the cathode, resulting in a kinetically favored environment for hydrogen 

evolution.  
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A key feature of BPMs is that ion flow occurs via H+ and OH- moving out from 

the center of the BPM through the cation- and anion-exchange layers, respectively. This 

constant outward ionic flux should substantially retard the crossover of other counter-ions 

(i.e., ionic contaminants), significantly reducing ion crossover in the system. Blommaert 

et al. showed that the outward H+ flux in a BPM suppresses the K+ crossover to the 

cathode in an H-cell setup. 72 At 5 mA∙cm-2, the K+ flow is negligible, highlighting an 

interesting approach to mitigating contaminant-ion crossover during electrolysis. Such 

functionality has not been explored for increasing system tolerance against ionic 

contaminants.  

 

 

Figure 6.4. Bipolar membrane electrolyzer. The electrolyzer operates the anode in locally 
basic conditions, ideal for water oxidation, while the cathode is in locally acidic 
conditions, ideal for hydrogen evolution. The ionic current is predominantly out from the 
center of the BPM, perhaps retarding crossover of unwanted impurity ions like Cl-. 

 

Co-ion conduction has been studied in BPM systems, but the underlying factors 

that modulate the relative transport efficiency of H+ and OH- relative to co-ions have not 

been fully articulated. A review from Luo et al. discusses the complexity of transport in 
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ion-selective membranes. 64 As the AEL and CEL can be processed independently, tuning 

membrane parameters of each layer, such as pore size and membrane thickness, could be 

an effective approach to achieve optimum performance. Recently, Oener et al. showed 

that thinning the CEL improves BPM performance, presumably due to improved water 

transport to the BPM junction, 73 while Mayerhofer et al. showed improvement from 

thinning the AEL. 74 However, this will likely decrease system tolerance to either anion or 

cation crossover. 

Rather than rely on membrane permselectivity, alternative approaches may be 

necessary to control ion contamination. The junction chemistry might be engineered to 

promote water dissociation and introduce additional components to provide further 

barriers to co-ion crossover. Membrane and junction parameters could also be tuned to 

favor specific ion-transport mechanisms (e.g., Grotthuss mechanisms to transport H+ and 

OH- over vehicular transport of co-ions) and selectively modulate ion transport and 

contamination, rather than simply block ion crossover. 

Electrocatalyst Engineering 

While most approaches to impurity-tolerant electrolyzers focus on the anode 

reactions, additional improvements might be made at the cathode through careful design 

that could address problems broadly facing electrolyzer technology, not just AEM 

systems. Cation poisoning might be overcome by optimizing water flow rate and current 

density to minimize co-ion transport or through engineering approaches. For example, 

because earth-abundant catalyst materials are inexpensive, high catalyst loadings (e.g. 

>10 mg cm-2) can be used, as long as the electrode structure and conductivity are 
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maintained in the MEA. Impurity deposition will occur nearest to the membrane, perhaps 

leaving catalyst further from the membrane unaffected. 

Understanding the relationships between catalyst durability in impure water and 

the morphology, composition, and phase of the catalyst material is also important. For 

example, Ag+ and Cu2+, which have already been mentioned as metals that may be 

reduced on the cathode, deposit in face-centered cubic (fcc) crystal structures, which is 

the same structure that Pt adopts. By choosing cathode catalysts with crystal structures 

incommensurate with these poisoning metals (for example, MoS2 which adopts a layered 

2D hexagonal structure), this deposition might be avoided.85 Impurities that deposit as fcc 

metals are not expected to epitaxially deposit onto the surface of MoS2 in a way that 

blocks active sites at sheet edges and defects. 75 High-surface-area earth-abundant 

catalysts, with ~103 higher loading than precious-metal counterparts, would also be 

expected to degrade more slowly via these mechanisms. Impurity deposition might be 

relegated to specific regions of the catalyst, for example, near the membrane or near the 

outer surface, leaving interior active sites pristine. Because these processes are likely to 

occur in all electrolysis systems (albeit at different rates due to different concentrations of 

impurities), understanding the relationships between the poisoning capacity of trace 

metals in impure water, crystal structures of the electroplated impurities, and catalyst 

structure are broadly important research directions. 

 

Conclusion 

Much of current impure-water electrolysis research is aimed toward direct saltwater 

electrolysis. Expanding the research focus to include a variety of impure-water sources 
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and developing a mechanistic understanding of the underlying processes could lead to 

enhanced lifetimes and durability more broadly in electrolyzer technology. While 

significant effort has focused on the catalysts, particularly for the OER, membrane and 

ionomers have received less attention, and approaches are needed to establish 

performance and durability at higher current densities in electrolyzer hardware with 

various water feeds and impurities. Understanding ion crossover in these membrane 

systems is crucial, as is obtaining reliable and reproducible baseline data on membrane 

and ionomer performance. Understanding Cl- reactivity at the anode and distinguishing 

between different possible products as a function of conditions would be useful for 

designing robust, selective anodes. Attention should also be directed toward preventing 

cathode fouling and considering HER-catalyst crystal structure, morphology, and loading 

effects. 

Membrane electrolysis to generate green hydrogen fuel is expected to grow 

rapidly2 and contribute substantially to the renewable economy. Advances in membrane 

technology will accelerate the growth of this industry to meet future renewable hydrogen 

demands. Developing membrane electrolysis systems that are more robust and tolerant of 

feed-water impurities could play a significant role in improving electrolyzer lifetimes, 

reducing capital costs, and lowering maintenance expenditures, while expanding 

electrolyzer technology applications. 



 

122 

 

APPENDIX A 

CHAPTER II SUPPLEMENTAL INFORMATION 

 

Additional notes on electrode coating 

The stainless-steel material has a graded porosity, so it is important the catalyst be 

coated on the layer with smaller pores (visually smoother side). When applying catalyst, 

the airbrush was held 5 to 8 cm from the hot plate and the catalyst was sprayed in short, 

even bursts of the airbrush to prevent any large droplets or catalyst aggregation. The hot 

plate was rotated every few sprays to ensure even coating. Slow coating was found 

essential, as the ink will soak into the bulk of the material if too wet and will result in an 

inconsistent top coating. Inks were sprayed in short bursts while waiting multiple (5-10) 

seconds between each burst. The solvent evaporation can be observed as the coating color 

changes from dark to light. Additional ink was not added until the previous layer was 

visually dry. A progression of coating a GDL is shown in Figure A.1 with an example of 

an electrode sprayed too quickly (Figure A.1e). 

The IrO2 catalyst was found to be particularly difficult to disperse. The ink was 

sonicated until it was fully opaque and would remain on the side of the vial before 

dripping down when swirled or shaken. These visual indicators are not intended to be a 

quantitative determination of the solution dispersion, but rather a qualitative check that 

the catalyst is dispersed. The catalyst dispersion was periodically checked throughout 

coating. If catalyst was observed to collect at the bottom of the vial, the ink was sonicated 

an additional ~60 s until re-dispersed. 
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Supplemental Figures 
 

 

Figure A.1. Progression of spray coating stainless-steel GDLs. a) The color starts very 
light. Continue spraying slowly, ensuring the ink dries between layers. b) The hot plate is 
rotated to ensure even coverage. The color will start to darken slowly. c) The GDL is 
similar color to the coated tape when full loading is achieved. d) A thin layer of ionomer 
solution is sprayed on top of the catalyst. e) If coating too quickly and the GDL gets too 
wet, the material pulls the ink into the bulk leaving bare surface. Even after continued 
spraying these areas will not coat.  

 

 

Figure A.2. Electrolyzer photos including side view showing thermocouple insert for 
monitoring temperature in the electrolyzer. The thermocouple is placed in the outer 
hardware on the cathode side. 
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Figure A.3. Thickness of membranes hydrated in KOH. Membranes were clamped 
between two glass slides and thickness measured with a Keyence VHX 7000 digital 
microscope. 

 

 

Figure A.4. Aemion operation at 69 °C. The high temperature causes the membrane to 
break down, as is observed by the voltage degradation (as opposed to the expected 
stabilization) at each current step. 
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Figure A.5. Effect of ion exchange on Aemion operation. Significant performance 
enhancements were observed when pre-soaking the membrane in 3 M KOH (black) 
versus 1 M KOH (red), showing the importance of sufficiently exchanging OH- for I- in 
the membrane. 

 

 

Figure A.6. Polarization curve of AEM electrolyzer prepared with baseline materials in 1 
M KOH at 55  1 °C. 
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Figure A.7. Conductivity of effluent electrolyte measured after the initial 500 mL of 
water had been purged through the electrolyzer. 

 

 

Figure A.8. Changes in degradation behavior in pure water and KOH. The cell was 
operated at 55  1 °C. After conditioning in pure water, the cell was operated at 500 mA 
cm-2 and the voltage degradation observed. The anode and cathode streams were then 
switched to 1 M KOH at the same temperature (black). Water was then purged to the 
system for > 10 min, or > 5 L of water. The same cell was then again operated at 500 mA 
cm-2 in pure water, then 1 M KOH was added only to the anode stream maintaining pure 
water at the cathode (red). 
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Figure A.9. Performance with different water feed modes. The cell was operated at 500 
mA cm-2 at 69  1 °C with water flowing to both the cathode and the anode. Water flow 
to the cathode was turned off and voltage degradation was observed before stabilizing 
(note – the small voltage recovery at approximately 0.3 h is attributed to water diffusing 
from the anode to the cathode after flow was turned off). After cathode flow was returned 
a partial voltage recovery was observed.  



 

128 

 

APPENDIX B 

CHAPTER III SUPPLEMENTAL INFORMATION 

 

Supplemental Materials and Methods 

Catalyst Dispersions and Electrolyzer Operation. Co3O4 (99.9%, 15 nm), Co3O4 

(99%, 10-30 nm), Co3O4 (>99.5%, 30-50 nm), Co2O3 (50 nm, US Nano) and CoO (50 

nm, US Nano) nanoparticles were used at the anode. Cathode and anode inks were 

prepared identically to all experiments described in the main text. For every 100 mg of 

catalyst, 0.5 g of water, 1.7 g of IPA and 200 mg of 5 wt % TP-85 (Versogen) ionomer 

was added. Catalyst inks were sonicated for 1 h to disperse. GDL coating and MEA 

testing was conducted identical to electrolyzer experiments in the main text.  

Faradaic efficiency measurements. The faradaic efficiency for the IrO2 and Co3O4 

anode catalysts was measured during operation in a pure-water-fed MEA. Two graduated 

cylinders were filled with water and inverted in the water bucket feeding the electrolyzer. 

The cell was operated at 20.5 °C and conditioned identical to the main body manuscript. 

After conditioning, the cell was returned to open circuit and water was flowed for 5 min 

(until all gas had excavated the water lines). The anode and cathode outlet feed tubes 

were then positioned under the graduated cylinders and 500 mA cm-2 was applied for 20 

min. Water was then run for an additional 5 min to ensure all gas had accumulated in the 

cylinders, after which the gas volume was measured with the water level in the cylinder 

flush with the water in the bucket. 

Catalyst layer conductivity measurements. Catalyst inks were sprayed on glass 

slides with a hand spray gun in a manner identical to GDL coating and dried at 80 °C. A 
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polarization curve was measured using a source meter unit (Keithley 2400) and the slope 

fit to obtain electrical resistance. Catalyst layer thickness was determined using a stylus 

profilometer.  

Catalyst dissolution during electrolysis. Inductively coupled plasma mass 

spectrometry (ICP-MS, iCAP RQ, Thermo Fisher) was used to determine metal 

concentrations in the anode effluent stream of an electrolyzer operating with either a 

Co3O4 or NiFe2O4 anode catalyst. During operation, water was flowed to the anode and 

cathode, as for all other electrochemical testing. The cells were conditioned and operated 

identically to the durability testing in the main body section. During the 20 h durability 

testing at 500 mA cm-2, 10 mL samples were collected from the water stream exiting the 

anode of the electrolyzer at various time points. Samples were collected in plastic 

centrifuge tubes that were previously acid cleaned to reduce any external metal 

contamination. The collected aliquots were then acidified with a small amount of 

concentrated, high-purity nitric acid (TraceMetal grade, Fisher Scientific) to stabilize any 

dissolved metal species. Metal concentrations were measured in kinetic energy 

discrimination (KED) mode to minimize isobaric interferences from polyatomic ions and 

with internal standardization using interpolation of 45Sc and 89Y intensities to correct for 

matrix effects. All calibration curves were linear with correlation coefficient greater than 

0.999 for Fe, Ni, and Co. 
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Figure B.1. Electrolyzer device for pure-water AEMWE testing. a) photo of home-built 
electrolyzer testing setup and b) schematic of internal 1 cm2 MEA components. 
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Figure B.2. Faradaic efficiency measurement experimental setup. The theoretical 
volumes for H2 and O2 produced at 500 mA for 20 min are 74 mL and 37 mL, 
respectively. The measured volumes for Co3O4 were 73.5 mL and 36 mL, or ~99% H2 
and ~97% O2 efficiency. For IrO2 the measured volumes were 73 mL and 36.1 mL, or 
~99% H2 and ~98% O2. The lower efficiency could be attributed to a small amount of gas 
dissolving in water or gas escaping through tubing connections and not being measured 
in the cylinder. The lower O2 efficiency relative to H2 may also be attributed to oxidation 
of the ionomer at the anode. 
 

 

Figure B.3. Polarization curves for all catalysts in pure-water AEMWE with iR-
correction. GEIS was collected at 50 mA cm-2 and Ru was obtained from the total high-
frequency impedance at 500 kHz. 
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Figure B.4. Duplicate durability runs for each catalyst tested.  
 

 

Figure B.5. Replicate data for CV testing on QCM. For IrO2, NiO, and Ni0.5Co0.5Fe2O4 
catalysts sample size n = 3. Due to a stir-bar malfunction, mechanical stirring was not 
conducted for one sample of the Co3O4, NiCoO2, and NiFe2O4 catalysts, therefore sample 
size n = 2 was used. Data is presented as average ± one standard deviation. Samples 
averaged are independent of the sample shown in Figure 1d. 
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Figure B.6. Catalyst activation in KOH. Catalyst films on QCM crystals were cycled for 
20 CV sweeps. Activity improves with cycling for all catalysts. The activation 
phenomena are certainly different in the MEA, so the first cycle data is shown in the main 
manuscript. 
 

   

Figure B.7. Conductivity measurement experimental setup. 
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Figure B.8. Polarization curves of the measured catalyst powders from which 
conductivity data is extracted. 
 

 

Figure B.9. Conductivity measurement of IrO2 compared to the contact resistance 
measured between the two stainless steel disks. 
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Figure B.10. Effect of catalyst layer conductivity on voltage performance for various Co-
based anode catalysts. The indicated catalyst was sprayed in an ink with ionomer onto a 
glass slide and dried at 80 °C. Note the conductivity here is significantly lower than that 
in Figure 3.2. The conductivity here is a measurement of the uncompressed catalyst layer 
sprayed onto a glass slide, while the conductivity measurements in Figure 3.2 are of the 
catalyst powder only. 
 

 

Figure B.11. XP Spectra of a Co3O4 anode operated in a pure-water AEMWE for 57 h. 
The N 1s peak is still resolved at 57 h but gone by 250 h, while the F 1s peak is barely 
present for the sample analyzed at 57 h and a bit better resolved for the sample operated 
for 250 h. We do not interpret this trend to represent different degradation products 
present at each time point, but rather highlighting the variable and uncontrolled nature in 
which the ionomer degrades. From these findings we can only conclude that the ionomer 
is oxidizing during operation with Co3O4 and do not make any claims regarding the 
mechanism or degradation products. 
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Figure B.12. Chronoamperometric durability testing of NiFe2O4 catalyst. NiFe2O4 was 
operated at 1.8 V with pure water at 57 °C. A stainless steel woven substrate was used as 
the anode GDL and Pt Black catalyst on Toray carbon paper was used as the cathode. The 
Fe/Ni ratio increases from 0.54 ± 0.20 to 0.91 ± 0.11 following the trend observed for the 
20-hour electrolyzer run held at 500 mA cm2 where the Fe/Ni ratio increased to 1.1 ± 0.1 
(Figure 3.5a).    
 

 

Figure B.13. Fe XPS data of the cathode GDL surface post Fe-spike experiment. No Fe 
is detected indicating the observed degradation is not due to Fe crossing the membrane to 
the cathode (consistent with the negative charge expected for soluble Fe species in 
alkaline conditions). 
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Figure B.14. Metal concentration in anode water effluent as determined by ICP-MS for 
a) Co3O4 and b) Ni0.5Co0.5Fe2O4 anode catalysts. The data point at t = 0 and dashed line 
shows the metal concentration in the water source feeding the inlet. The Ni0.5Co0.5Fe2O4 
system was only sampled for 5 h because shortly after the cell was shut down due to the 
voltage exceeding 5 V (indicative of the formation of a highly resistive interface). For 
each catalyst sample size n = 1; five replicate scans were conducted per sample. Data is 
presented as mean ± one standard deviation. 
 

a) 

b) 



 

138 

 

APPENDIX C 

CHAPTER IV SUPPLEMENTAL INFORMATION 

 

Supplemental Materials and Methods 

PNB ionomer conductivity, ion exchange capacity (IEC), and water uptake (WU). 

Conductivity was measured by four-probe electrochemical impedance spectroscopy (EIS) 

using a Scribner Membrane Conductivity Clamp and a Bio-Logic SP-150 Potentiostat as 

in our prior reports. 1-3 IEC was measured using standard back-titration methods and 

carried out according to our prior reports. 1-3 The material was in the Cl− form after IEC 

analysis, and all manipulations for membrane electrode assembly fabrication were carried 

out on the membrane with a Cl− counterion. Water uptake was determined using the 

following equation: 

 

Where Mw = mass of hydrated film in −OH form and Md = mass of the dry film in the Cl- 

form. 

Detailed description of electrolyzer assembly with integrated reference electrode. 

As described in the main body text, a reference electrode is integrated in the MEA by 

extending a strip of membrane outside the electrolyzer hardware and attaching a Hg/HgO 

reference electrode submerged in KOH. For assembly, the anode PTE is placed on the 

anode flow field with the appropriate number of gaskets (Figure C.3). Next, a support 

gasket is added and the membrane strip is placed across the flow field so the edge is 

touching the edge of the anode PTE (Figure C.4). The gasket under the membrane strip 

has a tab that extends outside the electrolyzer hardware to support the membrane strip 
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and isolate the strip from contacting the flow field (Figure C.5). Then, a thinner gasket is 

placed on top of the membrane strip (Figure C.6). This gasket has a slit cut in the tab to 

act as a water channel and help maintain water flow to the membrane strip (Figure C.7). 

After, the HEM is placed on top of the anode PTE, overlapping with the membrane strip 

(Figure C.8). Another isolation gasket (Figure C.5) is placed on top of the stack to keep 

the strip from touching the cathode flow field (Figure C.9). The cathode PTE is then 

placed on top of the AEM and stacked with the remaining gaskets (Figure C.10). 

Schematics of the regular and reference electrode MEAs are shown in Figure C.11. 

 

Figure C.1. GPC trace of 60:40 NB-5-Hex-co-NB-5-BuBr copolymer. 
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Figure C.2. 1H NMR spectra (500 MHz) of DP 500 60:40 NB-5-Hex-co-NB-5-BuBr 
copolymer before (Top) and after (Bottom) NMe3 substitution, collected in 1:1 
CDCl3:CD3OD. A 9:4.5 ratio should be observed for the N-methyl groups of the 
trimethylammonium to the terminal methyl group from the hexyl chain of the NB-5-Hex 
for a 40 mol% ionic copolymer.  
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Table C.1. Membrane properties for the hydroxide exchange polymers used in this study. 

 Water 
uptake (%) 

σ22 °C OH- 

(mS/cm) 
Ion exchange 

capacity (mmol/g) λ 

60:40 NB-5-Hex-co-NMe3 88 45 ± 3 1.91 26 

PiperION TP-854 46 80 ± 5 2.30-2.37 N/A 

 

 

 

Figure C.3. Anode PTE on the anode flow field. 
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Figure C.4. Membrane strip placed on the support gasket and aligned at the edge of the 
anode PTE.  
 

 

Figure C.5. Shape of gasket used under and above the membrane strip. 
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Figure C.6. Gasket with water channel placed on top of membrane strip. 

 

 

Figure C.7. Shape of gasket with water channel. 
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Figure C.8. AEM placed on top of the anode PTE. The AEM is cut wide enough to 
overlap with the membrane strip past the outer edge of the serpentine pattern. 
 

 

Figure C.9. Another isolation gasket is placed on top of the stack. 
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Figure C.10. Cathode PTE placed on top of the AEM, completing the MEA. 

 

 

Figure C.11. Schematic of MEA components. a) standard MEA and b) MEA with 
integrated reference electrode. The membrane used was the PiperION TP-85 and cathode 
catalyst layer Pt black with TP-85 ionomer for all AEM studies.  
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Figure C.12. Photos of electrolyzer hardware with reference electrode and close-up of 
strip with gaskets isolating contact with the flow fields. A water drip is clamped between 
the membrane strip gaskets to keep the membrane hydrated. A Schlenk line adapter is 
clamped to the membrane strip and filled with 0.1 M KOH. The Hg/HgO reference 
electrode is submerged in electrolyte. 
 

 

Figure C.13. Comparison of total cell impedance with and without reference electrode. 
The fit parameters obtained from the anode and cathode Nyquist plots were used to 
simulate the total cell impedance (line). The data agrees well with the raw total cell 
impedance measured without the reference electrode (points). Error in the high frequency 
region is due to high error from the anode signal, as the anode cannot be resolved above 
~600 Hz due to a potentiostat limitaion. This data demonstrates the accuracy of the 
refence cell impdeance in separating the individual electrode impedances. 
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Figure C.14. Comparison of AEM operation with 10% anode ionomer content (gray) and 
20% anode ionomer content (black). 
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Figure C.15. Ir 4f XPS region of a pristine TP-85 anode. Ir signal is blocked by the top 
ionomer coating. 
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Figure C.16. F 1s and N 1s XP spectra of pristine TP-85 anode PTE (top) and PTE after 
operated (bottom). All F and N content is no longer resolved. 
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Figure C.17. C 1s XPS of an IrOx/TP-85 anode PTE after assembled in a device and 
operated with only water flow (no applied current/voltage) for 24 h. 
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Figure C.18. Cross section of an IrOx/TP-85 anode PTE after assembled in a device and 
exposed to water flow at 70 °C (no applied current) for 24 h. The top ionomer layer and 
ionomer network throughout the catalyst layer are still intact. 
 

 

Fig. C.19. Cross section of an IrOx/Nafion anode after operation with a) PEM and b) 
HEM. 
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