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Abstract: Commercial membrane electrolyzers rely on acidic fluorocarbon membranes and 

ionomers, requiring the use of expensive IrOx-based oxygen-evolution catalysts. Anion-exchange-

membrane water electrolyzers (AEMWEs) operate in an alkaline environment, enabling the use of 

non-precious-metal catalysts. Here, we study and engineer CoOx-based catalyst-coated anodes 

deposited via hydrothermal synthesis directly onto porous transport layers both with and without 

thermal annealing. Self-supported, nanoneedle-structured Co3O4 anode, formed by annealing the 

as-synthesized cobalt carbonate hydroxide, Co(CO3)x(OH)y, outperforms the baseline Co3O4 

nanoparticle ink-based anode in pure-water-fed AEMWE, due to improved catalyst layer 

continuity and thus number of electroactive Co species. The as-synthesized and unannealed 

Co(CO3)x(OH)y), however, appears to undergo substantial conversion to a more-active CoOx(OH)y 

phase predominantly at the surface, with nominally Co3+ present and higher electrical conductivity, 

lowering the cell voltage ~200 mV at 1.0 A∙cm-2 in pure-water-fed AEMWE compared to the 

conventional Co3O4 nanoparticle anodes. We analyze the differences in electrode electrochemical 

response between pure-water and KOH feed modes finding distinct activation and degradation 

modes. The Co(CO3)x(OH)y anode shows significant activation and slower degradation linked to 
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the conversion to oxyhydroxide. We propose catalyst layer designs that promote both hydroxide 

and electron transport, alongside interfacial engineering strategies to obtain high performance 

while mitigating anode degradation. 

 

Keywords: anion-exchange-membrane water electrolysis, self-supported catalyst, catalyst-

ionomer interface, non-precious-group-metal catalyst, oxygen evolution reaction 

 

Introduction 

Anion-exchange-membrane water electrolysis (AEMWE) is an emerging technology for H2 

production.1 In principle, AEMWE combines advantages from proton-exchange-membrane water 

electrolyzers (PEMWE)—low resistance, zero-gap membrane-electrode assemblies, and dynamic, 

pure-water operation—and those of liquid alkaline water electrolyzers (AWE) that use of 

inexpensive materials for catalysts and flow fields. However, AEMWE technology is limited by 

difficulty in designing high-performance electrodes and their poor durability, in large part from 

ionomer/membrane instability.2 Ionomers incorporated in anodes are oxidized during operation, 

limiting hydroxide transport, and this process is accelerated when the anodes are fed with pure 

water.3-5  

In PEMWE, IrOx-based catalysts have good performance and stability for the oxygen-evolution 

reaction (OER), and are the only materials used in commercial PEMWE devices.6-8 IrOx catalyst 

nanoparticle inks are prepared with mixtures of ionomer and solvent solutions from which the 

anode porous-electrode layer is fabricated. This ink-based approach works in part because IrOx  

has high electrical conductivity (~104 S·cm−1)9 so that the electrical resistance of the particle 

network is sufficiently low despite being mixed with ionomer which reduces particle-particle 

contacts. Ir is scarce and expensive, though, which limits the scalability of PEM water 

electrolyzers.10 AEMWE can use non-precious group metals (non-PGMs) owing to the alkaline 

environment where many metal oxides are (largely) insoluble.1, 11 Non-PGM anodes in AEMWE 

devices also outperform Ir-based anodes4, 12 as IrO2 has moderate OER activity in alkaline 

conditions.4, 12, 13 One issue is that non-PGM catalysts, such as those based on Co or Ni oxides, are 
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semiconducting and thus have insufficient electrical conductivity to build optimal porous 

electrodes using ink processing. 

Engineering electrode geometry beyond the typical random assemblies of nanoparticles and 

ionomer from inks can be used to improve electron, ion, and gas transport pathways through the 

catalyst-ionomer network. Conventionally, catalyst nanoparticles are mixed with ionomers, 

sometimes with additional binders or conductive non-catalytic supports, in water-alcohol mixed 

solvents with an optimized catalyst-to-ionomer ratio. These ink solutions are coated by spraying 

or other means onto porous transport layers (PTLs) or membranes.3, 14 This approach is useful from 

a manufacturing perspective,14, 15 however, due to structural complexity, controlling or identifying 

the dominant conduction pathways remains challenging,16, 17 and this complexity prevents a clear 

assessment of whether alternative architectures can achieve substantially superior performance.14 

Ionomers partially cover the catalyst particles, increasing interparticle electrical resistance and 

lowering electric conductivity within the catalyst layer (Scheme 1, left).16-18. Ionomer and/or 

binder incorporated in anode catalyst layers can also be oxidized during operation, affecting 

durability.4, 5, 16, 17, 19  

Self-supported electrodes, where inorganic catalysts are deposited as continuous layers directly 

on the PTLs, enable engineering the electron-conduction pathways, and the adhesive bonding 

properties of ionomers between inorganic nanoparticles are unneeded (Scheme 1, right). Nano-

structuring, in principle, can also be judicially controlled to enhance electroactive surface area, 

increase catalyst loading, and control surface wetting and bubble removal. These attributes are all 

useful for robust, high-current-density operation.16, 20 Nanostructured electrode fabrication, 

however, with such desired properties is nontrivial, especially in manufacturing.  

KOH-fed AEMWE cells have been demonstrated with self-supported anodes, mostly using 

NiFe-oxy(hydroxide)-based OER catalysts.21-23 The addition of soluble KOH simplifies electrode 

design because the liquid electrolyte permeates pores of all sizes in the solid and maximizes 

catalyst utilization across the entire PTL-supported layer, which is not possible with a solid-

ionomer electrolyte using pure-water feed that is ultimately desired for AEMWE.24 It is further 

challenging to adopt NiFe-based, and related, self-supported catalysts in pure-water systems 

because of their poor electrical conductivity when they are not transformed to the more-conductive 

oxyhydroxide forms due to limited OH− accessibility,25 as well as due to durability concerns 

arising from Fe leaching.26 Further, the recently developed passivated electrode architecture27 
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extends electrode lifetime and integrates naturally with self-supported catalysts due to well-defined 

catalyst-ionomer interface available to coat prior to ionomer infiltration. This is particularly 

important as no known ionomers remain stable in the alkaline and oxidizing environment of the 

AEMWE anode,5 highlighting the need to understand and advance self-supported electrode 

designs. 

Scheme 1. Comparison of electrode geometry between NP ink-based (left) vs. self-supported (right) 
anodes. The electronic and ionic pathways are affected by the electrode microstructures forming 
triple-phase boundaries. The NP ink-based anode possesses regions of disconnected nanoparticles 
and regions without ionomers covering the surface, while the self-supported anode schematic 
emphasizes the controllability of micro- and nanoscale electronic and ionic conduction pathways. 

Here, Co-based anodes were grown directly on PTLs using a hydrothermal synthesis with 

controlled materials phase and nanostructure to study the link between electrode response, 

materials properties, and nanostructure. The resulting PTL-supported Co(CO3)x(OH)y and Co3O4 

anodes were evaluated in pure-water-fed AEMWE devices and compared to conventional 

nanoparticle ink-based anodes. By controlling the growth, we show improved performance of self-

supported Co(CO3)x(OH)y associated with abundance of electroactive Co species and improved 

catalyst layer continuity. The Co(CO3)x(OH)y catalyst layer transformed, partially, into a mixed 

CoOx(OH)y phase (Co2+/Co3+) during the cell activation, providing lower cell voltages at higher 

current densities compared to the annealed Co3O4 anode. Electrode capacitance measurements 

during cell activation and continuous operation, however, show that the catalyst-ionomer 

interfaces degrade under pure-water feed compared to KOH feed. This challenge may be resolved 

with interfacial engineering strategies building onto self-supported electrodes.  
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Results and Discussion 

Fabrication of Co-based Self-supported Anodes. We deposited nanostructured Co-based 

OER catalysts on PTLs using a modified hydrothermal synthesis.28-30 Cobalt nitrate salt and urea 

were dissolved in deionized water with a Ni-alloy PTL substrate submerged in the solution 

(Figures S1 and S2). Upon heating to 100 °C, urea decomposed and hydrolyzed, releasing 

carbonate and hydroxide ions31 that raise the pH and induce the growth of cobalt carbonate 

hydroxide (nominally Co(CO3)x(OH)y) on the PTL (Figure 1a). The Co(CO3)x(OH)y grown PTL 

was used directly as the OER pre-catalyst or converted to its oxide form via calcination prior to 

electrochemical testing, while excess material precipitated at the bottom of the vessel was washed 

with DI water, centrifuged, and reserved as a powder for characterization.  

The morphology and loading of the synthesized Co(CO3)x(OH)y were controlled by modifying 

hydrothermal reaction times and conditions (see SI). Powder X-ray diffraction (PXRD) analysis 

of the precipitates before and after annealing shows a phase transformation from  

Co6(CO3)2(OH)8·H2O with a weak α-Co(OH)2 (003) reflection, noted as *, to spinel-phase Co3O4 

after annealing at 300 °C for 2 h in air (Figure 1b). We note that PXRD is not sensitive to poorly 

crystalline or amorphous components which may also be present particularly in the as-synthesized 

materials. Co 2p X-ray photoelectron spectrum (XPS) shows a shift from predominantly Co2+ to a 

mixed Co2+/Co3+ state after annealing, as indicated by changes in the binding energy of the main  

and satellite peaks (Co2+ at ~781–782 eV; Co3+ at 779.9 eV for main 2p3/2 peaks; Co2+ at ~785–

786 eV; Co3+ at 789.8 eV for 2p3/2 satellite peaks, respectively, summarized in Table S1) and 

consistent with this phase transformation (Figure 1c).32, 33 The lattice oxygen peak at ~530 eV in 

O 1s XP spectra sharpens upon oxide formation after annealing, while the feature at ~532 eV 

associated with carbonate species and adsorbed water molecules is reduced in intensity.34 Scanning 

electron microscopy (SEM) images (Figure 1d) show a nanoneedle-structured Co3O4 on the Ni 

alloy PTL, synthesized using the optimized hydrothermal synthesis. The cross-sectional SEM 

image obtained after focused-ion-beam (FIB) milling shows a ~5 μm thick catalyst on the PTL. 
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Figure 1. (a) Hydrothermal synthesis schematic. The catalysts were deposited directly on the PTL, 
with some additional solution-phase growth as precipitates. (b) Powder X-ray diffraction patterns of 
powders as synthesized and after 300 °C annealing match Co6(CO3)2(OH)8·H2O and Co3O4, 
respectively. A minor peak (*) is attributed to α-Co(OH)2 impurities. (c) XP spectra of catalysts as 
synthesized and after 300 °C annealing on Ni alloy PTL. After annealing, as-synthesized 
Co(CO3)x(OH)y transformed to Co3O4. (d) SEM top-down and cross-sectional images of prepared 
Co3O4 deposited on Ni alloy PTL showing nanoneedle structure of Co3O4 deposited on PTL. A Pt 
layer was deposited on the sample to protect it during cross-sectioning. SEM images were obtained 
after annealing to form Co3O4 because the Co(CO3)x(OH)y samples exhibited charging-related 
imaging artefacts due to their non-conductive nature. No significant morphological differences were 
observed between the Co3O4 and Co(CO3)x(OH)y samples on the length scales observed in the SEM. 

 

Effect of Electrode Microstructure. Baseline NP-based Co3O4 anodes were prepared by 

mixing Co3O4 NPs with PiperION (PAP-TP-85) ionomer in isopropyl alcohol and deionized water, 

followed by sonication and spray-coating on Ni alloy PTLs (1.7 mg·cm−2).3 For comparison, the 

self-supported annealed Co3O4 catalyst layer on the Ni alloy PTL was prepared with a loading of 

1.5 mg∙cm−2 (optimization details from the hydrothermal synthesis are provided in the Supporting 

Information; Figures S3 and S4). We incorporate ionomer (PiperION TP-85) onto the self-

supported Co3O4 anode by dip-coating (ionomer loading of 1.0 ± 0.2 mg·cm−2), as well as onto the 

bare Ni-alloy PTL as a control sample.27, 35 SEM images in Figure S5 confirmed uniform ionomer 

coverage. All anodes were assembled in AEMWE devices with NP-based Pt-black cathodes (2.0 
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mg·cm−2) and a 40-μm PiperION membrane and tested at 56 ± 1 °C with pure-water feed following 

the procedures detailed in Methods section.  

Polarization curves (Figure 2a) for AEMWE cells with self-supported Co3O4, Co3O4 NPs, and 

bare Ni alloy PTL anodes show that the self-supported Co3O4 anode exhibits lower cell voltages 

at 1.0 A·cm−2 than the NP ink-based anode by ~120 mV, and by ~190 mV compared to the bare 

Ni alloy anode. Electrochemical impedance spectroscopy (EIS) data at 50 mA·cm−2 (Figure 2b) 

also indicate a lower high frequency resistance (HFR) for the self-supported anode compared to 

the ink-based anode and bare Ni alloy anode (0.120, 0.156, and 0.130 Ω·cm2, respectively). 

Although the HFR does not fully capture mixed ionic/electronic resistances in the porous electrode 

due to the parallel equivalent capacitance,36, 37 the lower resistance suggests better electrical 

interconnection between the catalyst layer and PTL in the self-supported Co3O4. The higher 

catalytic activity of the self-supported Co3O4 anode is also from a lower charge-transfer resistance, 

RCT, than the NP-ink based anode (1.08 Ω·cm2 vs. 1.28 Ω·cm2). Details of the EIS data analysis 

and fitting results are provided in the Supporting Information. The improved RCT in EIS is 

consistent with lower iR-corrected overpotential observed vs. current density (Figure S8) for the 

self-supported Co3O4 anode, indicating that this architecture not only reduces the catalyst-layer 

resistance but also enhances apparent OER kinetics. It is worth noting that, unlike in the self-

supported anode, an excessive ionomer topcoat (~ 1.0 mg·cm2) on NP-based anodes is not 

beneficial, as the thick ionomer coating appears to hinder both electronic and ionic transport to the 

anode catalyst, lowering its effectiveness (Figure S9). 

Cyclic voltammograms (CVs) in Figure 2c compare (pseudo)capacitive currents of the 

prepared anodes from 0.6 to 1.0 V in a two-electrode configuration. At 1.0 V, the self-supported 

anode exhibits approximately four times higher capacitive currents than the ink-based anode. The 

bare Ni-alloy PTL anode, included as a control, shows minimal capacitive current as expected, in 

the absence of active catalyst material. The (pseudo)capacitive voltammogram shapes also differ. 

The self-supported anode shows substantial capacitive current across the entire voltage window, 

with a roughly linear capacitance increase as the voltage was scanned positively. In contrast, the 

nanoparticle anode shows current only on the positive sweep at voltages above 0.6 V, with a less-

square charging-box shape at the positive-voltage limit. These observations indicate resistive 

limitations in accessing the bulk of the porous electrode for nanoparticles, compared to the self-

supported catalysts.  
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The electronic properties of the Co3O4 under electrochemical conditions are complex, as Co3O4 

is a semiconductor with relatively low electronic conductivity.38 Its surface is redox-active, likely 

forming cobalt oxyhydroxide and related phases under OER conditions. Cobalt (oxy)hydroxides 

are insulators as Co2+ but electrically conductive when oxidized to predominantly Co3+.39 The 

onset of substantial capacitive current at 0.8 to 1.0 V likely corresponds to the oxidation of surface 

Co species, reducing interparticle resistances. The absence of this onset along with the higher 

(pseudo)capacitive current in the self-supported Co3O4, are consistent with improved electrical 

conductivity in the ionomer/catalyst porous electrode and a higher number of electronically and 

ionically accessible Co-based active sites for the self-supported sample. 

The interpretation of the AEMWE device metrics and responses are consistent with the cross-

sectional images in Figure 2d-e. In the nanoparticle Co3O4 anode, we observed inter-particle 

disconnections (limiting electron transport) as well as catalyst regions without ionomer coverage 

(limiting ion transport). In contrast, the self-supported Co3O4 show micron-length nanoneedles, 

with ionomers covering most of the catalyst surface–structures, as represented schematically in 

Scheme 1.  

 

Figure 2. (a) Polarization curves of pure-water-fed AEMWE cells at 56 °C with self-supported 
Co3O4 on PTL, NP ink-based Co3O4 on PTL, and bare Ni alloy PTL. (b) EIS Nyquist plots at a current 
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density of 50 mA·cm−2 and (c) two-electrode cyclic voltammograms at a scan rate of 100 mV·s−1 for 
AEMWE cells with different anodes. Top-view and cross-sectional SEM images of (d) NP Co3O4 
anode and (e) self-supported Co3O4.  

Activation and Degradation of Co(CO3)x(OH)y and Co3O4 Anodes. The phase of OER 

catalysts and their corresponding electrical conductivities affect the AEMWE cell activation and 

durability because they govern both the catalyst layer resistance40 and surface 

reconstruction/activation of Co-based catalyst to the oxyhydroxide form.41, 42 Here, we compared 

self-supported Co(CO3)x(OH)y and Co3O4 coated anodes, each with 1.0 mg·cm−2 of PiperION 

topcoat in an AEMWE device. The Co(CO3)x(OH)y pre-catalyst exhibits better performance than 

the Co3O4, with a 90 mV lower cell voltage at 1.0 A·cm−2 (Figure 3a). The iR-corrected 

overpotential vs. current-density plots (Figure 3b) show that while the Tafel slopes of 

Co(CO3)x(OH)y and Co3O4 are similar, Co(CO3)x(OH)y achieves a higher current density at the 

same overpotential across the entire range. For example, at an overpotential of η = 300 mV, 

Co(CO3)x(OH)y reaches 6.3 mA·cm−2 compared to 2.1 mA·cm−2 for Co3O4. At higher current 

densities > 0.3 A·cm−2 (marked as red in the plot), the Co3O4 sample shows greater residual 

overpotentials, likely due to higher ionic and/or electronic resistance within catalyst layer affecting 

catalyst utilization. Some contribution to the residual overpotential may arise from mass-transport 

limitation of water or product gas in the porous electrode, although this effect is probably largely 

misassigned to the residual overpotential in many electrolyzer studies.40, 43  

Typically, a freshly assembled AEMWE cell starts with a break-in step involving either a 

constant current hold for extended time or a series of constant current holds stepping up to the final 

current density.3, 44 This initial procedure allows for catalyst reconstruction, membrane and 

ionomer hydration, and stabilization of the interfacial contacts, thereby providing more-reliable 

steady-state voltage measurements.3, 44 In this work, all polarization curves were obtained after the 

current was stepped up to 1.0 A·cm−2 to ensure sufficient anode catalyst activation and voltage 

stabilization. However, for the following experiments (Figure 3c and Figure S8) aimed to 

investigate the activation behavior of Co(CO3)x(OH)y pre-catalyst and Co3O4, an alternative 

procedure was designed and conducted on a different set of freshly assembled AEMWE cells: 50 

cycles of CV were performed, followed by a chronopotentiometry (CP) step holding the current 

density at 0.5 A·cm−2 for 10 min (Figure S11a), and these CV-CP steps were repeated 20 times in 

a loop. The CV scans were used to monitor the evolution of (pseudo)capacitive current (see Figure 
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S10 for detailed implications underlying CV analysis), reflecting changes in the number of 

electrochemically active sites for a given sample, while the CP steps activate the catalyst surface 

under oxidative potential analogous to a conventional break-in process.  

Figure 3c shows the initial CVs up to the third loop in the above process. The self-supported 

Co(CO3)x(OH)y shows a progressive increase of capacitive currents upon each CP step, indicating 

continuous activation to active surface oxyhydroxide, while Co3O4 shows a steady decrease. This 

suggests that Co(CO3)x(OH)y undergoes greater surface reconstruction into the conductive and 

active CoOx(OH)y compared to Co3O4. This finding is interesting given that the Co(CO3)x(OH)y 

exhibits a much lower electrical conductivity than Co3O4 in powder form (6.4 × 10−5 mS∙cm−1 

versus 10.6 mS∙cm−1, respectively). This difference likely explains why Co(CO3)x(OH)y initially 

shows small capacitive currents. The capacitive current of the Co(CO3)x(OH)y pre-catalyst reaches 

a maximum at the 4th loop then decreases, whereas for Co3O4, it decreases continuously (Figure 

S11b,c), while CP steps exhibit an increase in cell voltage, suggesting progressive degradation. 

Consistent with previous studies,4, 5 this degradation is likely driven by ionomer oxidation and 

catalyst degradation as is discussed further below. It is worth noting that those degradation modes 

are accelerated from repeated potential cycling leading to greater degradation compared to 

constant-current operation. 

The superior performance of Co(CO3)x(OH)y at high current density may originate from its 

ability to sustain improved ionic conductivity to the catalyst active sites even when the ionomer is 

degrading via oxidation. Upon activation, Co(CO3)x(OH)y forms a (oxy)hydroxide surface that 

hosts water oxidation sites through the three-dimensional, hydrated structure. Like other metal 

oxides, these hydrated ionomer-free layers likely support a degree of hydroxide ion conductivity, 

such as found for TiO2,45 providing active sites spatially separated from the ionomer and thereby 

mitigating interfacial ionomer oxidation. Co3O4, however, does not undergo a substantial surface 

amorphization, leaving its OER sites in direct contact with the ionomer that can be degraded under 

oxidizing potential. This degradation limits OH− transport to the catalyst surface, particularly at 

high current and oxidizing potential. For reference, a crystallographic illustration of structural 

hydroxyl groups in Co(CO3)x(OH)y is shown in Figure S12 for comparison with Co3O4.46-48  

Consistent with the above hypothesis, the performance gap between Co(CO3)x(OH)y and Co3O4 

anodes becomes negligible when operated in 0.10 M KOH (Figure S13). For these KOH-fed tests, 

no ionomer topcoat was applied so that catalyst activation was driven solely by OH− supplied from 
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the electrolyte. The continuous OH− supply also enabled faster activation of Co3O4, yielding 

comparable HFRs, RCT, and kinetic parameters to Co(CO3)x(OH)y. We also note the possibility that 

the activation of each of the Co-based catalysts tested here is inhomogeneous due both to the 

electrical resistivity of the catalyst, as well as limitations in ion transport in cases where ionomer 

is used with pure water. 

Figure 3. (a) Polarization curves of pure-water-fed AEMWE cells at 56 °C with self-supported 
Co(CO3)x(OH)y and Co3O4 on Ni-alloy PTLs. (b) iR-corrected overpotential versus current density 
plot of self-supported Co(CO3)x(OH)y and Co3O4 on Ni alloy PTLs. (c) CV scans devices made with 
anodes of Co(CO3)x(OH)y and Co3O4 on Ni alloy PTLs in pure-water-fed AEMWE cells. The data 
shows the initial catalyst activation. s 

A durability test at 1.0 A∙cm−2 was conducted for Co(CO3)x(OH)y and Co3O4 anodes in pure-

water-fed AEMWE cells, with EIS and CV measurements taken before and after testing (Figure 

5 for Co(OH)x(CO3)y and Figure S14 for Co3O4). The Co3O4 anode shows faster voltage 

degradation of ~12 mV/h compared to ~8 mV/h for Co(CO3)x(OH)y, primarily driven by increases 

in both HFR and RCT (Figure S14b). Comparing CVs before and after the durability test, 

Co(CO3)x(OH)y retained 84% of its capacitance whereas Co3O4 retained 59% (Figure S14d). Post-

mortem XPS analysis (Figure S15) reveals that ionomer topcoats were highly oxidized and flushed 
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out after 20 h of cell operation for both anodes. SEM images (Figure S16) also show that most 

ionomers on the anode surface were gone, and that catalyst layers underneath ionomers were also 

degraded, which is likely due to higher oxidative potential on the anode as ionomer continuously 

oxidized. However, the Co(CO3)x(OH)y anode retained its nanoneedle structure, while the Co3O4 

anode showed significant catalyst layer structural breakdown. The Co3O4 anode exhibited a higher 

voltage during durability testing, suggesting that potential-driven ionomer oxidation may occur 

more rapidly than on Co(CO3)x(OH)y as well. This accelerated oxidation probably led to local pH 

drop at the catalyst surface under high OER current (which in the absence of OH− to consume, 

generates H+ from water), promoting the dissolution of Co species, and reducing the structural 

integrity of Co3O4 catalyst layer. Operando techniques, for example, X-ray absorption 

spectroscopy49-60 can be valuable for confirming oxidation states of Co species and investigating 

the degree of reconstruction of the different cobalt-based catalysts and elucidating how this 

influences ionomer oxidation under operating conditions. Online inductively coupled plasma mass 

spectrometry studies suggest that Co dissolution stabilizes after dissolution during initial cycling 

or break-in, originating from surface reconstruction and volume expansion.61, 62 Investigating Co 

leaching over longer operation times, when significant ionomer oxidation occurs, could help to 

decouple complex degradation mechanisms in AEMWE devices. 

 

Effect of Ionomer and Supporting Electrolytes. To systematically assess the impact of 

ionomer on the electrochemical response and AEMWE performance, a series of self-supported 

Co(CO3)x(OH)y anodes were prepared with PiperION loadings of 0, 0.1, 0.5, 1.0, and 1.5 mg·cm−2, 

deposited over a 1.9 mg∙cm−2 of catalyst loading. Without an ionomer topcoat, the cell voltage was 

2.31 V at 500 mA∙cm−2 (Figure 4a), showing poor kinetics, high cell resistance, and a rapidly 

increasing voltage from 300 to 500 mA∙cm−2, indicating insufficient OH− supply to the catalyst 

surface. Adding only 0.1 mg∙cm−2 of ionomer improved the cell performance reaching 2.05 V at 1 

A cm−2, presumably from insufficient ionomer coverage to maximize the catalyst activation 

(Figure S6). Increasing the ionomer loading further reduced voltage, but beyond 0.5 mg∙cm−2 

additional loading (up to 1.5 mg∙cm−2) only resulted in a 20-mV improvement at 1.0 A∙cm−2. 

Correspondingly, HFR and RCT were highest without ionomer, while those improved with 

increasing ionomer loading up to 0.5 mg∙cm−2 (Figure S17 and Table S3). 
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To compare with the above ionomer-coated pure-water system, ionomer-free Co(CO3)x(OH)y 

anodes were tested in varying KOH concentrations (Figure 4b). Even 1.0 mM KOH improved the 

performance to 2.14 V, while 100 mM KOH lowered the cell voltage to 1.84 V at 1.0 A∙cm−2. 

Consistently, performance improvement of ionomer-free anodes with increasing KOH 

concentrations was reflected in EIS data (Figure S18a and Table S4), where both HFR and RCT 

decreased, indicating improved ionic conduction and faster charge-transfer kinetics. 

For both ionomer-coated and ionomer-free anodes, we also analyzed the relationship between 

current densities at a low overpotential (evaluating kinetics) and capacitances. We note that the 

use of ionomer and pure water will focus the current density in the active regions of the porous 

electrode near ionomer and with electronically conductive pathways to the PTL current collector. 

Flooding the electrolyte with KOH will increase the ionic conductivity and tend to spread the 

current more evenly over the porous electrode volume, maximizing catalyst utilization. The iR-

corrected overpotentials as a function of logarithmic current density (Tafel plots) are plotted in 

Figures S17b,c and S18b. Ionomer-coated anodes in pure water showed deviations from linearity 

at higher current densities, which diminished as the KOH concentration increased for ionomer-

free anodes. This implies that KOH-fed systems better maintain OH− supply, whereas pure-water 

systems rely on the ionomers to provide OH−, likely experience a OH− concentration gradient at 

the anode surface, limiting the OER performance at higher current densities. CVs (Figure S19) 

show increasing capacitive current with higher ionomer loading or KOH concentration, confirming 

that an adequate local OH− concentration is central to increasing the number of active sites for 

OER.  

In general, we find that higher capacitances correlate with higher kinetic current density (at η = 

300 mV) as ionomer loading or KOH concentration increases (Figure 4c). Interestingly, at 

equivalent capacitances between KOH system and pure-water system, KOH-fed anodes showed 

much higher kinetic current densities than pure-water system. This could be due to several effects. 

First, the fast degradation of the ionomer directly at the catalyst surface may be unavoidable in the 

pure-water system, so the intrinsic activity of the ionomer-contacted OER catalyst might be 

impossible to measure with ionomer only. Or it may be that the intrinsic kinetics are in fact 

different; the cationic charge on the ionomer is all attached to the backbone of the polymer which 

prevents substantial conformational flexibility. The cations themselves are much larger than K+. 
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Both these effects might modulate the intrinsic site-specific reaction rates for the OER and merits 

further study. 

The activation behavior of Co(CO3)x(OH)y anodes was compared in AEMWE cells with dilute 

(0.1 mM) and more-concentrated (100 mM) KOH feeds with and without ionomer topcoats. With 

0.1 mM KOH, the ionomer-free anode requires large voltages to activate and stabilize, showing a 

substantial cell-voltage gap compared to ionomer-coated anode during the stepwise break-in 

procedure (Figure S20). This behavior is expected as the limited OH− availability hinders catalyst 

surface reconstruction as well as OER kinetics. Thus, the ionomer-free anode requires a higher 

cell voltage and longer time to activate while the ionomer-coated anode benefits from local OH− 

accessibility from the ionomer and thus shows a smaller voltage decay at each current step. In 

contrast, in 100 mM KOH, the performance gap between ionomer-coated and ionomer-free anodes 

is small and the voltage stabilizes in a similar way, indicating that OH− transport limitations are 

largely mitigated (Figure S20). EIS data even indicates that in concentrated KOH, the ionomer 

topcoat introduced additional resistance, shown by the lower HFR observed without ionomer 

(Figure S21e). Similarly, the capacitance increased with the presence of the ionomer topcoat under 

pure-water and dilute KOH conditions, but decreased in 100 mM KOH (Figures S19a and S21c,f), 

This results suggests that at higher KOH concentration, the ionomer layer may hinder OH− 

accessibility at the catalyst surface. 
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Figure. 4. (a) Scheme of ionomer-coated Co(CO3)x(OH)y anode and its polarization curves of pure-
water-fed AEMWE cells at 56 °C with different PiperION ionomer topcoat loadings. (b) Scheme of 
ionomer-free Co(CO3)x(OH)y anode and its polarization curves of AEMWE cells at 56 °C with 
different concentrations of KOH feed. (c) Plot of kinetic current densities at an overpotential of 300 
mV as a function of capacitance for ionomer-coated anodes in pure water and ionomer-free anodes 
in KOH. Dashed lines illustrate the trend but are not intended to represent a specific physical model. 

With an understanding of Co(CO3)x(OH)y pre-catalyst activation and the effects of ionomer and 

KOH supporting electrolyte on the cell performance, durability tests were conducted for 1.0 

mg∙cm−2 ionomer-coated Co(CO3)x(OH)y anodes in three different systems: pure-water feed, 100 

mM KOH feed, and a cell activated with 100 mM KOH then switched to pure-water feed. All cells 

were operated at 1.0 A∙cm−2 for 20 h (Figure 5a), with EIS and CV measurements recorded at the 

beginning of life (BOL) and end of life (EOL), and some intervals (Int I, Int II), where feed mode 

was changed in the system. The pure-water-fed cell degraded at 8.0 mV∙h−1 over the final 10 h of 
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the operation, while KOH feeding lowered the cell voltage by ~150 mV and stabilized (0.24 

mV∙h−1). In the KOH-to-pure-water system, upon flushing KOH out with pure water, the cell 

voltage initially increased by ~100 mV and degraded moderately at a rate of 2.7 mV∙h−1. These 

cell performance and durability will be correlated with CVs and EIS below. 

In the KOH-fed cell, a capacitance retention of 96 % between the BOL and EOL (Figure 5b), 

indicates that Co(CO3)x(OH)y with the reconstructed CoOx(OH)y surface layer maintained high 

catalyst utilization with sufficient OH− flux, consistent with suppression of ionomer oxidation from 

stabilized catalyst-ionomer interfaces by screening charge interactions at the catalyst-ionomer 

interface or preventing absorption.5, 63 When the KOH was replaced with pure water, the CV at the 

Int II stage showed pseudocapacitive behavior with distinct redox features around 0.9 to 1.0 V 

that are only marginally enhanced relative to the pure-water BOL sample, suggesting the effective 

removal of KOH from the catalyst surface, along with possible charge-screening effects. Extended 

operation beyond 10 h did not significantly change the CV features in the KOH-to-pure-water 

system (compare Int II vs. EOL), consistent with the aforementioned moderate voltage 

degradation rate. The capacitances calculated at different stages are summarized in Figure S22. In 

contrast, the pure-water-fed system exhibited a lower initial capacitance of 43 mF∙cm−2 at BOL, 

indicating the catalyst was not fully activated in pure water. At EOL, the capacitance decreased to 

36 mF∙cm−2 (84 % retention), reflecting a higher cell voltage degradation rate (8 mV∙h−1). It is 

possible that the higher cell voltage from less-activated catalysts (pure-water only) led to 

accelerated ionomer oxidation, hence reducing the Co active sites.  

EIS data (Figure 5c) is consistent with the above cell polarization and voltammetry data, 

showing similar EIS plots at the BOL and EOL for the KOH system, reflecting the stable cell 

voltage throughout operation. In contrast, RCT increased from 1.050 to 1.828 Ω·cm2 in the pure-

water system, consistent with the fast voltage increase and degradation. When the cell operated in 

KOH was flushed with pure water, RCT changed from 0.939 to 1.004 Ω·cm2, which is not 

significant; however, extended operation in pure water led to further degradation in RCT at EOL, 

reaching 1.292 Ω·cm2. This suggests that although the catalyst was fully activated in KOH without 

substantial ionomer degradation, the limited OH− accessibility when switching to pure-water 

initiated ionomer degradation at the catalyst surface. However, the increase in RCT was less severe 

compared to the EOL analysis of the device tested in pure water only (Table S5). HFRs in all 
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systems decreased over 20 h, suggesting better interfacial ionic contact through 

ionomer/membrane from hydration or via slow membrane thinning.64 

In the pure-water system, anodes suffered structural damage following operation, as evidenced 

by ionomer oxidation and catalyst degradation (Figures S15 and S16). In the KOH and KOH-to-

pure-water systems, the catalyst-ionomer interface remained more stable. The SEM images (Figure 

S23) show that ionomer coverage was retained in both systems and XPS data (Figure S24) 

indicates a substantial reduction in ionomer oxidation. This stability is likely due to catalyst 

surface-charge-screening effect from supporting electrolytes and lower oxidizing potentials, 

suggesting a small degree of interfacial stabilization from the pre-treatment in KOH that may leave 

residual absorbed cations.  

Figure 5d illustrates hypothesized molecular-level models of the anode catalyst-ionomer 

interfaces in different feed modes. Under oxidative potentials, Co(OH)x forms CoOx(OH)y from 

oxidation of the metal centers at the catalyst surface. The degree of catalyst reconstruction appears 

limited to available OH− from ionomer contacting the catalyst in the pure-water system, while 

mobile KOH increases the formation of CoOx(OH)y. The direct contact between the active 

CoOx(OH)y and ionomer promotes electrochemical oxidation of ionomer, a dominant failure 

mechanism. Co-based anode catalysts with hydroxyl groups, partially deprotonated in the alkaline 

conditions (pH > PZC ≈ 9),65 can interact with the ionomer backbones or cationic groups and may 

also specifically absorb. However, when the cell is flooded with KOH, K+ may adsorb at the 

catalyst surface, reducing absorption either via molecular or electrostatic mechanisms.5, 63  

From this picture, we hypothesize that the improved performance and durability of the KOH-

to-pure-water compared to pure-water-only cell is due to KOH-modulated activation of 

Co(CO3)x(OH)y, then even after flushing KOH out with pure water, residual K+ ions may interact 

with reconstructed catalyst surface, slowing ionomer oxidation and lowering the cell voltage. One 

might question whether the observed improvement in durability arises from catalyst pre-activation 

by Fe impurities present in KOH. We consider this possibility unlikely, as dynamic Fe dissolution 

and redeposition at the catalyst-ionomer interface are known to deteriorate the long-term stability 

in pure-water-fed AEMWEs.4, 26  

The above data and analysis suggest that pre-absorption or activation in other electrolytes might 

be useful in exploring how to stabilize the interface. Based on, for example, hard/soft acid-base 

ideas,66, 67 other ions with stronger interactions with the metal oxy(hydroxide) catalyst surface may 
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provide additional pathways to prevent direct interaction between the catalyst and ionomer, 

suppressing ionomer oxidation. The nature of catalyst-counterion interactions in the supporting 

electrolyte probably depends on both catalyst surface charge and the ionic charge, and radius of 

cations.  

Figure 5. Understanding degradation modes for AEMWE anodes water and KOH feed. (a) 
Durability test of KOH-fed, KOH-to-pure-water-fed, and pure-water-fed AEMWE cells with 
PiperION coated Co(CO3)x(OH)y anodes. The cell was held at 1.0 A∙cm−2 at 56 °C. During the 
durability test, CV and EIS were obtained at different stages. For the KOH-to-pure-water-fed system, 
the cell was activated in KOH for 2 h (until Int I) then flushed with pure water (until Int II). 
Corresponding (b) CVs at a scan rate of 100 mV∙s−1, and (c) EIS curves at a current density of 50 
mA∙cm−2. (d) Molecular-level schemes of catalyst-ionomer interfaces with different feed modes at 
the end of life. Related processes include (i) the catalyst surface interacting with KOH supporting 
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electrolyte and/or ionomer; (ii) surface reconstruction of Co(CO3)x(OH)y to more active and 
conductive CoOx(OH)y at oxidative potentials (iii) oxygen evolution reaction; and (iv) oxidation. The 
degree of catalyst surface reconstruction is higher with KOH feed due to mobile K+ and OH−. Less 
ionomer degradation is evident with electrolyte screening surface charge of the catalyst and physical 
moving ionomer further away from the catalyst surface. In the pure-water system, direct contact 
between active catalyst and ionomer leads to severe ionomer oxidation. In the KOH-to-pure-water 
system, activated CoOx(OH)y and residual K+ extended lifetime of the cell compared to the pure-
water system.   
 

The durability of self-supported anodes in pure-water AEMWE is limited (Figure 5a) due to 

ionomer oxidation and resulting local acidification under OER, which accelerates catalyst 

dissolution and mechanical breakdown. In the self-supported anode geometry, where the catalyst 

surface is largely covered by ionomer, facile electron transport through the catalyst layer may both 

lower voltage but also facilitate the ionomer degradation, in turn accelerating cell degradation. For 

the NP-based anode, the disconnection between catalyst nanoparticles, caused by electronically 

insulating ionomers covering the catalyst surface results in fewer available Co active species, and 

inferior performance, but somewhat lower voltage degradation rate (Figure S25).  

To mitigate the degradation of self-supported anodes, a 3.5-nm thick HfOx passivation layer 

was deposited by atomic-layer deposition, based on our previous work,27 and shown to stabilize 

the catalyst-ionomer interface (Figure S26). While the proposed 15-h test is not sufficient to 

demonstrate the long-term viability of self-supported anodes with passivation coatings for 

commercial applications, it motivates further optimization of these coatings in robustness and ion 

permeability. 

 

Conclusion 

Self-supported, non-PGM Co-based anodes for AEMWE were prepared via a 

hydrothermal reaction. The self-supported Co3O4 anode was compared to the conventional Co3O4 

nanoparticle ink-based anode, illustrating the importance of catalyst connectivity in device 

electrochemical response. We compared self-supported Co(CO3)x(OH)y and Co3O4 anodes and 

discovered improved performance and durability for Co(CO3)x(OH)y which readily converted to a 

more-active and water-permeated CoOx(OH)y phase. Self-supported anodes in a pure-water-fed 

AEMWE with ionomer solid electrolyte had less interfacial capacitance and thus fewer accessible 
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active Co species than equivalent anodes with KOH supporting electrolytes. These data lead to a 

molecular picture whereby the systems with the best performance had a water-permeated 

CoOx(OH)y phase present that is able to conduct both electrons and hydroxide. These phases have 

improved durability when modified with even small amounts of KOH in addition to the solid 

ionomer which help screen interfacial ionomer absorption and ionomer oxidation. A dedicated 

study of interface structure, however, is needed to fully test this hypothesis.  

With these new insights into the anode catalyst structures and their interfaces with ionomer 

and electrolyte, we suggest methods to engineer improved self-supported anodes for pure-water-

fed AEMWE systems. First, the current ionomer coating process is simple, either spray coating or 

dip coating to meet the desired ionomer topcoat loading. These non-optimized methods result in 

the ionomer coating the surface of the catalyst layer and some of the pores of the PTL. To maximize 

the catalyst-ionomer interface area, better methods to infiltrate ionomer through the deep pores of 

the catalyst coating are needed that co-optimize interface properties, ion transport, and reactant 

and product transport. The local pH and hydroxide-ion conductivity near the catalyst surface might 

also be improved with ionomers with higher ion exchange capacities (IECs),35 for example 

specifically in the interface layer. The catalyst layer itself can be improved by targeting OER 

catalysts that have metallic conductivity, such as perovskite oxides,68 and that can be engineered 

with appropriate three-dimensional structures and with controlled reconstruction of surface 

structures, but such metallic catalysts will likely need specific interface passivation layer 

development to prevent ionomer oxidation. Pre-activation or in-situ activation of such synthesized 

samples might be controlled and optimized for performance and durability by controlling the 

extent of oxyhydroxide formation. These more-active, electrically conductive, and morphology-

engineered catalysts could then be modified with surface passivation layers, better designed to 

promote catalysis and hydroxide ion transport, building on the preliminary examples with the HfOx 

coating demonstrated here. 

 

Methods 

Hydrothermal growth of Co(CO3)x(OH)y and Co3O4 on Ni alloy PTL. In a glass jar, 35 mmol 

of Co(NO3)2 hexahydrate and 7.5 mmol of urea, CO(NH2)2, were dissolved in 30 mL of 18.2 

MΩ·cm high-purity water. A Ni alloy PTL substrate (Hastelloy X, Technetics Inc.) was cut in 3.3 

× 3.3 cm2, backside-masked with a 0.002-inch-thick polytetrafluoroethylene (PTFE) film and 
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supported by PTFE threaded rods and Nylon nuts. When the tripod-supported substrate was 

submerged in the solution and heated up to 100 °C in an oven, Co(CO3)x(OH)y grew on the PTL 

as well as precipitated. The hydrothermal reaction time was varied to control the loading of 

deposited material with 10 h found to be optimum. After hydrothermal synthesis, the sample was 

taken out of the jar, washed with excess pure water, and dried overnight to measure the mass 

loading. Co(NO3)2 hexahydrate to urea ratio was optimized as the recipe shown here. To prepare 

Co3O4 anode, the as-synthesized Co(CO3)x(OH)y sample was annealed at 300 °C for 2 h. 

Preparation of HfOx coating. A HfOx coating was deposited on top of a self-supported Co3O4 

anode using an atomic layer deposition system (Savannah, Ultratech). A HfOx layer 3.5 nm thick 

was deposited from repetitive cycles of ALD deposition with 0.4 s pulses of water and 0.015 s 

pulses of tetrakis(dimethylamido)hafnium(IV), TDMAHf, with an interval of 5 s between each 

pulse at 250 °C. A Si wafer was put inside the ALD chamber along with Co3O4 coated Ni alloy 

PTL to measure the thickness of the HfOx film using an ellipsometer. 

Materials Characterization. Powder X-ray diffraction (PXRD) patterns were obtained to identify 

the dominant crystalline phase(s) of the prepared catalyst with a Bruker D2 Phaser benchtop 

diffractometer (Cu K-alpha radiation, λ=1.54 Å). Powder electrical conductivity was measured 

following literature procedures.4 For example, 100 mg of catalyst powder was pressed to form a 

pellet, and a current-voltage curve was obtained and used to estimate the electrical conductivity of 

the pellet. A M-2000 spectroscopic ellipsometer (J.A. Woollam) was used to calculate HfOx ALD 

film thickness on a Si wafer. The optical response from 240–1688 nm was fitted with a model of 

a dielectric film on a Si substrate. Scanning electron microscopy (SEM) images were obtained 

with a Helios Hydra (Thermo Fisher) at 5 kV using ETD or TLD mode. The anodes were cross-

sectioned using a plasma focused-ion-beam (PFIB) and SEM images were obtained with elemental 

maps using an EDS analyzer. X-ray photoelectron spectroscopy (XPS) measurements were 

conducted using an ESCALAB 250 (Thermo Scientific) using an Al Kα mono-chromated source 

with 20 eV pass energy (500 µm spot-size). The binding energies were calibrated with the C 1s 

spectra (main carbon peaks at 284.8 eV). For post-mortem XPS analysis, cell operated anodes 

were soaked in 3 M NaCl to ion-exchange ionomer from OH− to Cl− form, washed with pure water 

vigorously and dried in air before XPS measurements. 
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Electrode preparation. NP-based electrodes were prepared by spray-coating ink solutions to 

anode and cathode PTLs. The catalyst ink solution was prepared by mixing 100 mg of nanocatalyst 

powder, 200 mg of 5 wt% PiperION ionomer dispersion (TP-85, Versogen), 0.5 g of 18.2 MΩ·cm 

high-purity water, and 1.7 g of isopropyl alcohol, corresponding to a catalyst:ionomer weight ratio 

of 10:1. The ionomer in the spray-coated layer is intended to prevent catalyst nanoparticle 

aggregation during ink preparation and spray-coating and to facilitate ionic conduction near the 

catalyst surface during the AEMWE cell operation. The mixed solution was sonicated for 2 h with 

a cooling water line immersed in the sonication bath. Pt black (Fuel Cell Store) ink solution was 

spray-coated on carbon paper (Toray 090, Fuel Cell Store) to prepare cathodes. Co3O4 (30–50 nm, 

US Research Nanomaterials) ink solution was spray-coated on Ni-alloy PTL as anodes. During 

spray-coating, the substrates were fixed on a hot plate at 80 °C to dry out solvent and form catalyst 

layer. After 1.5-2 mg∙cm−2 of catalyst layer loading was obtained, a thin ionomer topcoat (10-20 

wt% of catalyst loading, generally 0.1-0.2 mg∙cm−2) was applied by spraying 2 wt% PiperION 

dispersion.3, 27 For self-supported anodes after hydrothermal synthesis, PiperION topcoats were 

applied by dipping the anode into 2 wt% PiperION dispersion with the catalyst-coated sides facing 

down. After dipping, the samples were placed on the hot plate at 80 °C to remove solvent. The 

dipping-and-drying step was repeated until the target ionomer loading was obtained with a typical 

loading of 1 mg∙cm−2. The loading of ionomer topcoat was calculated from the mass difference of 

anodes before and after dip-coating. Ionomer-free anodes were tested in the electrolyzer without 

this dip-coating procedure. 

Membrane electrode assembly (MEA) fabrication and AEMWE single cell operation. The 

AEMWE single cell assembly was adopted from literature.3, 27 A preconditioned AEM (40 µm 

PiperION, Versogen) was sandwiched between 1.0 cm2 precut cathode and anode electrodes with 

gaskets. The MEA was compressed in flow fields and bipolar plates. 18.2 MΩ·cm high-purity 

water was supplied to both anode and cathode from a water tank at 60 mL·m−1. The cell 

temperature was set to 56 ± 1 °C with the water tank (15 L) at 62 °C. KOH electrolyte was prepared 

by dissolving KOH pellets (Thermo Scientific Chemicals, 85%) dissolved in DI water without 

additional purification steps. Thus, trace Fe impurities were present. Different concentrations of 

KOH prepared in the KOH tank (6L) were fed to both anode and cathode for KOH concentration-

dependent performance measurements.  
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The electrolyzer test was conducted with a BioLogic VSP-300 potentiostat equipped with 

a 10 A/5 V booster. Starting from 100 mA∙cm−2, the current applied to the cell was stepped up to 

1.0 A∙cm−2 with an interval of 100 mA∙cm−2 as a cell break-in procedure. The current was held for 

2 min for each current step. After breaking in the cell, the current was stepped down with an 

interval of 100 mA∙cm−2, held for 10 s for each step, back to 100 mA∙cm−2 with two additional 

current steps to 50 and 10 mA∙cm−2 to obtain a polarization curve. Electrochemical impedance was 

measured at 50 mA∙cm−2 with a frequency range of 1 MHz to 100 mHz. Cyclic voltammograms 

were obtained by sweeping a cell voltage between 0.6 V and 1.0 V with a scan rate of 100 mV∙s−1, 

which is sufficiently fast to observe limitations of electron and OH− transport affecting the 

measured number of electroactive sites. The capacitances were determined by averaging charges 

over the sweeping potential range during a CV scan. For durability tests, the cell was held at either 

500 mA∙cm−2 or 1.0 A∙cm−2 for a certain period. EIS and CV measurements were repeated after 

the durability test. When the cell was operated with KOH feed, the current was held up to 2.0 

A∙cm−2 for the initial cell break-in and obtaining polarization curve. To monitor the activation and 

degradation of Co(OH)x(CO3)y and Co3O4 anodes, the cell was cycled with a voltage range of 0.6 

V to 1.0 V 50 times (CVs) then a constant current of 0.5 A∙cm−2 was applied for 10 min (CP). The 

CV and CP steps were repeated 20 times in a loop. For durability comparison with different feed 

modes, EIS and CV were obtained before and after operating at 1.0 A∙cm−2. For the KOH-to-pure-

water system, the cell was initially operated with 100 mM KOH feed for 2 h, and EIS and CV 

collected to monitor the initial catalyst activation (Int I). Subsequently, the cell was flushed with 

> 4 L of pure water to remove the KOH (with the exception perhaps of strongly absorbed species) 

then the operation continued for an additional hour with the cell connected and recirculated with a 

large pure water reservoir (~15 L). After these steps, the durability test was interrupted to obtain 

another set of EIS and CV (Int II) to assess how the activated catalyst changed upon transitioning 

to the pure-water system. 
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