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Abstract: Anion-exchange-membrane water electrolysis (AEMWE) is an emerging technology 

for scalable hydrogen production. AEMWE has poor durability when operating without supporting 

electrolyte due to the oxidation of ionomers and membranes in contact with anode oxygen 

evolution reaction (OER) catalyst. We report a new “passivated” anode architecture for AEMWE 

where OER catalysts and ionomers are physically separated with a thin film amorphous oxide 

coating that is electrically insulating but conductive to hydroxide ions. We find that 2–3 nm of 

HfOx passivation layers show sufficient hydroxide ion transport to minimally limit the cell 

performance while suppressing ionomer degradation with both Ir (500 mA·cm−2 for 40 h) and 

CoOx (1.0 A·cm−2 for 100 h) model porous-transport-layer-supported catalysts in AEMWE. This 

interfacial engineering approach guides electrode design to improve the durability of AEMWE, 

particularly for systems operating with pure water feed. 
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Article Text 

Proton-exchange-membrane and alkaline water electrolysis (PEMWE and AWE) systems are 

the leading commercial technologies for green H2 production. However, the locally acidic 

operating environment in PEMWE requires the use of expensive acid-stable catalysts, like IrO2, 

and bipolar plates.1-2 Fluorinated polymers are also used for the membrane/ionomer in PEMWE 

which might limit the deployment of PEM electrolyzers,3 although this is likely manageable in the 

closed electrolyzer water loop. In contrast, AWE uses concentrated KOH electrolyte, with cheaper 

earth-abundant catalysts and flow fields / bipolar plates, thus lowering the system cost per 

electrode area. AWE, however, has traditional limitations in operating current density and 

hydrogen purity, crossover, and electrochemical pressurization.4-5 Anion-exchange-membrane 

water electrolysis (AEMWE) is an emerging technology that, in principle, combines advantages 

for both PEMWE (zero-gap configuration with electrolyte-free water feed, no soluble electrolyte, 

differential pressure, variable load, etc.) and AWE systems (the use of inexpensive non-platinum-

group-metal catalysts and cheap bipolar plates).6-8  

While much effort has gone to anion-exchange membrane/ionomer development for AEMWE 

stability in the presence of the strong OH- nucleophile,9-13 as well as in catalyst development,14-18 

the durability of the system remains the primary limiting factor for commercialization and scale-

up.4, 8, 19-20 Supporting electrolyte KOH feed (typically 0.1 to 1 M KOH) has been used to 

compensate the substantial performance and durability loss from instable ionomer/membrane of 

pure-water AEMWE system,21-22 and AEM electrolyzers with dilute KOH feed have been 

commercialized by Enapter.23 The dilute KOH decreases the voltage degradation rate at least an 

order of magnitude compared to the pure water feed,7, 21, 24 although the soluble electrolyte re-

introduces some of the limitations of traditional AWE. For example, there are possible issues with 

increased balance-of-plant cost, shunt currents, and reverse polarizations on shutdown.25-28  

In pure-water AEMWE, and likely also (to a lesser extent) in liquid-KOH AEMWE, the 

oxidative instability of ionomers/membranes at the anode driving the oxygen evolution reaction 

(OER) is a key durability issue.29-31 The anode catalysts and ionomers are traditionally in direct 

contact in the catalyst layer, and thus ionomers must be stable under the simultaneously highly 

oxidizing and strongly alkaline environment. However, even fluorocarbon polymers like Nafion 

degrade under these conditions,21 perhaps because the oxidative bias increases the rate of 

https://doi.org/10.26434/chemrxiv-2024-lp0l6 ORCID: https://orcid.org/0000-0002-2515-5557 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-lp0l6
https://orcid.org/0000-0002-2515-5557
https://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

   
 

nucleophilic attack by the hydroxide (Nafion ionomer is nominally stable at an acidic anode). 

These anode ionomer-degradation processes increase the overvoltage at the anode due to loss of 

active catalyst surface area and increased hydroxide-transport-related losses. 

The oxidative instability of ionomers interfaced with catalysts might be mitigated by 

interfacial engineering strategies, for example, by adding a thin film of electrically insulating metal 

oxides between ionomer and catalysts that block the electron flow from ionomers to catalysts but 

permits ions to transport. Thin layers of SiOx and other metal oxides have been coated on top of 

electrocatalysts to minimize the undesired catalyst degradation processes32-37 (i.e., dissolution, 

catalyst-particle coalescence, detachment, or chemical poisoning) with desirable permselectivity 

towards reactants to maintain the electrocatalytic activity.38-39 Metal-oxide coatings on battery 

electrode materials have been similarly used to prevent chemical attack and improve lifetime and 

electrolyte stability under cycling.40-41 Because reactive electrochemical interfaces are broadly 

important in technology, strategies for understanding and engineering interfacial layers to enhance 

durability are of significant value.  

Here we investigate interfacial engineering to stabilize ionomer contacting the anode catalyst 

in AEMWE systems. We developed “passivated” anodes consisting of HfOx-coated IrOx or CoOx 

nanostructured OER catalysts grown directly on the porous transport layer (PTL, sometimes also 

referred to as the gas diffusion layer or GDL). The model OER catalyst is prepared by thermal 

oxidation of an evaported metal layer on a stainless steel PTL. The interface is stabilized by adding 

HfOx via atomic layer deposition (ALD), prior to fabricating and testing pure-water-fed AEMWE 

cells. The passivated anodes showed reduced interfacial anode-ionomer oxidation and improved 

durability with a small decrease in voltage efficiency compared to the unpassivated control devices. 

The electronic insulation of the passivation coatings was mapped with conductive-atomic force 

microscopy (c-AFM), and post-mortem XPS analysis showed that catalyst-ionomer interface was 

stabilized with the thin film of HfOx. Other than inorganic-based materials, of which there are 

likely many with similar roles to HfOx, PTFE additives have been incorporated in anode catalyst 

layers as oxidative-resistant binders, although ionic resistance from the non-ion-conducting PTFE 

led to poor performance.21 We discuss strategies to improved passivation layers that are ideally 

electronically insulating, chemically stable, basic oxides that absorb protons from water providing 

free OH− for conduction through the layer. These new concepts in catalyst-ionomer interfacial 
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engineering are likely to play a key role in AEMWE and other emerging electrochemical 

technologies where dynamic and reactive interfaces are central to performance.  

 Catalyst-Ionomer Interfaces. Figure 1 shows the AEMWE single-cell configuration with a 

conventional- and passivated-anode structure, along with their degradation and working 

mechanisms. Catalyst-coated electrodes and the AEMs are assembled and fed with pure water to 

generate H2 and O2 gas at the cathode and anode, respectively (Figure 1a). Conventional anodes 

are fabricated by spray-coating catalyst/ionomer ink onto porous PTLs prior to integrating with 

the membrane in the cell (Figure 1b). In a microscopic picture of the catalyst-ionomer interface, 

the ionomer conducts OH-, facilitating the OER at the interface with the catalyst (Figure 1b.i). This 

direct physical contact, however, allows electrons to flow from ionomer to catalyst, leading to 

electrochemical oxidative degradation of ionomers (Figure 1b.ii).  

We demonstrate a new type of passivated anode (Figure 1c) where a thin OER catalyst layer 

grown directly on a PTL is coated with a metal-oxide thin film, here HfOx, prior to adding ionomer. 

This passivation layer is meant to allow the transport of hydroxide ions, due to the porosity in the 

amorphous oxide, but insulates (ideally) against direct electron transfer between catalysts and 

ionomers (Figure 1c.i). HfOx was chosen as a passivation layer material because as an amorphous 

thin film it is electrically insulating (and thus used as a gate dielectric in the semiconductor 

industry),42-43 it has high alkaline stability,43 and probably suitable for ion transport as are other 

thin amorphous oxides44 and oxide surfaces.45-46 HfOx can also be deposited using well-established 

procedures and precursors in robust, conformal films by atomic layer deposition (ALD);47-48 a 

technique sufficiently cost-effective and scalable to be integrated into catalyst/PTL processes.49-50  
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Fabrication of model anodes. To study the effect of passivation coatings at the catalyst-

ionomer interface, simplified Ir- and CoOx-based anodes were built. In one case, A 75-nm layer of 

Ir metal was deposited on a stainless steel (SS) PTL as a catalyst layer using electron-beam 

evaporation. To enhance the performance of the Ir anode, we tried annealing the as-deposited 

samples to transform metallic Ir to iridium oxide. However, oxidation required ~600 °C to form 

iridium oxide (Figure S1) and concomitant oxidation of the SS PTL substrate apparently led to 

additional resistance. In another case, we deposited ~150 nm of Co on SS PTLs which were 

annealed at 300 °C to yield cobalt oxides which had better performance and stability (Figure S2). 

Scanning electron microscopy (SEM) images (Figures 2a and 2b) show uniform surface coverage 

and morphology of Ir and CoOx catalyst layers on the SS GDLs. While the Ir catalyst layer was a 

continuous film with island-type particles on the SS GDL, the CoOx catalyst layer developed 

nanostructured platelets on the SS PTL driven by thermal annealing and oxide crystallization. SEM 

cross-sectional images were obtained using focused ion beam (FIB) milling which illustrate the 

uniformity of the catalyst layers on SS GDLs. The thicknesses of Ir and CoOx catalyst layers were 

Figure 1. (a) AEMWE single-cell configuration. (b) Conventional anode structure interfacing bulk membrane with a 

corresponding microscopic picture of the catalyst-ionomer interface describing ionic and electronic processes: i. OH- 

transport and OER, ii. oxidative ionomer degradation. (c) Passivated anode interfacing bulk membrane with a 

corresponding microscopic picture of the passivated catalyst-ionomer interface describing ionic and electronic 

processes: i. OH- transport and OER with HfOx coating and ii. suppression of ionomer degradation with an 

electronically insulating HfOx layer. 
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~75 nm and ~200 nm, respectively (Figures 2c and 2d). X-ray photoelectron spectroscopy (XPS) 

spectra of Ir 4f and Co 2p were used to assess the chemical state of the as-synthesized catalysts 

(Figures 2e and 2f).   

Fabrication of passivation coatings. The anode passivation, a HfOx thin film, was deposited 

on top of the catalyst layer using ALD. The thickness of the HfOx controls the OH- transport and 

electron-insulating properties, as well as the electrochemical and mechanical stability of the films. 

Figure 3a shows a cross-sectional SEM image of a 2.5-nm-thick HfOx-coated CoOx electrode with 

a topcoat of PiperION ionomer. High-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images with energy dispersive X-ray spectroscopy (EDS) mapping 

(Figure 3b) and a line-cut scan of elements (Figure 3c) show individual layers; a SS PTL, CoOx 

catalyst, HfOx passivation layer, and PiperION ionomer. The electrical insulation of HfOx was 

tested using conducting atomic-force microscopy (c-AFM). Electrical current through the HfOx on 

a partially coated Pt metal film was measured, along with height, under voltage bias. Figures 3d 

Figure 2. SEM images of (a) Ir-based electrode and (b) CoOx-based electrode showing surface features. Cross-

sectional SEM images of (c) Ir-based electrode and (d) CoOx-based electrode. XP spectra of (e) Ir-based electrode and 

(f) CoOx-based electrode. The XP spectra fits were made assuming metallic Ir with a surface oxide layer (Ir4+) in Ir 4f 

spectra and mixed oxidation states of Co3+/Co2+ in the Co 2p spectra (most likely forming Co3O4 after annealing). 
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and 3e show that ~2.5 nm of HfOx thin film was deposited on the Pt layer and that this nanoscale 

film is conformal enough to insulate the conductive Pt surface. Thickness-dependent c-AFM 

measurements are further shown in Figure S3. 

Effect of passivation coating on Ir and Co system. PiperION, and other ionomers, are prone 

to oxidation when in contact with IrOx at oxygen evolution potentials.30-31 We started with metallic 

Ir as a model catalyst to investigate the role of HfOx passivation layers on the oxidation process. 

Ir-based anodes, with HfOx coatings of 0.8, 3.5, 4.8, and 12 nm in thickness (calibrated based on 

thicknesses found on Si witness wafers placed in the same deposition process), were prepared and 

denoted as Ir-Hf0.8, Ir-Hf3.5, Ir-Hf4.8, and Ir-Hf12. The series of passivated anodes was evaluated 

in a 1 cm2 AEMWE device. Before assembling the electrodes in the single cell, a thin layer of 

PiperION was spray-coated on the anode surface as a topcoat with a loading of 0.1–0.2 mg·cm−2 

to improve ionic contact with the bulk PiperION membrane. All AEMWE tests were conducted in 

the electrolyzer hardware at 56 ± 1 °C with pure-water feed, while same cathode (Pt on carbon 

paper) and membrane (40-μm PiperION) materials were used to investigate the effects of 

passivation coatings on anodes in the cell. The temperature and materials were selected based on 

previous AEMWE literature with pure-water feed21, 30-31 to establish a comparable model anode 

system to conventional nanoparticle-based anodes. The polarization curves obtained with uncoated 

Figure 3. (a) Cross-sectional SEM image of CoOx anode with 2.5 nm of HfOx coating and a PiperION topcoat. (b) 

HAADF-STEM images of HfOx coated CoOx anode with EDS elemental maps of Fe, Co, O, and Hf (scale bars = 100 

nm). (c) Line-cut STEM-EDS plot of Fe, Co, O, and Hf elements illustrating the layers. (d) AFM height (left) and 

current map (right) of 2.5 nm of HfOx on Pt/Ti on glass and (e) their corresponding line-cut plots. 
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and HfOx-coated Ir-based anodes are shown in Figure 4a. Compared to the unpassivated Ir-based 

anode, labeled as Ir, the HfOx-passivated anodes initially performed worse. This is likely because 

of the additional ionic resistance across the HfOx, leading to the cell voltage increasing by 0.8 V 

for the thickest 12 nm HfOx at 500 mA·cm−2.  

Electrochemical impedance spectroscopy (EIS) shows that the performance loss comes from 

an increase in apparent charge-transfer resistance with increasing HfOx thickness, rather than high 

frequency resistance (Figure 4b). This suggests the HfOx coatings led to decrease in the active 

surface area of Ir catalysts, blocking the active sites and affecting the OER activity of Ir electrodes, 

as opposed to contributing additional ohmic resistance. However, the durability data at 500 

mA·cm−2 shows different cell-voltage degradation behavior of uncoated and HfOx-coated Ir 

electrodes (Figure 4c). While the Ir control electrode, without any passivation layer, degraded 

rapidly (increasing voltage by ~0.3 V in 1 h), the HfOx passivated Ir anodes degraded slower even 

though they had higher initial cell voltages.  

Cycle stability tests were also performed on fresh Ir anodes with and without HfOx passivation 

layers. The cell voltage was cycled between 0.6 V and 2.2 V, with a scan rate of 100 mV·s-1 to 

investigate the cell activation and degradation observed during the initial stages of the durability 

test (Figure S4a and S4d). Every 50 cycles, polarization and EIS data were obtained (Figure S4). 

The Ir sample without passivation showed significant performance loss, likely attributed to anode 

ionomer and catalyst/ionomer interface degradation. In contrast, the Ir-Hf3.5 sample showed 

performance improvement throughout the cycling test as well as reduction in charge-transfer 

resistance. This data is consistent with the need to control the reactive catalyst/ionomer interface 

for durability. 

 After 40 h of AEMWE operation at 500 mA·cm−2, 3.5-nm-HfOx-coated Ir had the lowest cell 

voltage of all Ir-devices tested. This result demonstrates the opportunity for durability 

improvement by implementing the passivation layers in the anode architecture. The Ir-Hf4.8 and 

Ir-Hf12 samples were operated at the lower current density of 200 mA·cm−2 and plotted in Figure 

S5a because of their high resistivity of HfOx coatings. Of the coatings tested here, 3.5 nm of ALD 

HfOx was thus found to be the best.  

In a second series of devices, the CoOx on SS PTL annealed at 300 °C was compared to HfOx-

coated CoOx anodes similarly prepared and tested as previously but with a narrower range of HfOx 

thickness including 0.6, 1.1, 2.5, and 4.5 nm (CoOx-Hf0.6, CoOx -Hf1.1, CoOx -Hf2.5, and CoOx 
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-Hf4.5). To improve catalyst-membrane contact and achieve better cell performance, we used a 

dip-coating method, adopted from the literature,51 to coat the nanoplatelet CoOx-based electrodes 

with PiperION ionomer, which led to a higher loading of ionomer at ~1 mg·cm−2. The effect of 

different ionomer topcoat preparation procedures is described in Figure S6.  

The polarization curves of the bare CoOx, and those coated with HfOx, were tested in small 1 

cm2 AEMWE cells (Figure 4d). As with the Ir-based electrodes, the bare CoOx electrode initially 

performed best, and the HfOx caused incremental increases in initial cell voltage with thickness. 

Analysis of the impedance spectra shows that HfOx increases the initial charge-transfer resistance 

(Figure 4e). During the durability test at 1 A·cm−2, however, different cell voltage degradation 

rates (Figure 4f) were found. We decomposed the total cell voltage into anode and cathode 

contributions using a previously validated membrane-sensing reference electrode technique52 

(Figure S7 and Tables S1 and S2). While the anode voltage contributions were higher with the 

HfOx-coated CoOx electrodes than without the HfOx coating, likely due to suppression of OER 

active sites requiring further interface engineering, the passivation layer did decrease the voltage 

degradation rate from 1.7 mV·h−1 for the uncoated sample to 0.7 mV·h−1 for CoOx-Hf2.5.  

Conventional nanoparticle-based anodes (Co3O4) were also prepared and operated at 1 A·cm−2 

for comparison (Figure S8). The cell voltage degradation rate for the Co3O4 nanoparticle anode 

from the last 50 h was 2.3 mV·h−1, higher than any of the uncoated or HfOx-coated CoOx-based 

electrodes, likely in part because the oxidative degradation is coupled to more-severe mechanical 

degradation for the powder catalyst-based electrodes.21 Similar to the Ir-based electrode, AEMWE 

cycling tests on CoOx anodes with and without the passivation layer were conducted (Figure S9). 

The CoOx electrode without the HfOx coating had the cell voltage increase from 2.22 V to 2.30 V 

at 1 A·cm−2 before and after 300 cycles, while CoOx-Hf2.5 had the cell voltage decrease from 2.41 

V to 2.28 V at 1 A·cm−2. The passivation layer in this cycling experiment is likely stabilizing the 

interface and suppressing metal-oxide redox that may additionally contribute to interface 

morphological degradation on top of ionomer oxidation. The activation process with cycling is not 

fully understood. 

Given the recent interest in KOH-fed AEMWE as a hybrid technology bridging conventional 

alkaline electrolysis with membrane technologies, selected anodes were tested in 0.1 M KOH at 

75 °C (Figure S10) and 2 A·cm−2. These conditions accelerate operative degradation modes. The 

passivated anodes showed higher initial operation voltages but lower degradation rates, consistent 
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with improved anode durability. We note that compared to tests in pure-water at lower current, 

additional degradation modes besides those at the anode may be operative that must be isolated 

and further addressed. We also note that we tested ALD TiOx as an alternative passivation material 

candidate along with HfOx, finding the HfOx more promising in our screening test (Figure S11) in 

terms of ion-conducting (lower cell voltage) and electron insulating (less ionomer degradation) 

properties. 

 

Post-mortem analysis. XPS analysis was used to characterize the ionomer-related chemical 

species present before and after the durability tests at 500 mA·cm−2 for 40 h and at 1.0 A·cm−2 for 

100 h for Ir and CoOx samples, respectively. PiperION ionomer consists of a rigid aromatic carbon 

group. PiperION can be oxidized during AEMWE operation to lose charged nitrogen and 

fluorinated species and fragment the aromatic backbone (Figure 5a).29, 53  

Figure 4. (a) Polarization curves of AEMWE cells with uncoated and HfOx-coated Ir-based anodes, (b) 

corresponding EIS curves at a current density of 50 mA·cm−2 applied, and (c) durability test at a current density of 

500 mA·cm−2 applied at 56 °C with pure water feed. Inset table summarizes cell voltage degradation rates from 

the last 20 h durability run. (d) Polarization curves of AEMWE cells with uncoated and HfOx coated CoOx-based 

anodes, (e) corresponding EIS curves at a current density of 50 mA·cm−2 applied, and (f) durability test at a current 

density of 1 A·cm−2 applied at 56 °C with pure water feed. Inset table summarizes cell voltage degradation rates 

from the last 50 h durability run. Ir samples were coated with ionomer using spray coating (~0.2 mg·cm−2 of 

loading). CoOx-based samples were dip-coated with ionomer (loading ~1 mg·cm−2). Only one of each type of 

different device was fabricated for this set of data. 
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XP C-1s, F-1s and N-1s spectra of pristine PiperION on the Ir anode before AEMWE operation 

(Figure 5b) were decomposed into component chemical species including C–C/C=C and C–N for 

the C1s spectrum, quaternary ammonium for the N1s spectrum, and fluorinated carbon for the F1s 

spectrum. After 500 mA·cm−2 for 40 h, a more intense O–C=O peak at higher binding energy was 

observed and the main carbon peak broadened, suggesting oxidation and partial loss of ionomer 

backbone carbon. For N1s and F1s spectra, no obvious charged nitrogen and fluorinated species 

were found for the uncoated Ir sample. HfOx coatings on Ir samples (Ir-Hf0.8, Ir-Hf3.5) reduce the 

oxidation of carbon species after operation as evident from the C1s spectra. The charged nitrogen 

and fluorine peaks are also still observed for both Ir-Hf0.8 and Ir-Hf3.5. Those peaks remain more 

intense as the thickness of HfOx increases (Figure 5b). The sum of the XPS data shows that even 

under large oxidizing biases, the HfOx passivation layer substantially protects the ionomer. After 

operation, a new broad peak also appears in the C1s spectra for the Ir sample at binding energies 

above 296 eV from Ir 4d, which indicates the ionomer topcoat on bare Ir was mostly oxidized and 

flushed away. In contrast, the signal in this region is much weaker with the HfOx, suggesting 

retention of the ionomer and a stabilized interface.  

Comparing a bare CoOx electrode with a HfOx-coated one after electrolyzer operation at 1.0 

A·cm−2 for 100 h, the XP spectra show the suppression of ionomer degradation with HfOx (Figure 

5c). A less-intense oxidized carbon peak is shown in the C1s spectra for both CoOx-Hf1.1 and 

CoOx-Hf2.5 compared to bare CoOx. More-intense signals were obtained for charged nitrogen and 

fluorine peaks from the HfOx-coated CoOx compared to the uncoated CoOx, reflecting ionomer 

structures were better-retained with HfOx passivation. All these results are consistent with the 

passivation layer functioning to block the oxidative damage to the ionomer. Noticeably, a large 

broad new peak was observed in the nominal F1s spectra in samples after electrolyzer operation 

at binding energies higher than 696 eV, which is in the Auger region of Co. Co-Auger signal is 

suppressed when the HfOx coating is present indicating the ionomer and CoOx catalyst layers were 

physically separated. From the XP spectra collected before and after electrolyzer testing, the 

relative areal ratios of oxidized carbon peaks to total carbon peaks in the C 1s spectrum and 

charged nitrogen and fluorine peaks to total carbon peak in each sample are calculated and listed 

in Table S3. Ionomer oxidation is suppressed with HfOx coatings in both Ir and CoOx systems, 

respectively. In addition, even though there is no distinct trend observed in the ratio of N+ or F 
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over total C peaks with the thickness of HfOx, the calculated ratios of N+ or F over total C are 

higher when the electrode surface is coated with HfOx.  

Ir-4f and Co-2p XP spectra were also collected and compared. During the cell operation, 

metallic Ir is oxidized as evident from the shift of the Ir peaks to higher binding energies after 

operation (Figure 6a). The degree of this change differs somewhat with HfOx coating thickness, 

yet all the films show oxidation of the Ir, consistent with the permeability of the thin HfOx to OH-. 

The CoOx (Figure 6b), being already oxidized, are much less affected by cell operation having 

similar XP spectra for all samples. The Hf-4f spectra of Ir-Hf0.8, Ir-Hf3.5, CoOx-Hf1.1, and CoOx-

Hf2.5, show the HfOx layers remain on the anodes even after the durability AEMWE cell test 

(Figure 6c). For comparison, the Hf 4f spectra of all samples before the cell operation are plotted 

in Figure S12.  

Figure 5. (a) PiperION structure and its exemplified electrochemical degradation products due to 

oxidation. (b) XP spectra of C 1s, N 1s, and F 1s of Ir the sample before and after cell operation and Ir-

Hf0.8 and Ir-Hf3.5 samples after cell operation (500 mA·cm−2, 40 h). (c) XP spectra of C 1s, N 1s, and 

F 1s of CoOx sample before and after cell operation and CoOx-Hf1.1 and CoOx -Hf2.5 samples after cell 

operation (1.0 A·cm−2, 100 h). 
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Because quantification is difficult with XPS, especially for the non-planar catalyst-coated 

PTLs studied here, we also used cross-sectional electron microscopy. The CoOx-Hf2.5 anode after 

operating at 1.0 A·cm−2 for 100 h was characterized using FIB-SEM and HAADF-STEM/EDS 

(Figure 6d; compared to Figures 3a and 3b). In the cross-sectional view, ~200 nm of CoOx is 

visible on the top of the SS surface, even after operation. High-resolution transmission-electron 

microscopy (HRTEM) analysis of the CoOx layer shows lattice fringes probably corresponding 

Co3O4 (Figure S13). 

From elemental mapping, we observe the SS PTL, CoOx catalyst layer, and HfOx passivation 

layer were largely preserved after 100 h of the electrolyzer testing at 1.0 A·cm−2. The EDS spectra 

of CoOx-Hf2.5 sample were taken before and after the electrolyzer operation showing the Hf signal 

remained after operating in the harsh oxidative environment (Figure S14). Importantly, the darker 

region (as marked in the SEM image of Figure 6d) is the ionomer layer which remains present 

after 100 h of electrolyzer test at 1.0 A·cm−2 (see EELS spectrum in Figure S15). Furthermore, for 

Ir-Hf12 sample, where HfOx is thick enough to substantially impede hydroxide transport, after 

operating the anode at lower current density, we still observe the HfOx layer using SEM-EDS 

(Figure S5b).  
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The behavior of HfOx coatings on the Ir- and CoOx-based anodes can be explained by the 

various degradation mechanisms. There are often multiple reasons for voltage degradation, 

including: i) catalyst deactivation, dissolution, and detachment, ii) ionomer degradation and 

poisoning, iii) ion contamination, and iv) mechanical failure.4, 19 The most-dominant factor for IrOx 

Figure 6. XPS spectra of (a) Ir-4f of Ir sample before and after cell operation and Ir-Hf0.8 and Ir-Hf3.5 samples 

after cell operation (500 mA·cm−2, 40 h), (b) Co 2p spectra of CoOx sample before and after cell operation and 

CoOx-Hf1.1 and CoOx -Hf2.5 samples after cell operation (1 A·cm−2, 100 h), and (c) Hf 4f spectra of Ir-Hf0.8 and 

Ir-Hf3.5 samples after cell operation (500 mA·cm−2, 40 h) and CoOx-Hf1.1 and CoOx-Hf2.5 samples after cell 

operation (1 A·cm−2, 100 h). (d) Cross-sectional SEM image and HAADF-STEM images with EDS elemental 

maps of CoOx-Hf2.5 sample operated at 1.0 A·cm−2 for 100 h (scale bars = 100 nm for elemental maps). 
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during the long-term test was ionomer oxidation, as reported previously.31 Similarly, here we find 

ionomers are easily oxidized at the OER potential by Ir. When the Ir|ionomer interface is separated 

by HfOx to form Ir|HfOx|ionomer, less ionomer degradation occurs, and thus lower cell voltages 

and voltage degradation rates were observed. In contrast, CoOx is a poor electrical conductor, and 

probably forms an interfacial oxyhydroxide spontaneously under operation. This appears to 

provide a more-stable interface with ionomer, and slower ionomer oxidation during operation. 

When we apply HfOx on the CoOx anode, the ionic and electrical resistances coming from HfOx 

are relatively more important. Over longer time periods, slower degradation rates are still provided 

with the CoOx|HfOx|ionomer systems compared to CoOx|ionomer. This result emphasizes the 

importance of interfacial engineering in AEMWE systems. However, we emphasize that 

conductive, metallic catalyst layers are obviously preferred in the porous electrode to reach the 

ultimate performance. However, as oxidation-resistant ionomers/membranes for AEMWE have 

not yet been developed, the ionomer-catalyst interface is prone to damage by oxidation from the 

catalyst. Conductive catalysts can both drive water oxidation and ionomer oxidation more 

efficiently over their entire surface area. Thus, we need to improve the catalyst-ionomer interface 

to fully exploit conductive and efficient anode catalysts. 

In addition to ionomer degradation, catalyst degradation by dissolution can occur during 

electrolyzer operation. Ir-based OER catalysts are known to slowly leach during operation, and 

dissolution rates are faster for oxidized metallic Ir compared to crystalline rutile IrO2.
54-56 It is 

possible that the added HfOx layers may protect and stabilize the surface of the Ir catalyst layer 

from dissolution, leading to lower cell voltage in durability test data. The CoOx model catalyst we 

prepared here appears stable in its oxide form and may have less dissolution under OER conditions 

intrinsically,57 thus being less affected by the presence of the HfOx coatings. While the scope of 

this study is the role of passivation coatings in ionomer degradation, further study focused on 

catalyst degradation/dissolution using on-line inductively coupled plasma mass spectrometry 

(ICP-MS)58-59 would be helpful to determine the role of HfOx, or other, coatings in stabilizing 

catalyst layer specifically.  

In summary, a new passivated anode for AEMWE has been developed where the OER 

catalysts are directly deposited on the GDLs, and the surface of the catalysts is protected with thin 

films of ion-permeable but electron-blocking metal oxide films, here ALD HfOx. The best working 
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thickness of HfOx coating found here was ~2–3 nm, where the HfOx layer is thin enough not to 

substantially limit the OH- transport through the layer, but thick enough to form a continuous film 

so that the ionomer degradation is suppressed, and the desirable mechanical stability of the film is 

maintained. The total-cell voltage degradation was suppressed with the presence of HfOx 

protective layers in the Ir-based system because of substantially lowered ionomer degradation and 

increased Ir layer stability at the anodes. For CoOx-based anodes, although less ionomer 

degradation is confirmed with XPS analysis, the resistivity of HfOx increased the cell voltage for 

these model anodes. This work indicates that understanding and engineering the catalyst-ionomer 

interface is a promising and viable strategy to solve the limitations and problems in AEMWE 

development and additional work will apply these innovations to higher-surface-area catalysts 

designed for high-efficiency AEMWE. The concepts developed and employed here may also be 

useful for electrolyte-fed hybrid AWE/AEMWE systems. 

 

Supporting Information: Experimental procedures and additional materials characterization and 

electrolyzer data 
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