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Abstract

Recent efforts in anion-exchange membrane water electrolysis (AEMWE) focus on developing
superior catalysts and membrane electrode assemblies to narrow the performance gaps
compared with proton-exchange membrane water electrolysis (PEMWE). Here we present and
characterize Ir-free AEMWE cells with NiX (X=Fe, Co or Mn) layered double hydroxide (LDH)
catalyst-coated membranes with polarization characteristics and hydrogen productivities
approaching those of acidic PEMWE cells, achieving >5 Acm™ at <2.2 V. Operando spectroscopy
revealed a correlation between Ni** centres and redox-active O ligands with an O K-edge feature,
attributed to ps-O ligands in the y-LDH catalytic phase via density functional theory calculations.
This computational-experimental study challenges the previously assumed correlation between
spectral O K-edge features and oxygen evolution reaction performance in Ni-based LDH catalysts
and provides insights from the molecular to the technological level demonstrating how redox-
active Ni-O species and innovative catalyst-coated membrane preparation boost AEMWE
performance to values rivalling state-of-the-art PEMWE cell technology.

Main

Green hydrogen produced via water electrolysis powered by renewable energy is attracting much
attention in the transformation process of our energy and industry systems. Today, there are three
major types of low-temperature water electrolysers at varying technology maturity levels: proton-
exchange membrane (PEM) water electrolysis (PEMWE), liquid alkaline water electrolysis (AWE)
and anion-exchange membrane (AEM) water electrolysis (AEMWE). PEMWE is an early market
energy technology for supplying green hydrogen. The main appeal of PEMWE cells and stacks
arises from their high current densities >5 Acm™ at cell voltages below 2V in research cells, in



partthanks to low membrane resistance. This is conducive to reduced stack sizes and low capital
expenditures. Also, PEMWE is the most load-flexible of the three technologies. However, PEMWE
requires the deployment of scarce noble metal catalysts, perfluorinated membranes and
ionomers, and noble metal-coated stack components to sustain the highly acidic
environment™>3, This may cause high and possibly unpredictable material cost and supply
limitations at larger scales*®®. AWE cells allow the use of low-cost component materials, an
advantage that is offset by limited current and power densities, the corrosive electrolyte coupled
to reduced load flexibility. As a result, large stack sizes are required for AWE, causing long start-
up and shut-down times, thus limiting integration with fluctuating renewable energy.
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Fig. 1: OER activities of NiX LDH electrocatalysts.

a-d, Three-electrode rotating disk electrode measurements investigating the electrochemical properties of NiX LDH
catalysts (X = Fe (black), Co (blue), Mn (red)) and commercial reference catalysts (IrOx (magenta) and NiFeOx (grey)).
Comparison of linear scan voltammetry and OER activity of NiFe, NiCo and NiMn LDH in 0.1 M KOH (a) and 1 M KOH
(b). ¢, The OER activity of NiFe LDH (black) compared with commercial IrOx (magenta) and commercial NiFeOx (grey) in
0.1 M KOH. d, The OER activity of NiFe LDH (black) and IrOx (magenta) in 1 M KOH after applying a stress protocol of
2,000 cycles with potential holds for 10 s at 1.23 Vrue and 1.63 Vree. €, Investigations of the capacitance of NiX LDHs
(X =Fe, Co, Mn) applying galvanostatic electrochemical impedance spectroscopy. The measurements were conducted

in N2-saturated KOH solution at 1,600 rpm and room temperature (RT). The error bars in e are the standard deviation
calculated from three independent measurements.

AEMWE combines advantages of both PEMWE and AWE: small stack sizes capable of fast start-
up and shut-down and, thus, compatible with fluctuating renewable energy coupled with low-
cost catalysts, stack hardware and fluorine-free membranes™>*’. Thus, it constitutes a
promising and reasonable option for large-scale sustainable production of hydrogen. As a
consequence, research on AEMWE has increased notably and quickly over recent years®. So far,
a broad variety of highly conductive and stable AEMs have emerged showing good performance
in single cells®'®". While high current densities at the ampere cm™ level have been reported
using high Ir-loaded AEMWE anodes (with Ir loadings of up to 0.5 mg Ir cm™), this remains a
grand challenge for Ir-free AEMWE cells, whose performances have been sharply falling short of
state-of-the-art PEMWE cells™'>'3'4% This is why the design and availability of high-
performance, Ir-free and stable AEMWE cells delivering >5 A cm™ at cell potentials near 2V has



remained a major technological challenge. The present contribution will address and offer
solutions to this challenge.

Herein, we report the design, assembly and component analysis of Ir-free AEMWE cells that
approach the current—-potential characteristics as well as hydrogen productivity of state-of-the-
art acidic PEMWE cells. The AEMWE cells reported herein deliver a current density of >5 A cm™
near 2V uncorrected cell voltage. At a current density of 4 Acm™, the described AEMWE cells trail
today’s PEMWE cells by a mere 150 mV in terms of ohmic drop (iR)-corrected kinetic cell voltage.
This is testament to the outstanding catalytic reactivity of the electrodes, in particular the NiFe
layered double hydroxide (LDH) oxygen-evolving anode. At a cell voltage of 1.8V, corresponding
to a cell efficiency, n, of 82%, the present AEMWE cell continues to yield >2 Acm™. This
exceptional performance was made possible using a previously unavailable catalyst-coated
membrane (CCM) preparation method'®, incorporating an Ir-free NiFe LDH anode formulation
with exceptional redox electrochemistry. What sets the molecular characteristics of the present
CCM anode apart from other Ni-based materials'®"” is the unusually high ratio of structural
transformation of the semiconducting a-LDH phase into the conducting and catalytically active
y-LDH phase. A detailed spectroscopic analysis of the CCM anode revealed a previously elusive
coupling of redox-active Ni** centres and their O ligands by using operando synchrotron soft X-ray
O K-edge and Ni L-edge spectroscopy. Our spectroscopic experiments are supported by
previously unavailable density functional theory (DFT)-based computational predictions of O K-
edge spectra of all three LDH catalysts. In contrast to commonly held views derived from studies
on iridium oxide, our computations relate the chemical and structural identity of the activated O
ligands of the y-LDH phase to a combination of ps-O species at basal planes and catalytically
active py;-0 and p2-0 ligands at edge sites. As a result, for Ni-based LDH oxygen evolution reaction
(OER) catalysts, we argue that a characteristic spectral O K-edge feature near 529 eV serves as an
indicator for the presence of the catalytically active y-LDH phase.

Results
Anode catalyst voltammetry

The anode of the AEMWE CCM consisted of a powder thin film of a solvothermally prepared NiFe
LDH. The favourable iR-corrected kinetic cell voltages of the AEMWE cells, discussed further
below, originated from the geometric and electronic properties of the NiFe LDH anode catalysts.
To learn more about the molecular properties of the NiFe LDH material, we characterized it in
comparison with NiCo LDH and NiMn LDH reference catalysts. Comparative electrochemical
geometric area-normalized catalytic OER activities at comparable catalyst loadings of NiFe, NiCo
and NiMn LDHs were obtained from rotating disk electrode measurements in alkaline electrolytes
of varying KOH concentrations (Fig. 1a,b). NiMn LDH was evidently the least active OER catalyst,
followed in order by NiCo LDH and NiFe LDH. Interestingly, the characteristic Ni redox wave,
indicating the onset of hole injection into the Ni-based catalyst, followed a different trend, namely,
NiCo <NiMn < NiFe LDH (Supplementary Fig. 1). Evidently, the detailed onset potential of the OER
surface catalysis is not directly coupled to the emergence of higher Ni redox states. Acomparison
of our solvothermal layered NiFe LDH with commercial hydrous IrO, and NiFeO, OER
electrocatalysts highlights the benefits of the platinum group metal (PGM)-free NiFe LDH OER
catalysts over conventional state-of-the-art anode catalysts (Fig. 1c). The electrochemical
stability of the NiFe LDH during accelerated stress tests (ASTs; Supplementary Table 2 and
Supplementary Figs. 2 and 4) relative to commercial hydrous IrO, and relative to NiCo and NiMn
LDH was investigated, and the results are depicted in Supplementary Figs. 3 and 4. Evidently, NiFe



LDH exhibited a favourable stability, which qualifies it as the most suitable AEMWE anode
catalyst. Finally, Fig. 1d shows the cyclic voltammetry and catalytic OER reactivity of NiFe LDH
and IrO, after the AST in 1 M KOH. While both materials suffered from performance decays, NiFe
LDH outperformed commercial IrO,. This is probably due to irreversible redox processes of
hydrous IrOy in alkaline environments and the consequent formation of soluble Ir species, which
result in severe material loss'®'9%°, By contrast, reversible geometric transformations between the
catalytic inactive a-NiFe LDH phase and the catalytic active y-NiFe LDH phase lead to improved
tolerance against dissolution during ASTs?"?2. Even though the correlation of catalytic activity
trends between rotating disk electrode and membrane electrode assembly (MEA) single cells has
been reported to be challenging®?*%, our data and cell building procedures suggest that the
present NiFe LDH OER catalyst can be processed into stable and active CCMs that reveal
previously unachieved AEMWE cell power densities.

Anode catalyst surface area and interfacial capacitance

To learn more about the origin of the observed voltammetric reactivity trends, we first investigated
the trend in the real electrochemical surface area (ECSA) of the three LDH catalysts. As reliable
sorption techniques to determine the ECSA of oxidic powder materials have remained elusive,
researchers traditionally resort to proxy characteristics, such as the area-normalized interfacial
capacitance, Cq, of the catalyst powder films. Values for Cq are accessible from the slope of
capacitive current-potential scan rate relations taken in non-faradaic potential windows.
However, the non-conductive nature of Ni LDH catalyst films below the Ni redox waves precludes
the use of voltammetry-derived Cq values®. Instead, interfacial capacitance values, relevant and
reliable as ECSA proxy values, are accessible using the experimentally accessible adsorbate
capacitance (C,) extracted from complex impedance measurements under catalytic OER
operating potentials?'?*?%2°, C, is believed to represent the differential pseudocapacitive charge
injected into the surface by surface redox processes and their reactive intermediates at a given
electrode potential. Supplementary Note 3 provides the details of our C, measurements using
potentiostatic electrochemical impedance spectroscopy and galvanostatic electrochemical
impedance spectroscopy. Both methods resulted in very similar adsorbate capacitances for each
of the three Ni LDH materials (Fig. 1e), excluding the surface area to be a controlling factor in the
observed OER reactivity trends. Thus, there must be other material characteristics accountable
for the sharp catalytic reactivity differences in NiMn, NiCo and NiFe LDH.

Operando X-ray absorption spectroscopy

To learn more about the origin of the OER reactivity trends of the three Ni-based LDH catalysts,
we tracked the chemical state dynamics of Ni and O atoms at selected constant applied electrode
potentials and during voltammetric potential cycling. The formation of the catalytic active y-LDH
phase from the inactive a-LDH phase has previously been coupled to structural transformations
involving interlayer anion ejection and cation injection linked to lattice contraction?. However,
unlike for IrO, electrocatalysts®®®"3233_[jttle is known about the chemical state dynamics of metal
centres and ligands during the formation of the catalytic active y-LDH phase.

Figure 2a reports potentiostatic operando X-ray absorption spectroscopy (XAS) spectra of the O
K-edge at a non-catalytic potential (+1.15 Vgrue), where the a-LDH phase is prevalent, and under
conditions where the catalytic active y-LDH phase is formed (+1.45V gue). While the spectra of
NiFe, NiCo and NiMn LDH recorded at +1.15 Vge were almost identical, that is, showing one
distinct resonance at 531.3 eV related to lattice oxygen, the spectra recorded at +1.45 Vgye
differed substantially in their pre-edge region. Around 529 eV (528.7 eV, more precisely), the NiFe
LDH catalysts have a much more intense spectral feature compared with NiCo and NiMn LDH. In



the absence of a more detailed understanding of the chemical identity and geometric location of
these O atoms, we refer to these O species henceforth as 0-529eV. We further attribute the
integral intensity of the 529 eV resonance to the fraction of the a-LDH phase that has transformed
into the y-LDH phase. We thereby refrain from the commonly held view that the O-529¢eV species
represent catalytic active surface intermediates of the OER process. Intensely studied in hydrous
Iridium oxides, this O K pre-edge feature has been firmly assigned to electron-deficient catalytic
active O species featuring localized hole states, formally referred to as Q' (refs. 30:31,32,33.34,35,36,37,38) |
Likely by analogy, yet lacking computational analyses, the 529 eV spectral feature in Ni-based
catalysts was associated with similar charge redistributions of reactive O intermediates’®'7394,
Based on our computational analyses below, we challenge these previously held views, at least
for the present layered y-NiFe LDH OER catalyst phases.
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Fig. 2: Operando O K-edge XAS and following the dynamics of O-529¢V.

a, Operando (pre) oxygen K-edge TFY absorption spectra of NiFe LDH (black), NiCo LDH (blue) and NiMn LDH (red)
measured at 1.15 and 1.45V versus RHE. b, The TFY intensity at 528.7 eV during a CV between 1.15 and 1.85V versus
RHE at 5 mV s for NiFe LDH (black) and NiMn LDH (red) and between 0.95 and 1.85 V versus RHE for NiCo LDH (blue),
respectively. ¢, A comparison of the TFY intensity at the maximum intensity of the pre-edge feature (528.7 eV) as a
function of the applied potential during CV, its first derivative and the corresponding CV for NiFe LDH. d, A direct
comparison of the TFY signal of the feature at 528.7 eV and the Ni** feature at 856.2 eV for NiFe LDH. The measurements
were conducted in 0.1 M KOH at room temperature (RT).

To correlate the onset of the 0-529eV species with features in the potentiodynamic surface
voltammetry, we tracked the intensity of the spectral resonance at 528.7 eV during potential
cycling for all three LDH catalysts as shown in Fig. 2b. We further contrasted the intensity scans
individually with their own derivative and their voltammetry in Fig. 2c and Supplementary Fig. 9a,c.
Figure 2b shows how each LDH catalyst exhibited its own distinct onset electrode potential of the
0-529¢eV species associated with the formation of the y-LDH phase, in the order NiCo
(1.15 Vrue) < NiMn (1.30 Vrue) < NiFe (1.4 Veue). The y-LDH phase onset potentials thereby match
precisely the voltammetric metal redox waves, in both the anodic and cathodic scan direction,
retracing the characteristic voltammetric metal redox hysteresis. These results confirm that the



0-529eV species form concomitantly to Ni redox states >2 and disappear accordingly. We note
that the onset potentials of 0-529eV species also fully match those reported from operando X-ray
diffraction studies of the atomic lattice structure of Ni-based LDH catalysts?'. We conclude that
LDH lattice bulk geometry and the emergence of O-529¢eV species appear to be closely coupled.

To get more detailed insight into the Ni redox state(s) upon formation of O-529eV species, we
tracked the XAS spectral intensity at 856.2 eV, associated with Ni** (Supplementary Fig. 10)’¢,
during voltammetric cycling and correlated it with the spectral O K-edge 528.7 eV resonances for
NiFe LDH (Fig. 2d), NiCo LDH (Supplementary Fig. 9b) and NiMn LDH (Supplementary Fig. 9d). For
all LDH catalysts, the 856.2 eV and 528.7 eV signatures track each other closely in both scan
directions. This striking similarity in the potential hysteresis suggests a close coupling of the redox
transition from Ni** to Ni**/Ni** and the formation of O-529eV species that indicate the formation
of the y-LDH phase. To elucidate the structural transitions of electrocatalysts, various operando
characterization methods can be employed, with operando X-ray scattering being one of the
prominent techniques*'*>%34, For more insight into the correlation of structural and electronic
information please refer to Supplementary Fig. 11 and Supplementary Note 6. Additional
characterizations such as high-resolution X-ray diffraction or high-resolution transmission
electron microscopy could further support the assignment of the y-phase. While an atomic
proximity between Ni** centres and O-529eV species appears conceivable, a causation between
the two processes remains unclear. The direct evidence for the immediate presence of Ni** in the
y-LDH phase is an important mark of distinction compared with previously investigated NiFeOy
OER catalysts, where the detection of Ni*" has remained elusive. This underlines the exceptional
redox activity of our wet-chemically synthesized layered NiFe LDH catalyst deployed in the
AEMWE cells below.

To establish a link to the catalytic evolution of molecular O,, we note that, for NiFe LDH, the Ni*
to Ni*" transition occurs between 1.40 and 1.45 Vgye and starts to disappear below 1.35 Vgye. The
actual onset potential of molecular oxygen evolution, judged from differential electrochemical
mass spectrometry??, lies more anodic of 1.45 Vgue. This is even more so for NiMn and NiCo LDH.
Thus, we conclude that the Ni*-O-529eV states evolve before the evolution of O.. In other words,
the presence of the y-NiFe LDH phase is a necessary but not sufficient condition for the evolution
of molecular oxygen. We suspect that additional kinetic energy barriers need to be overcome
before oxygen evolution sets in. The magnitude of the kinetic barriers as well as the elementary
step associated with them can thereby vary among LDH catalysts with distinct trivalent metals. In
fact, a previous comparative mechanistic analysis of NiFe, NiCo and NiMn LDH revealed that the
(thermodynamic) limiting potentials, that is, the electrode potentials where the last of the four
elementary reaction steps becomes downhill, are 1.68V, 1.88V and 1.94V, respectively. These
values are more anodic than the calculated and experimentally observed a- to y-LDH
transformation potentials. Furthermore, the last elementary step to become downhillis *OH > *O
for NiFe LDH, while it is *OOH = O, for NiCo and NiMn (ref. 2").

Computational structural and chemical identification of O-529¢V ligands

To elucidate the chemical and geometric origin and identity of the O-529eV species in y-LDH
phases, we carried out DFT predictions of absorption spectra of Ni-based LDH catalysts. The
atomic structures of the catalytic inactive a-NiFe LDH model with the formula
NisFe2(OH)16-:CO3-4H,0 are shown in Supplementary Figs. 12a and 13a and those of the y-NiFe
LDH model with the formula NisFe,0+6-2 K-4H,0 in Fig. 3a and in Supplementary Figs. 12b and
13b. To account for individual variations, we calculated the O K-edge absorption spectra for
oxygen atoms in the top ten layers (see numbered atoms in Fig. 3b and Supplementary Fig. 12a,b).
The computational spectra for the OH in a-NiFe LDH did not show resonances near 529 eV, which



agrees with our experimental results. By contrast, as anticipated from the O K-edge XAS
experiments, the OER active y-NiFe LDH phase showed notable differences from the a-NiFe LDH
phase in the pre-edge region.
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Fig. 3: Computational O K-edges.

a, The atom structure of y-NiFe LDH. The oxygen atoms at different depths from the surface are represented by different
colours. b, The computational O K-edge of individual oxygen atoms at the top ten layers with two atoms at each layer.
The curve colours are consistent with the atom colours in a. All curves are normalized by the maximal values in the
whole range. ¢, The average O K-edge of all oxygen atoms at the hollow sites of a- and y-phases, and the combination
of various a/(a+y) ratios of 0.1, 0.3, 0.5, 0.7 and 0.9, respectively. All curves are normalized by the maximal values in the
energy range around 531 eV. d, The computational O K-edge of an individual oxygen atom at the bridge site in different
OER intermediate OH*, O* and OOH*, and the combination of various OH*/(OH*+0*) and O*/(O*+0O0H*) ratios of 0.1,
0.3, 0.5, 0.7 and 0.9, respectively. All curves are normalized by the maximal values near the main peak (around 540 eV;
among this range, all curves are almost identical).

While the spectra of surface OH (both one-coordinated atop p1-OH and two-coordinated bridge
H2-OH) do not show notable features at 529 eV, the oxygen atoms in the subsequent eight layers
(0O3-010) demonstrate pronounced absorption features at that energy. These oxygen atoms are
associated with three-coordinated terrace sites (us-O), which are present in the brucite-like
planes of the OER active y-NiFe LDH phase. Consequently, the oxygen ligands probably
responsible for the 529 eV resonance appear to be the ps-O motifs.

Figure 3c illustrates the spectral changes in the O K-edge during the transformation from a- to y-
NiFe LDH by presenting different ratios of the average spectra of individual oxygen atoms in the a-
and y-NiFe LDH phase (the respective computational spectra of NiCo and NiMn LDH are given in
Supplementary Figs. 13, 16 and 17). The hybridization between the 3d orbital of the transition
metal and the oxygen 2p orbital increased as the bond length shortened, and coordination
remained unchanged during the oxidation process of octahedral Ni?* and Fe* in a-NiFe LDH to
Ni¥*/Ni* and Fe* in y-NiFe LDH. It is apparent that the signal at 529 eV increased with increasing
fraction of the y-phase. Hence, the protonated ps; species in the bulk of the a-phase do not have a
resonance at 529 eV, while the deprotonated ps; species in the y-phase do show a signal near
529 eV. These computational observations confirmed that the spectral resonance near 529 eV in



LDH materials can be related to the transformation from a- to y-NiFe LDH, representing the shift
from the inactive to the catalytic active phase.

To track the spectral changes during OER, we simulated O K-edge spectra of various reaction
intermediates situated at the bridge site of y-NiFe (01-10) surface, as shown in Fig. 3d. During the
OER process, when bridge-OH is oxidized to O, the intensity of the peak at 529 eV increased. This
indicates a stronger covalent bonding between the metal and oxygen. Similarly, in the subsequent
step when O* is attacked by OH™ to form OOH?*, the intensity of the peak at 529 eV increased, as
well. Thus, if either OOH formation or O, desorption is the rate-determining step, surface
intermediates O* or OOH* would contribute to the peak at 529 eV in the O K-edge spectra.

While the relative intensity of peaks at 529 eV with respect to the main peaks in Fig. 3d varies for
different intermediates (p.-OH/O/OO0H), distinguishing them in experimental XAS spectra
remains a challenging task. To contextualize these findings with the previously discussed
experimental XAS spectra from Fig. 2, we propose that the main contribution of the spectral
features near 529 eV derives from p3-O species located in the bulk of y-NiFe LDH. On the other
hand, p,-O and p,-OOH, which are present at the catalyst edge surface, also contribute to the
529 eV peak, but to a minor extent owing to the larger abundance of bulk ps-O species, compared
with edge and defect p,-O and p,-OOH species. These results demonstrate that it is challenging
to assign a numerical valence state to the oxygen species responsible for the resonance near
529 eV in catalytic active NiFe oxides. Contributions of distinct species are convoluted. In this
context, we recall that, while for OER active iridium oxides the spectralresonance near 529 eV has
repeatedly associated with electrophilic O" species®3"32333435 this assignment is purely formal
in character and unlikely to reflect the physical reality. Finally, comparative calculations of surface
OH*-saturated and surface O™-covered NiFe LDH surfaces (Supplementary Figs. 14 and 15 and
Supplementary Note 6) showed that electrophilic (electron-deficient) O"?~ oxygen species
indeed contribute to the peak at 529 eV in the O K-edge of NiFe LDH. However, this contribution is
notable only at potentials above 2 V (Supplementary Figs. 16-19 and Supplementary Notes 7 and
8). We conclude from our computational investigations of NiX (X =Fe, Mn or Co) LDH catalysts
that the 529 eV feature in the O K-edge is associated with the activation of the NiX LDH catalyst
phase to the OER active and conductive y-phase.

Preparation of NiFe LDH-coated alkaline exchange membranes

Our insight into the favourable extent of phase transformation of the a-LDH into the y-LDH phase
proved a practical selection criterion of a suitable anode electrocatalyst for deployment as a
catalyst layer in technological MEAs. Catalyst layers with catalyst loadings of about 1 mgcm™
represent a key component of CCMs of AEMWE cells. Since inactive a-NiFe LDH will not
contribute to the electrolyser performance owing to the absence of catalytic active O ligands,
promising catalyst candidates should show a high conversion to the y-phase. The NiFe LDH
catalyst presented in this work showed an exceptionally high redox activity of the Ni-O ligand and,
thus, was chosen as the anode catalyst material for the preparation of CCM for subsequent
AEMWE single-cell testing.

While PEMWE technology relies on a hot pressing decal transfer of thick anode catalyst layers
onto cation exchange membranes, the high glass transition temperature of AEMs prevents the use
of this coating technique in the area of AEMWE. In addition, since direct catalyst coating onto
AEMs has been challenged by membrane swelling and shrinking, which result in unstable catalyst
layers, today’s AEMWE cell assembly largely relies on catalyst-coated substrate procedures’. We
report the preparation of directly catalyst-coated AEMs using a wet-film bar-coating technique.
After direct application of the catalyst ink to the membrane, the coating was stabilized and



protected using a combination of a polytetrafluoroethylene (PTFE) inner foiland an adhesive outer
foil. The adhesive foil allowed fixation of the half CCM for direct coating of the counter electrode
(CE). Details are provided in Supplementary Information. This coating procedure enabled the
previously elusive generation of stable and uniform powder catalyst layers on swelling AEMs.
Catalyst loadings were controlled by a choice of the catalyst layer thickness.

AEMWE single-cell measurements using NiFe LDH CCMs

AEMWE cell measurements were conducted using CCM-based MEA incorporating the NiFe LDH
anode. The electrochemical hydrogen productivity (cell polarization curve), probed in terms of the
measured cell potential as function of the applied current density, and the AEMWE cell stability,
probed as variations in cell potential at a constant current density, were assessed in a two-
electrode zero-gap configuration at 60 °C and 80 °C (Supplementary Fig. 20). Figure 4a shows
much higher current densities at 80 °C compared with 60 °C. At 60 °C, a current of 2 Acm™2 was
achieved at 1.9V, while at 80 °C, 2 A cm™2was achieved below 1.8 V. A current density of 2.3 A cm™
was obtained at a cell voltage of 1.8 V. Unlike reported AEMWE cell designs that experienced
severe mass transport losses below 5 Acm™, our AEMWE cell design remained kinetically and
ohmic loss controlled up to current densities above 5 Acm™. A current density of 5.5 Acm™ was
reached at around 2.2 V cell voltage. These polarization values were not dictated by limitations of
the AEMWE cell but were related to hardware limitations of the current booster.

Importantly, when compared with a state-of-the-art PEMWE polarization curve (magenta in Fig.
4)*, the AEMWE cell design presented here featured comparable current densities but at fully Ir-
free electrodes®. The iR-corrected polarization curves (Fig. 4a) display a mere 150 mV kinetic
voltage difference at 4Acm™. This modest performance gap holds immense advantages
considering the cost impact associated with Ir-loaded anodes.

The present AEMWE cells also exhibited decent performance stability for over 110 h at a constant
electrochemical load of 1Acm™. At 60°C and 80°C, the observed cell potential increase
amounted to 600 pV and 613 pV per hour, respectively (Fig. 4c). The majority of potentialincrease
occurred within the initial operating hours. Consequently, at this point, a current density of
1 Acm™ can be safely sustained for at least 110 h of operation below a cell voltage of 1.8 V.

Conclusions

We have demonstrated Ir-free AEMWE cells with previously unavailable polarization
characteristics and hydrogen productivities that closely approach those of today’s state-of-the-
art acidic PEMWE cells. The AEMWE cells delivered a current density of >5Acm™ near 2V
uncorrected cell voltage. At a current density of 4 A cm™, the AEMWE cells lagged behind reported
PEMWE cells by a mere 150 mV (ref. #°). The AEMWE cell design with alkaline CCMs was made
possible by a scalable bar-coating process involving the use of an adhesive foil to minimize
membrane swelling during the coating of the second catalyst layer'®.

Beyond CCM process innovations, we attribute the cell performance to the molecular
characteristics of NiFe LDH catalysts, which were benchmarked against NiMn LDH and NiCo LDH
catalysts. In a combined experimental and DFT-computational effort to understand the high
catalytic reactivity of the NiFe LDH anode, we reached deeper chemical and structuralinsights of
relevant redox-active oxygen ligands.
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Contrary to commonly held views, the spectroscopically probed oxygen species associated with
the XAS O K spectral feature near 529 eV under OER relevant potentials were largely us-O ligands
in the bulk, rather than catalytically active p.-O ligands on the surface. Hence, this spectral
feature largely indicates the extent of the formation of the catalytically active y-LDH phase, rather
than being a direct measure of coverage of catalytic active intermediates for the release of
molecular oxygen, as reported in previous spectroscopic studies of IrO, OER catalysts. We further
uncovered the unexpected presence of Ni*" at non-catalytic electrode potentials for all three
examined LDH catalysts. The potential dependence of this feature correlates with the one at
529 eV, suggesting a strong coupling between the two and the formation of the catalytically active
y-LDH phase.

Our findings imply that actual oxygen evolution is not solely reliant on the appearance of the
absorption feature at 529 eV and the presence of Ni*', suggesting that additional kinetic barriers
play a substantial role.

Taken together, this contribution demonstrates that advanced Ir-free and F-free AEMWE cells are
rivalling established state-of-the-art PEMWE cell technology, providing a promising path towards
more cost-effective and scalable hydrogen production solutions. Moreover, the herein presented
work highlights the correlation between electronic and structural characteristics in
electrocatalysts, which can only be unravelled by combining operando experiments with
theoretical calculations. Understanding of such correlations is crucial for advancing the
development of efficient catalysts for water electrolysis.

Methods
Synthesis of the applied NiX-LDH materials

NiFe LDH was synthesized in a solvothermal one-pot synthesis route using a microwave-assisted
autoclave (Anton-Paar 300 Monowave) as described by Klingenhof et al.*®. Prepared aqueous
precursor solutions consisting of 1,200 pl of 0.6 M Ni(OAc),-4 H,O (Sigma-Aldrich, 99.998% purity)
and 180l of 0.6 M Fe(NO;3);:9 H,O (Alfa Aesar, 98% purity) were added to 6ml of
dimethylformamide (Sigma-Aldrich) and subsequently stirred for 12 h. Subsequently, 8 ml of
ultrapure water (>18 MQ at room temperature) and 4 ml of additional dimethylformamide were
added to the reaction mixture. The solution was then microwave-treated at 120 °C for 60 min
followed by 30 min at 160 °C. The final product was collected by centrifugation, then repetitively
washed with ethanol and ultrapure water and finally freeze-dried. In the case of NiCo LDH and
NiMn LDH, 0.6 M solutions of cobalt(ll) acetate tetrahydrate (Alfa Aesar, 98.0%) and manganese(ll)
acetate tetrahydrate (Sigma-Aldrich, >99.0%) were used instead of 0.6 M Fe(NO3);-9 H,0.

Electrochemical evaluation of the catalyst activity and stability

For electrocatalytic activity testing, a catalyst suspension was prepared. The suspension consists
of 4 mg catalyst, 768 uli-PrOH, 200 ul deionized (DI) water and 32 pl 5 wt.% Nafion perfluorinated
resin solution (Sigma-Aldrich). Ten microlitres of the resulting catalyst dispersion was pipetted on
the GC electrode (0.1963 cm?) to reach an overall loading of 200 uyg cm™. The loadings were
adjusted. The electrocatalytic performance of the catalyst was evaluated in N,-saturated 0.1 M
and 1M KOH at 1,600 rpm using a Biologic SP-200 potentiostat operating in a three-electrode
setup with a platinum CE and a reversible hydrogen electrode (RHE) reference electrode. All
reported cyclic voltammograms (CVs) are iR corrected. The overpotentials reported, necessary to
reach a current density of 10 mA cm™ (OER), are the average of three measurements. To test the



stability of different types of ionomer during electrochemical strain, 2,000 CVs in a certain
potential range were recorded (1.23V versus RHE and 1.63V versus RHE). The overall time of
stability cycling is 16 h. The detailed electrochemical protocols are given in the following tables,
which summarize the activity (Supplementary Table 1) and stability (Supplementary Table 2)
protocols, respectively. Supplementary Fig. 2 depicts the stability protocol based on the cyclic
voltammetry advanced (CVA) technique from the Biologic Software.

Operando XAS

Operando O K-edge XAS and Ni L-edge XAS were performed in total fluorescence yield (TFY) mode
with the LiXEdrom setup at the soft X-ray beamline U49-2_PGM-1 at the synchrotron-radiation
facility BESSY Il, Berlin, Germany. Solutions of the respective LDH and Nafion in i-PrOH and water
(4 mg catalyst, 768 pl i-PrOH, 200 pl DI water and 32 pl Nafion (5 wt.% solution in alcohol)) were
dropcasted onto Au-coated SiN, membranes. The LDH ink was applied onto the SiN, membranes
in ten steps of 5 pl with a minimum of 10 min of drying between each drop. The CCM was inserted
into an electrochemical flow cell designed by Tesch et al.*’, which was used for the
electrochemical activation and for recording of operando TFY-XAS spectra. A scheme of the setup
is displayed in Supplementary Fig. 8. The electrolyte, 0.1 M Fe-free KOH (previously purified
following the procedure described by Trotochaud et al.?®, starting electrolyte: 30 wt.% NaOH in
water, Suprapur), was pumped through the cell via a syringe pump at a rate of 50 yl min™. A leak-
free Ag/AgCl electrode (Innovative Instruments LF-1.6, 3.4 M AgCl) was used as the reference
electrode and a Pt wire as CE. The Au layer on top of the SiN, membranes served as the connection
for the working electrode. Potentials were applied with a BioLogic potentiostat (SP-200, BioLogic
Scientific Instruments). Before operando XAS measurements, the samples were treated by
cycling 50 times between 1.15 and 1.85 V versus RHE at 50 mV s™'. All spectra were normalized to
the incoming photon flux.

Computational methods

Self-consistent, periodic DFT calculations were performed with the projector augmented wave
method*®“°, as implemented in the Vienna Ab-initio Simulation Package®. To achieve a highly
accurate description of strongly-correlated LDHs with weak interaction between layers, we
employ an error alignment and error cancellation approach that was developed in our recent
work®'. More specifically, this approach includes use of a Hubbard U term®* to correct for self-
interaction errors in 3d transition metal cations, a van der Waals functional optPBE®® to describe
the weak interaction that occurs between layered materials, and intercalated water and ions
between layers, and use of a water-based reference state for the calculations to avoid incorrect
description of the gas phase O, reference with standard DFT generalized gradient approximation
methods. Its accuracy is demonstrated through redox and (de)hydration of Mn, Fe, Co and Ni
based bulk oxides and (oxy)hydroxides with standard errors of 0.04 eV per reaction formula unit.
Its performance on surface thermodynamics is also demonstrated in our recent work?"?, U
values, which are applied to d orbitals of Fe, Co and Ni, are taken as 2.5eV, 3.5 and 5.2 ¢V,
respectively. A cut-off energy of 400 eV is employed. Monkhorst-Pack k-point grids (4 x 3 x 1) are
used for Brillouin zone integration. The equilibrium geometries are obtained when the maximum
atomic forces are smaller than 0.01 eV A~ and when a total energy convergence of 10°eV is
achieved for the electronic self-consistent field loop.

AEMWE measurements

Initial measurements of AEM (AP2-HNNS8-X-50, lot 2117L04) and anion-exchange ionomer
(Aemion® AP2-HNNG6-00-X, lot JMY191201 and AP2-HNN8-00-X, lot JMY200701) were carried out
with AP2-HNNG6 as a binder. Later measurements were carried out with AP2-HNN8 as a binder



(Supplementary Table 6). The change had no influence on the performance. Polarization curves in
Fig. 4 are the result of three measurements each, where one of each temperature is made with
HNNG6. There was no specific reason for this; it was rather a consequence of material availability
and simultaneous developments in various MEA components. AEM and anion-exchange ionomer
were provided by lonomr Innovations. NiFe LDH (this work) and Pt/C (50 wt.%, Umicore, Elyst Pt50
0550-3000110038) were used as catalysts. MeOH (299.9%) was purchased from Carl Roth.
Potassium hydroxide (KOH) pellets (85%, VWR) were used to prepare KOH solutions. Nickel fibre
felts (0.2 mm) were purchased from Bekaert, and Freudenberg H24C5 carbon paper with a
microporous layer was purchased from The Fuel Cell Store. PTFE sheets were purchased from
Bohme-Kunststofftechnik as gasket, spacer and casting substrate materials. ZrO, grinding balls
(Retsch, 5 mm, 22.455.0009) were used for ink mixing.

MEAs with an active area of 5 cm? comprised a CCM, nickel felts as an anode porous transport
layer (PTL), carbon paper with a microporous layer as a cathode PTL and two PTFE gaskets
encompassing both PTLs. The setup is presented in detail in Supplementary Fig. 20.

Cathode inks consisting of Pt/C 50 (0.3 g), DI H,O (1.8 g) and Aemion® solution (2.5 wt.%, 1.8 g)
were combined in a 20 ml glass vial. After adding ZrO; grinding balls, the vials were left on a roller
mixer (IKA, ROLLER 10 digital, 0004013000) for 2 days at 80 rpm. For the anode ink, NiFe LDH
(0.3 g) was treated with water (0.9 g), a mixture of MeOH:H,0 (10:1, 0.45 g) and Aemion” solution
(5wt.%, 0.45 g) in MeOH:H,0 (10:1) in a 10 ml glass vial. After adding ZrO, grinding balls, the vials
were left on a roller mixer for 2 days at 80 rpm. In the case of NiFe LDH inks, variations in viscosity
were observed. Undesirable high viscosities were counteracted by the addition of small amounts
of MeOH/H,0O (for example, 150 pl) followed by a brief vigorous mixing using a vortex device
(Scientific Industries, Vortex Genie 2). CCMs were fabricated by directly depositing the inks on the
membrane (monolythic 50 um) via bar coating from both sides. After removing the back foil of the
anode half CCM, the addition of an adhesive foil helped to minimize membrane swelling during
the coating of the cathode catalyst layer as described by Koch and Metzler in 2022'°. The CCM is
ion-exchanged and then sandwiched between the PTFE gaskets and the PTLs; the MEA is
compressed between two Au-coated Ti-flow fields with parallel flow direction, before being
assembled between two polyetheretherketone plates using alignment rods to avoid moving of the
components during fixture tightening.

AllLCCMs underwent ion exchange into the hydroxide form via soaking in 3 M KOH for 24 h followed
by another 24 h in 1 M KOH solution. A potentiostat with 20 A current range (VSP300, BiolLogic)
was used to pre-condition the CCMs, record polarization curves and measure their degradation
rates. The measurement protocol is based on the one described in Koch et al.’. Minor
adjustments were made to the measurement protocol as follows. Cells were measured with
5Acm™and at 1 M KOH electrolyte concentration. During the pre-conditioning of the cells, the
applied voltages were reduced to 1V, 1.4V, 1.6V and 1.8V to avoid surpassing the 20 A current
range limit of the potentiostat at higher voltages. After polarization curves and electrochemical
impedance spectroscopy measurements, the testing protocol was terminated or continued with
mid-term degradation experiments. During these mid-term tests, the cell potential was recorded
atacurrentof 1Acm™2forupto110h.
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