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The alkaline oxygen evolution reaction is a key step in producing green

hydrogen through water electrolysis, but its large-scale industrial application
remains limited due to challenges with current electrocatalysts—particularly in
terms of scalability, efficiency, and long-term stability. Here we show an
industrially scalable synthesis of an active NiFe layered double hydroxide
(NiFe-LDH) catalyst using a room-temperature, atmospheric-pressure route.
The process involves homogeneous alkalinization, where chloride ions
nucleophilically attack an epoxide ring, producing a low-dimensional, defect-
rich NiFe-LDH with pronounced iron clustering. In-situ spectroscopy and ab-
initio calculations reveal that these structural features maximize the conver-
sion of the NiFe-LDH to the catalytic active phase and minimize the energy
barrier, improving catalytic efficiency. When used as the anode in an anion
exchange membrane water electrolyzer operating at 70 °C, our material deli-
vers 1Acm=2 at .69V in a 5 cm? full-cell setup, with notable durability com-
pared to conventional NiFe-LDHs. This scalable approach could considerably

lower the cost of green hydrogen production by enabling more efficient
alkaline electrolyzers.

The oxygen evolution reaction (OER) remains the bottleneck of the
electrochemical water-splitting process, suffering from sluggish
kinetics and requiring high overpotentials. Among the different water-
splitting technologies, anion exchange membrane water electrolysis
(AEMWE) has gained increasing attention due to the combination of
the low cost of conventional alkaline electrolysis (AWE) and the high
current densities, hydrogen purity, and intermittence capabilities of
proton exchange membrane water electrolysis (PEMWE)'. Despite the
advantage of AEMWE in potentially utilizing non-PGM catalysts, the
lack of widely available standard materials results in IrO, still being

used as a reference material in the literature, even in alkaline media®°.
However, the instability of IrO, at high anodic potentials and particu-
larly the high cost and low abundance of PGM catalysts hinder large
scale commerecial applications'. Thus, the commercialization of highly
active and efficient catalysts based on low-cost earth-abundant ele-
ments and non-geolocated is a matter of utmost importance.

Along this front, layered double hydroxides (LDHs)"*, due to
their flexible chemical tunability, can easily satisfy the previously
mentioned requirements. Since the first report on NiFe-LDHs exhibit-
ing high OER activity’®, a tremendous effort was focused on the
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optimization of their performance®”. Nowadays, state-of-the-art NiFe-
LDH catalysts own the best performance for OER in alkaline conditions
reported so far, outperforming those based on noble metals and
amorphous pure Fe-based oxyhydroxides”. In this line, many different
synthetic approaches have been explored to improve their electro-
chemical performance by increasing the number of the active sites,
such as single layer exfoliation'®, obtaining sub-nanometric sheets”,
the incrementation in the basal space through anion exchange®, or
defect engineering”. Moreover, other approximations have been
successfully explored beyond increasing the number of centres,
including the conductivity enhancement by heteroatom doping?,
precious metal single atom doping®, or the change of catalytic
mechanism by doping with amorphous FEOOH***.

Despite their fascinating performance, the practical application of
LDHs in water splitting is restricted by the low efficiency of the avail-
able synthetic protocols®, which present high costs and difficulties
due to the high temperatures and pressures required in these
processes”. As a matter of fact, even the simplest case of NiFe-LDHs
containing carbonate anions remains commercially unavailable, alert-
ing about the bottleneck in the implementation of Fe-based LDHs at a
large scale. In general, Fe hinders the scalability of NiFe-LDHs due to its

high acidity (pk™®" =2.2), low solubility (pk{5®"2=38.6) and low

water exchange rate (kZ‘;’g =1.6 -10°S™), facilitating the formation of

less OER active oxide impurity phases when using traditional co-
precipitation routes. To avoid this, complex protocols such as topo-
chemical approaches (employing Fe' and then a subsequent oxidation
step), and/or the use of chelating agents such as triethanolamine
(TEA), in hydrothermal conditions, have been carried out during the
last years in order to achieve pure NiFe-LDHs?*?7,

Here, we developed a scalable synthetic protocol compatible with
industrial needs, that is: straightforward (room temperature condi-
tions, one-pot, aqueous-based), low-cost, and low-time demand,
leading to a high-performing NiFe-LDH that even surpasses conven-
tional lab scale materials. The inherent mild conditions of this
approach facilitate in situ experiments using synchrotron radiation,
allowing to understand the growth mechanism of LDHs. A combina-
tion of X-ray spectroscopies, Mossbauer spectroscopy, magnetic
measurements, and electron microscopy combined with spectroscopy
techniques revealed a low dimensionality, high concentration of
defects, and controlled local structure with a pronounced cation
clustering. The OER electrochemical performance of this NiFe-LDH has
been characterized using a multi-scale testing protocol including (i)
rotating disk electrode (RDE), (ii) diffusion electrode cell (DEC), and
(iii) full-cell anion-exchange membrane (AEM) water electrolyzer in
alkaline media. In this work we have been able to optimize the synth-
esis of a NiFe-LDH, obtaining a benchmark performance that is at the
same time industrially scalable, avoiding the use of precious
metals and offering the long-awaited route that allows the transfer of
lab-scale Fe-based LDH technologies into commercial water splitting
devices.

Results and discussion

For the room temperature synthesis of NiFe-LDHs, we have developed
a straightforward homogeneous alkalinization process based on the
nucleophilic attack of chloride over an epoxide ring: the so-called
epoxide route (Fig. 1a)*. The nucleophilic attack is initiated when
chloride ions react with the strained epoxide ring, leading to ring
opening and the subsequent generation of hydroxide ions directly in
the solution. These hydroxide ions immediately interact with the metal
ions to form hydroxides structures. As the reaction proceeds at room
temperature, continuous generation of hydroxide ions through the
ongoing nucleophilic attacks forces the system to crystallize at low
temperatures and atmospheric pressure, opening the doors toward
the mass production of highly efficient electrocatalysts. Indeed,

achieving kilogram-scale production of highly homogeneous powder
in the lab is easily feasible through a one-pot reaction, typically com-
pleted in less than 24 h. Further details on the scalability of NiFe-LDH
synthesis, including procedural nuances and optimizations, are com-
piled in patent US20240109787A1, which provides a thorough
description of the method’s applicability and efficiency at larger
scales®.

In contrast to typical hydrothermal protocols involving high
temperature (approximately 120-140°C) and pressure (1.5-4 atm)
using autoclaves®**, the mild synthetic conditions provided by the
epoxide route allow the in situ study of the growing processes®**.
Specifically, in-situ pH measurement, X-ray absorption spectroscopy
(XAS), and small angle X-ray scattering (SAXS) were carried out during
the whole synthetic process to unveil the growth mechanism of NiFe-
LDHs. Figure 1b depicts the pH profiles for the kinetic experiments
employed to study the precipitation of NiFe-LDHs. As observed, the
precipitation pathway can be understood as a two-step mechanism,
similar to the case of Al-based LDHs*?°. In the first step, the pre-
cipitation of Fe hydroxide takes place reflected by the overshoot
centered at pH = 2.7. In the second step, the precipitation of Ni cations
precedes onto the already precipitated Fe(OH); nanoparticles (NPs), in
aplateau around pH =7.0. This second precipitation step takes place at
alower pH value than with bare Ni (almost 1 unit lower), confirming the
higher stability compared to single Ni hydroxide and suggesting the
formation of a NiFe-LDH phase.

X-ray absorption near edge structure (XANES) spectra recorded at
K-edges during the precipitation of NiFe-LDH confirm, through the
position of the absorption edge, the occurrence of Ni" and Fe" during
the whole process, similar to typical NiFe-LDH catalysts (Fig. 1c,d).
Interestingly, while Fe K-edge spectra depict subtle modification
attributed to a change in the coordination sphere (i.e.. Fe-H,O by
Fe-OH as the pH increases) and subsequent Fe(OH); precipitation
(Fig. 1c), Ni K-edge spectra remain unaltered during the first plateau,
confirming its innocent role (Fig. 1d). Based on SAXS patterns features,
the precipitation behaviours of Ni" and Fe™" exhibit distinct growth
mechanisms, influenced by their respective hydrolytic properties. The
Ni" based hydroxides’ precipitation process initiates with the forma-
tion of compact spherical NPs after the overshoot, termed seeds, with
an average diameter of approximately 67 +1nm (Fig. le). Subse-
quently, during the plateau phase, these NPs evolve into thin two-
dimensional (2D) structures or hierarchical structures containing 2D
sheets. These findings align with the characteristic flower-like struc-
tures commonly associated with Ni-based hydroxides, corroborated
by scanning electron microscopy (SEM) characterization (Fig. le -
inset). Conversely, Fe'" precipitation follows a different pathway; SAXS
data indicates the nucleation of small NPs seeds, averaging around
4.1 + 0.1nm in diameter. These NPs swiftly aggregate into highly cor-
related mass fractal structures throughout the precipitation plateau
(Fig. 1f). This distinctive behavior of Fe", typical of a highly acidic
cation prone to polymerization into infinite fractal-like structures,
resembles the process of hydrogel formation via sol-gel-like mechan-
isms. Transmission electron microscopy (TEM) imaging confirms
the presence of these small NPs, consistent with SAXS observations
(Fig. 1f - inset). Notably, when both cations are present, during the
initial pH plateau (pH <4), SAXS patterns mirror those of bare Fe",
indicating aggregation into mass fractal structures. However, during
the subsequent plateau (pH >7), the SAXS patterns reveal fractal
structures persisting even during Ni" precipitation, suggesting divalent
cations precipitate interacting with Fe(OH), (Fig. 1g). TEM images
depict highly aggregated and smaller flakes compared to those char-
acteristic of Ni-based hydroxides (Fig. 1g - inset). In the supplementary
information, two distinct mechanisms during the nucleation and
growth of materials are thoroughly examined (Supplementary Fig. 1).
Thus, owing to the mild conditions facilitated by the epoxide route,
allowing for in situ experiments such as pH kinetics, XAS, and SAXS
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Fig. 1| Scalable synthesis of RT-NiFe-LDH and in situ characterization during
the precipitation process. Schematic representation of the NiFe-LDH catalyst
synthesis using the nucleophilic attack of chloride over an epoxide ring to obtain a
homogeneous alkalinization that allows the room temperature (RT) and atmo-
spheric pressure synthesis of NiFe-LDH (the so-called epoxide route) regardless of
the reaction volume used (a). pH profile experiments recorded at room tempera-
ture, highlight the plateaus of iron hydroxide precipitation and LDH formation
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during RT-NiFe-LDH synthesis (b). In-situ X-ray absorption near edge structure
(XANES) spectra recorded in fluorescence mode for Fe and Ni K-edges during the
first precipitation plateau. The arrow indicates time evolution (c, d). In-situ small
angle X-ray scattering (SAXS) patterns for the precipitation process of Ni** to
Ni(OH); (e), Fe** to Fe(OH); (f) and Ni** + Fe** to RT-NiFe-LDH (g). Inset: scanning
electron microscopy (SEM) (scale bar: 1 um) and transmission electron microscopy
(TEM) (scale bar: 100 nm) inspection of the samples.

measurements throughout the entire precipitation process, we pre-
sent insights confirming the synthesis of NiFe-LDH at room
temperature.

Figure 2a depicts the Powder X-ray Diffraction (PXRD) pattern of
the NiFe sample synthesized at room temperature (RT-NiFe-LDH) in
comparison with a pure NiFe-LDH obtained by using a hydrothermal
approach (HT-NiFe-LDH). The RT-NiFe-LDH sample exhibits very low
crystallinity (a detailed inspection of the PXRD pattern can be found in
Supplementary Fig. 2) with the presence of two very broad signals
related to (103) and (110) reflections, confirming the formation of an
LDH phase, in agreement with pH profiles. Remarkably, the main
interlayer reflection, the (003) peak, remains practically absent, which
is characteristic of extremely thin crystals consisting of mono/bilayer
structures®?*’. Supplementary table 1 compiles the structural para-
meters and the crystallite sizes obtained by the Scherrer equation. In
all cases, crystalline domains smaller than 5 nm are obtained suggest-
ing the formation of nano-LDHs.

XANES measurements confirm the occurrence of Ni" and Fe" (see
dashed vertical lines in Fig. 2b, c). X-ray photoelectron spectroscopy
(XPS) for the RT-NiFe-LDH sample was performed to gain further
information about the chemical speciation and the quantitative

incorporation of the cations within the layers. The presence of Ni"
is supported by the main peaks at 855.8 eV (Ni 2p;,,) and 873.3 eV (Ni
2pi), and their satellites at 861.5eV and 879.4eV, respectively
(Fig. 2d). These peaks are very similar to those observed in the HT-
NiFe-LDH (Supplementary Fig. 3)**. Analogously, Fe" is confirmed
according to both two peaks at 711.8 eV and 723.6 eV, attributable to
the Fe 2ps/, and Fe 2py, signals, respectively (Fig. 2e)*®. In the case of
Fe, the broad and less defined signals compared to those observed in
HT-NiFe-LDH (Supplementary Fig. S3-B) may suggest that the Fe
cations are situated in highly defective environments. This is char-
acteristic of nanometric samples with low crystallinity. Additionally,
the shift from 711.8 eV to 712.8 eV serves as the first hint of Fe clustering
in the RT-NiFe-LDH, as Fe in hydrothermal LDHs typically exhibits
higher energies than FeOOH?**, Additionally, the presence of Cl is
confirmed by the main peak around 197.4 eV, with a shoulder at around
199.4 eV, ascribed to Cl 2p;,, and Cl 2p;, respectively (Fig. 2f). Overall,
XPS confirms the quantitative incorporation of the cation (Ni:Fe ratio
2:1) and chloride (Cl:Fe ratio 1:1) into the solid phases, in concordance
with Energy-dispersive X-ray spectroscopy (EDX) results showing Ni:Fe
ratio 2.1:1 and Fe: CI ratio 1:1, and inductively coupled plasma mass
spectrometry (ICP-MS) results showing Ni: Fe ratio 2:1.

Nature Communications | (2025)16:6138


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61356-2

m m
a © i b E €= [rek
8 z = 5
2 g £ ©
c H A & |HT-NiFe-LDH
: £ c <
2 RTNFeLOH o o
© O = =
8 © Zineta (gegron <3 <
2 7 222l 2 2
@ s 28 3
[ © @
£ HT-NiFe-LDH T . 2
= £ | NioH), 8 | Fe(on),
RT-NiFe-LDH © absorption edge position © absorption edge position
10 20 30 40 50 60 70 £ 8320 8360 8400 8440 E 7100 7150 7200 7250
2-theta (degree) 2 Energy (eV) 3 Energy (eV)
d e f
« RT-NiFe-LDH ' « RT-NiFe-LDH + RT-NiFe-LDH
_ | = ~ Envelope RT-NiFe-LDH Ni 2p5, || == Enve.'o:e RT-NiFe-LDH Fe 2py, _ | = - Envelope RT-NiFe-LDH Cl 2p,
_% P *g "2 s 3\
c c c |
3 A, = \ = ;o
. t 8 . Cl 2p,, £
2 ; : 2 ' g Pw/zf
© i it © 14 \
; Ni 24, 1 ! = Fe 2p, g 4 \
= P A 1 2 oy 4 4
(2] 1} [} 7] J \]
c 1 c s 2 3
) S 3 Q 9 v A
£ { € £ o’ 1y
= Y £ £
\ [Ty Mo
880 870 860 850 730 720 710 206 204 202 200 198 196 194
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
g Ni K h oz . HT-NiFe-LDH i « HT-NiFe-LDH Estimated parameters for sextets HT-NiFe-LDH
i HT-NiFelbDH | | Fe€ . 4 " TD\ * RT-NiFe-LDH o Estimated parame':els Yurrsextets RT-NiFe-LDH
A Fit HT-NiFe-LDH - % e T be s DH = 2 Simoreedats RTAFeLDH
0 it A = RI-NireLDl £ LT = Fit RT-NiFe-LDH 3 — o
2 Py -~ Fit RT-NiFe-LDH < g VAR VRS S Vg
S : xt Y o @©
d ‘ e} S M. Y " " V. M
o - S e [t P /’-“
2 & 7NN
= ! = ) LYY L2 YRR
= g x 7 [ i v
x * = 1)
= L] £
/
S P Ve VanaN —
(= VY Y
0 1 2 3 4 5 6 0 1 2 5 6 -10 -5 0 10

Fig. 2 | Structural characterization of the RT-NiFe-LDH. PXRD pattern for sam-
ples synthesized by the epoxide route in comparison with one obtained by
hydrothermal synthesis at 120 °C for 12 h (a). Normalized XANES spectra of Ni K-
edge (b) and Fe K-edge (c) recorded for NiFe-LDH synthesized at RT and by HT and
pure hydroxide as reference. High-resolution XPS spectra for Ni 2p (d), Fe 2p (e),

3
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and CI 2p (f) of the RT-NiFe-LDH sample. Fourier transformation of the EXAFS
oscillations (without phase correction) of RT-NiFe-LDH and HT-NiFe-LDH at the Ni
K-edge (g) and Fe K-edge (h). Mossbauer spectra taken at 4 K (i). The estimated
parameters for these sextets, shown slightly shifted for clarity, are collected in
Supplementary Table 5.

Fourier transform of the Extended X-ray Absorption Fine Struc-
ture (EXAFS) data, which can be interpreted as a pseudo-radial dis-
tribution of the interatomic distances to the absorbing atoms, show for
the Ni K-edge two prominent peaks at ca. 1.6 and 2.7 A (without phase
correction), that correspond to the contributions with the first (O
atoms), and second neighbours (Ni or Fe atoms), respectively (Fig. 2g).
The position of both contributions is practically the same for the -
Ni(OH), sample (Supplementary Fig. 4), suggesting a minor effect over
the Ni environments by the substitutional doping of Fe in the Ni(OH),
lattice*®, and comparable with the distances observed in the HT-NiFe-
LDH. Remarkably, the RT-NiFe-LDH at the Fe K-edge revealed the
existence of a third signal at ca. 3.2 A, which is mainly associated with
the second neighbouring Fe-O and Fe-Fe pairs of this phase (Fig. 2h),
suggesting a high degree of Fe-clustering in the structure®. This is also
supported by the higher Debye-Waller factor (DW) of the RT-NiFe-LDH,
which is a measure of the thermal and structural disorder of the sur-
roundings of the absorbing atom (Supplementary Tables 2 and 3).

A thorough magnetic characterization has been carried out to
discard the presence of extrinsic magnetic impurities such as Fe spi-
nels, which modify both magnetic’’, and electrocatalytic behavior,
resulting in paramagnetic behavior at high temperatures (Supple-
mentary section 5)*2. The X-T versus T plots of the RT-NiFe-LDH reveal
the hydroxylated nature of the Fe-clusters instead of FeO,, and the
spontaneous magnetization at ca. 12 K confirms the NiFe-LDH phase™.
Low-temperature dynamic AC susceptibility measurements exhibit a

strong frequency dependence, with a marked spin-glass like behavior,
indicative of the presence of clustered Fe—-OH-Fe pairs>>%4>*,

Mossbauer spectroscopy was carried out to determine the degree
of Fe-clustering in the RT-NiFe-LDH (Supplementary table 4 and Fig. 2i
and Supplementary Fig. 6). As typical for LDHs****¢, room tempera-
ture Mossbauer spectra show paramagnetic behaviour and confirm the
presence of Fe3* (Supplementary Fig. 6). Upon cooling to 4 K, mag-
netic sextets appear due to slowed relaxation of the Fe magnetic
moments, revealing strong magnetic correlations. The presence of
multiple sextets and broad quadrupole splitting distributions indicates
a partially disordered cation arrangement, in contrast to the ideal case
in which all Fe cations would occupy equivalent environments. mag-
netic hyperfine fields (Byy) variations among the sextets reflect differ-
ences in the number of Fe and Ni nearest neighbours, with stronger
Fe-OH-Fe interactions yielding higher By, values®. The higher average
Bys observed in RT-NiFe-LDH (-50.1 T) compared to HT-NiFe-LDH
(-40.8 T) supports the presence of more Fe-rich local environments in
the RT sample. This is further confirmed by the fact that ~70% of Fe
atoms in RT-NiFe-LDH are associated with the two highest By¢ com-
ponents, compared to only 49% in HT-NiFe-LDH, univocally confirming
the higher degree of Fe-clustering of the former.

From a morphological perspective, Supplementary Fig. 7 illus-
trates the morphology of RT-NiFe-LDH. The scanning electron micro-
scope shows the typical microparticle size of agglomerated LDHs
(Supplementary Fig. 7A). Transmission electron microscopy (TEM)
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reveals aggregates approximately 100 nm in size, which aligns with
findings from dynamic light scattering (DLS) measurements (Supple-
mentary Fig. 7-B/C). Additionally, a suspension in ethanol exhibits the
typical Tyndall effect, indicating notable dispersibility, a crucial attri-
bute for the preparation of OER electrodes. The aggregates consist of
highly corrugated and thin layers. High-resolution TEM provides fur-
ther insight, revealing randomly distributed nanoparticles smaller than
5nm (Supplementary Fig. 7D). The selected area electron diffraction
pattern of the NiFe LDH agglomerates, shown in the inset of Supple-
mentary Fig. 7D, confirms the random distribution and polycrystalline
nature of the material, consistent with the PXRD pattern.

Aberration-corrected scanning transmission electron microscopy
(STEM) combined with electron energy-loss spectroscopy (EELS) was
used to investigate the local structure and chemistry of the samples in
the real space. Simultaneously acquired high-resolution annular bright
field (ABF) and high-angle annular dark field (HAADF) STEM images
(Fig. 3a) of the RT-NiFe-LDH reveal an open structure composed by
connected small NPs of ca. 4-5 nm, in perfect agreement with HR-TEM
and SAXS information. Remarkably, these NPs exhibit a high degree of
crystallinity in the short range (few nm), which is observed in the
images and also in the fast Fourier transforms (FFT) in the insets. EELS
chemical maps obtained from the analysis of EEL spectrum images
containing the Ni L3 and Fe L, ; edges allow direct observation of the
local Ni/Fe distribution. Ni/Fe compositional maps reveal the high
degree of clustering in our material, clearly revealing a non-uniform
distribution of Ni and Fe atoms (Fig. 2a) with Ni/Fe segregation
observed again in the few nm length scale. This finding is in stark
contrast to what is observed in the case of HT-NiFe-LDH (Fig. 3b),
which exhibits a more homogeneous Ni/Fe distribution. From the
extensive characterization, including PXRD, XANES, XPS, EXAFS,
Mossbauer spectroscopy, and electron microscopy, we depict that the
RT-NiFe-LDH synthesized at room temperature exhibits unique struc-
tural characteristic that deviate from those of hydrothermally syn-
thesized HT-NiFe-LDH. The distinct structural features such as very low
crystallinity, nano-sized crystalline domains, and pronounced Fe
clustering are representative of a ‘defective’ structure. In addition to
the highly open flower-like structure and low-dimensionality of RT-
NiFe-LDH, this notable high clustering is very promising for boosting
the OER performance.

Along this front, we carried out first-principles calculations based
on density-functional theory (DFT) with the Hubbard U correction
(DFT +U) to gain insights into the potential OER performance. Indeed,
two different Fe-terminated NiFe-LDH (110) surfaces, namely a (i)
highly ordered HT-NiFe-LDH and (ii) a clustered RT-NiFe-LDH, were
fully optimized to elucidate the differences in the OER activity between
them. The structure of the constructed slabs is shown in Fig. 3c,d. In
both cases the relation between Ni and Fe is 2:1. Acidic conditions were
considered for simplicity, as they can be considered thermo-
dynamically equivalent to alkaline conditions*’*%, focusing on the
adsorption of O, OH, and OOH on the NiFe-LDH (110) surface. Mole-
cular Dynamics trajectories are presented in Supplementary Data 1.
Supplementary Figs. 8-13 show the relaxed structures of all involved
intermediates in the OER process. To obtain the differences in Gibbs
free energy (G) for the entire process, we computed the G values for all
the species involved in the catalytic process. These results are shownin
Supplementary tables 8, 9. As one can see, the differences in energy
after the adsorption of the catalytic species are lower in the case of the
disordered RT-NiFe-LDH (1.3, 0.4, and 0.2% lower for the adsorption of
O, OH, and OOH respectively). This fact can be attributed to a better
redistribution of the charge density after adsorption in the case of the
Fe-clustered NiFe-LDH, which allows to stabilize the intermediate
compounds. Supplementary table 10 shows the AG for each step of
the OER for both ordered and disordered NiFe-LDH and the Gibbs
free energy diagram for the OER process is graphically shown in Fig. 3e.
The obtained values are in good agreement with those reported in the

literature***°. We found that in the case of the HT-NiFe-LDH the rate-
determining step (RDS) is the fourth (*OOH ~> O,) with a AG=1.89 eV.
On the other hand, the RT-NiFe-LDH shows that the RDS is the second
step (*OH - *O) with a AG=1.72 eV. This result points towards a better
OER activity as a consequence of the pronounced Fe-clustering due to
a faster RDS found in the catalytic mechanism.

In this context, preliminary rotating disk electrode (RDE) experi-
ments demonstrated better catalytic performance for the RT-NiFe-
LDH compared to that obtained through a hydrothermal process. A
suspension of the samples was drop-cast onto a glassy carbon elec-
trode, and a linear sweep voltammetry (LSV) at 5mV s~ was recorded,
following a protocol established in the literature?***. The results indi-
cate that the RT-NiFe-LDH presents an improved performance com-
pared to HT-NiFe-LDHs (Fig. 3f). Notably, RT-NiFe-LDH exhibits a
pronounced redox peak at approximately 1.4 V vs RHE, suggesting a
more efficient conversion to the oxyhydroxide phase than its HT
counterpart, indicative of enhanced catalytic activity.

To better understand the differences in the redox and catalytic
behaviour of the two samples, in-situ Raman spectroscopy was con-
ducted at various potentials. The requirement to apply a potential to
generate [3- and y-NiOOH phases prohibits the Raman characterization
of these pure phases®™. In addition, the B-phase is structurally well-
defined but the y-phase is specified as a collection of different crys-
talline structures. The strong point of Raman spectroscopy is to
identify crystal structures by identifying phonon modes originating
from spectroscopic unit cells related to the crystalline structures. For
the y-phase, identification lacks certainty due to the undefined nature
of this phase. Moreover, several articles try to spectrally identify the
NiOOH phase, but it is reported that the synthetic route of the NIOOH
precursor has a strong influence on the (purity of the) electrochemical
active phase’>*. Therefore, we make a comparative study between the
RT-NiFe-LDH and the conventional HT NiFe LDH.

Figure 3g shows the results of the in-situ spectroelectrochemical
Raman experiment of RT-NiFe-LDH where at low voltage the typical
450 cm™ and 520 cm™ are visible that are related to the A;g mode and a
disordered beta Ni(OH), respectively®**. Additionally, there is a weak
band around 300 cm™ that might be a signature of the £g(T) mode of
the same B-Ni(OH), phase®™ . The figure shows that at a potential of
147V vs. RHE, both signature NiFe LDH peaks seem to be red-shifted
from 450 cm™ to 472cm™ and from 522 cm™ to 551 cm™ which are
related to NiOOH peaks®’. Furthermore, a weak shoulder at 596 cm™
arises that might imply presence of FeOOH, however, due to the lack
of studies with 473nm Raman excitation, this peak remains
unassigned®’*®. For the conventional HT-NiFe-LDH, we see a similar
spectrum at low voltage, solely the position of the two signature NiFe
LDH peaks red-shifted which could be related to a bigger lattice con-
stant. After a potential applied 1.57V vs RHE the spectrum starts
undergoes several changes, firstly, the e peak shifts from 457 cm™ to
472 cm’., Interestingly, the disordered beta Ni(OH), peak at 520 cm™
remains while a peak appears at 559 cm™ and the ratio between these,
changes with increasing voltage. And lastly a peak at 394 cm™ which
has not been reported to related to NIOOH and most probable will
relate to another phase. We will not conclusively assign this peak.

The deconvolution of all spectra is performed by using the
mathematical description of several Lorentzian functions. The results
of the HT-NiFe-LDH show that there are two peaks in the region at
520 cm™ and 560 cm™ which indicate that the shift we see in the two
signature NiFe LDH peaks at 450 cm™ and 520 cm™ do not shift, but
that the material structure changes from the passive Ni(OH), to an
active phase contrary to what is reported®’. Whereas for the RT-NiFe
LDH we see full conversion of the peaks at 1.47 V vs RHE while for the
HT-NiFe LDH only a partial conversion starts at 1.57V vs RHE. The
results can be correlated with the results of the electrochemical
experiment as the RT-NiFe LDH shows conversion an important dif-
ference in the redox behaviour in comparison with HT-NiFe-LDH.
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Fig. 4 | OER electrochemical performance. Automated ultrasonic spray coating
has been used for the multiscale electrode preparation ranging from 0.196 cm?
glassy carbon RDE to 1cm? nickel-fiber DEC to finally 5 cm? AEM water electrolyzer
(a). Scheme of electrochemical configuration (b) RDE measurements on GC at RT
and 2500 rpm in 1M KOH after 30 activation cycles (50 mVs™) and the extended
galvanostatic activation protocol (¢, d). Slow scan rate CVs (SmVs™) of the catalyst
after the activation process(c). Polarization curves obtained by galvanostatic steps
up to 15 mA cm (d). The plotted potential is corrected with the uncompensated
electrolyte resistance (R,) obtained from impedance measurements at each step.
DEC measurements on Ni-fiber substrate at RT and 65 °C in 1M KOH after 30
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activation cycles (50 mV s™) (e, f). Slow scan rate CVs (5 mVs™) of the catalyst after
the activation process (e). Polarization curves obtained by galvanostatic steps up to
500 mA cm2 for the RT-NiFe-LDH with three repetitions for each at 25°C and 65 °C
in 1M KOH. The plotted potential is corrected with R, obtained from impedance
measurements at each step. Polarization curve, high frequency resistance (HFR),
and HFR-corrected polarization curve obtained in the AEMWE configuration by
galvanostatic steps up to 3000 mA cm2 after conditioning and break-in at 70 °C in
1M KOH (g). Polarization curves are always plotted as the mean value from three
independent repetitions for each measurement, whereas error bars show the
respective standard deviation.

These RDE measurements and in-situ Raman characterization give
a first hint towards good performance, but are far from operating
conditions, therefore a multi-scale electrochemical characterization
approach is necessary to confirm the applicability of the RT-NiFe-LDH.
Considering some of the previous works on LDHs measured with RDE,
it is reported that by applying potential holds, some of the catalysts
seem, at first glance, to be unstable, while others can be measured for
hours or even days'®**°2, The changes in current during potential holds
are usually related to (i) iron dissolution, (ii) iron adsorption, and (iii)
the usage of different conducting powders or polymers. Nevertheless,

the effect of bubble formation, catalyst layer (CL) detachment, and the
dynamic behavior of LDHs are commonly not taken into account for
the electrochemical characterization®* ¢, To tackle the current chal-
lenges of the field related to poor reproducibility, and to get a more
realistic performance compatible with industrial protocols®’®, we
designed a systematic multi-scale electrochemical characterization
(Fig. 4b), using an automated ultrasonic spray coater for the pre-
paration of the electrodes (Fig. 4a). This way, controlled coating
quality and catalyst loading can be ensured for electrodes of increasing
dimensions, allowing the progressive characterization at relevant
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current densities. The prepared inks were sprayed onto glassy carbon
(GC) tips for RDE characterization and also on Ni-fiber substrates for
diffusion-electrode cell (DEC) experiments and single-cell anion-
exchange membrane water electrolysis (AEMWE) measurements. It is
important to state that no support, such as conductive carbons, was
added to the ink mixture.

In preliminary RDE experiments it was noticed that by performing
the standard reported conditioning cycles (ca. 30 CVs at 50 mV s ™)',
the activation of the material was not fully completed, and the OER
activity of the LDH continued to increase even after 30 cycles. Never-
theless, the activation cycles were performed to track the evolution of
the LDH redox peaks (Supplementary Fig. 14A/B). To fully activate the
materials, we implemented a method for RDE evaluation adapting the
conditioning applied in AEMWE, with chronopotentiometry (CP)
measurements for 16 min at 10 mA cm™ After the hold, three slow CVs
at 5mV s™ were measured to compare the activity before and after the
extended activation (Supplementary Fig. 15), demonstrating that the
OER activity remains constant with the proper activation procedure.
To further evaluate the activity of the catalyst in steady state, we
implemented a protocol of galvanostatic steps up to 15 mA cm™ with
impedance measurements at each step to correct the uncompensated
resistance (R,). Following, slow scan rate CVs (3x5mVs™) are mea-
sured to compare the charge of the Ni redox peaks and to confirm that
the samples are stable during the characterization. The final protocol
consists of (i) activation, (ii) slow scan rate CVs, (iii) polarization curve,
and (iv) slow scan rate CVs; described in section 9 of the Supplemen-
tary Information (Supplementary Fig. 16). For the RDE characteriza-
tion, the loading of three RT-NiFe-LDH samples was set to 0.2 mg cm™?,
delivering a stable potential around 1.52+0.01V at 10 mAcm™ and
presenting high reproducibility and stability (Supplementary Fig. 17),
stressing the high quality of the spray coated samples. The slow scan
rate CVs after the activation hold and the polarization curve are shown
in Fig. 4c,d, respectively. Comparing the obtained potential during the
conditioning and the polarization curve at 10 mA cm™, the RT-NiFe-
LDH catalyst maintains its initial catalytic activity (Supplementary
Fig.18). The RDE results (Supplementary section 10) indicate that using
slow scan rate CVs or LSVs to determine electrochemical parameters of
dynamic catalysts can result in misleading values. It is worth men-
tioning that the tip preparation method did not allow to obtain low-
loaded samples (<0.2 mg cm™, catalyst loading in the literature varies
between 0.1 and 0.2mgcm?)>°, and high-temperature measure-
ments, due to the thermal expansion of the Teflon holder.

The results observed in RDE (Fig. 4c,d) could be affected by the
formation of bubbles at the interface of the glassy carbon and the
catalyst layer, which could cause particle detachment®*°¢"., This effect
might be circumvented by improving the interface between the sub-
strate and the catalyst layer, using, for example, coated Ni-fibers
measured in DEC configuration. As in RDE, this technique utilizes a
reference electrode with a fixed potential, allowing the characteriza-
tion of the anode overpotential without other contributions. Mean-
while, the electrode structure and catalyst loading can be adjusted to
be closer to the application in a real electrolyzer. Additionally, this cell
configuration is easily adapted to operate at room temperature (as
RDE) and elevated temperature (like AEMWE), offering a valuable tool
for bridging the gap between the two techniques. To implement the
characterization in the DEC, we decided to deposit the same ink onto
Ni-fibers, applying the previously mentioned protocol (Supplementary
Fig. 16), but increasing the current density values with respect to RDE.
In this case, the loading of three samples was set to 2 mgcm™, and the
conditioning consisted of 30 CVs at 50 mVs™ and CPs for 16 min at
50 mA cm™. The slow scan rate CVs after the activation hold and the
polarization curve are shown in Fig. 4e,f. In the CVs, the distinct Ni"/Ni"
catalyst peaks are shifted to higher potentials due to the incorporation
of Fe into the catalyst (Supplementary Fig. 20)%. Additionally, a subtle
shoulder can be observed, attributed to the contribution of the nickel

substrates (Supplementary Fig. 21A)%>”*. Thus, Ni-fiber reference sam-
ples were also measured following the same protocol (Supplementary
Fig. 16). As in RDE, spray coated DEC measurements show a stable
potential around 1.50 + 0.01V at 50 mA cm?, presenting high repro-
ducibility and stability (Supplementary Fig. S22). In both techniques,
the OER activity is not affected by the increase in the redox peaks
suggesting that more material has transitioned to the active phase, but
the active sites are not contributing to the OER (Supplementary sec-
tion 10, 11), limiting the use of CVs or LSVs in RDE & DEC to determine
electrochemical parameters.

Although a direct comparison of the activity of RDE and DEC is not
possible due to several factors such as (i) loading (0.2 vs 2 mg cm™), (ii)
different catalyst layer formation on substrates (GC and Ni fiber), and
(iii) different bubble removal processes (rotation vs stationary), clear
trends can be observed for determining the activity of catalysts on
both techniques. Due to the uniform distribution and compact nature
of the catalyst layer, even a catalyst loading of 0.2 mg cm? can result in
a sufficiently thick catalyst layer (CL) that leads to mass transport
problems. Considering that the steady state polarization curve of the
RDE measurement presents lower performance than DEC, the activity
of the RDE samples measured by applying galvanostatic steps is
probably influenced by the low intrinsic conductivity of LDHs and
microbubble accumulation (Supplementary Fig. 27). An indirect con-
firmation of this theory is observed when increasing the loading of
the RDE sample from 0.2 to 0.4 mg cm™2, which shows a decrease in the
performance (Supplementary Fig. 25). Contrarily, a variation in the
loading of the RT-NiFe-LDH samples (from 2 to 0.7 mg cm™) on Ni-fiber
results in the same performance (Supplementary Fig. 26), due to the
high surface area of the Ni fibers. In order to understand the con-
tribution of active sites to the OER activity, the RT-NiFe-LDH catalyst
and the Ni-fiber reference were also tested in DEC at 65 °C. The RT-
NiFe-LDH catalyst shows a decrease in the overpotential from 1.57 to
1.46 V vs. RHE at 500 mA cm (Fig. 4¢,f) due to improved kinetics and
faster diffusion. The observed large potential shift of 116 mV corre-
sponds well with the potential shift values observed for IrO- in the gas
diffusion electrode (GDE) at a current density of 1Acm™ (118 mV)
across various temperatures (20 to 60 °C)’*. The apparent Tafel slopes
obtained from the polarization curves measured by galvanostatic
steps in DEC at room temperature and 65°C are 42.12+2.19 and
36.22+1.50 mV dec™ (Supplementary Fig. 31). A similar decrease in
Tafel slope was also observed in IrO, GDE samples between 10 and
100 mA cm™ at 20 and 60 °C™. It is crucial to emphasize the role of
measurement parameters and conditioning protocols, as they impact
the comparison of these materials (Supplementary Fig. 14, 15). Larra-
zabal et al.” highlighted a concerning trend in new catalysts research,
often prioritizing notable results from simplified electrochemical
methods (LSV, CVs) under unrealistic conditions, like low current
densities, room temperature, and non-steady state, leading to mis-
leading outcomes. Therefore, for accurate catalyst screening, experi-
ments should be conducted under realistic conditions. DEC
measurements offer the possibility to test at relevant conditions (in
our case 1M KOH, 65°C, 500 mAcm™) while providing a defined
cathode potential, therefore bridging the gap between RDE and
AEMWE measurements.

Next, MEAs were fabricated with the RT-NiFe-LDH OER catalyst
and tested at 70 °C in a full-cell AEMWE setup with 5 cm? active area. In
a catalyst coated substrate (CCS) approach, the MEAs were assembled
by sandwiching a spray coated Ni-fiber (2 mgnireon cm?, 10 wt.%
Aemion +®) as the anode, together with a commercial membrane
(75um Aemion+®)) and spray coated carbon paper (0.5 mgp, cm™
Pt/C, 10 wt.% Aemion +®) as the cathode. Three separate MEAs were
fabricated and tested, to ensure reproducibility of the results. After
assembly, the cell was heated and flushed with 1M KOH for 1.5h to
reach steady temperature operation. Following a break-in 2h @ 1.8 V)
the initial polarization curve was recorded up to 3 A cm™ (Fig. 4g). The
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RT-NiFe-LDH catalyst reaches 1Acm™ at .69 V and 3Acm™ at 2.06 V
in this setup. The high frequency resistance (HFR) is determined by
fitting an equivalent circuit model to the high frequency intercept of a
short impedance sweep at each current density (Supplementary
Fig. 32). The polarization curve from the full-cell shows notable
deviations compared to DEC measurements across all current den-
sities, with discrepancies increasing at higher currents (Supplementary
Fig. 27). These differences likely stem from (i) temperature variations
(65°C vs. 70°C), (i) catalyst utilization in the CLs, (iii) the CL-
membrane interfaces in the MEA, and (iv) differences in mass transport
in each setup. Despite these deviations, the findings align with recent
reports’®, indicating that cathode overpotential and mass-transport
losses contribute to the overall cell voltage in AEMWE. Confirming this
would require a detailed analysis of the individual contributions from
the anode, cathode, and membrane to the total cell voltage, which is
beyond the scope of this study. To sum up, the AEMWE performance of
the scalable RT-NiFe-LDH catalyst is notable and remains consistent
from laboratory-scale RDE measurements to pilot-scale full-cell MEA,
being suitable for operating an electrolyzer at high current densities.

To understand and correlate the electrochemical results with the
chemical and structural intrinsic properties of the scalable RT-NiFe-
LDH catalyst, a benchmark LDH from the literature was synthesized
and denoted as NiFe-LDH*. This reference was chosen because the
highly ordered HT-NiFe-LDH cannot be synthesized in quantities
necessary for full-cell AEMWE tests. The multiscale electrochemical
comparison exhibited higher activities for the RT-NiFe-LDH in all
employed characterization methods (Supplementary section S15).
Both samples were subjected to a constant current experiment for
100 h at 1 A cm™ in the full-cell AEMWE setup. During the initial phase
of the constant current experiment, from 2 to 14 h, RT-NiFe-LDH
exhibited an average potential increase of 1.02 mV/h, compared to the
control NiFe-LDH which increased at a rate of 1.84 mV/h. Subsequently,
from 85 to 100 h, the potential rise for RT-NiFe-LDH was lower, aver-
aging 0.41 mV/h, while NiFe-LDH showed an increase of 0.80 mV/h
(Fig. 5a). The electrodes were analysed at the beginning (BoT) and the
end of the tests (EoT) by polarization curves (Fig. 5b). In a complex
system such as AEMWE, multiple factors can play a role in the increase
of potential over time, such as membrane stability, intrinsic catalyst
stability (activity, dissolution, and Pt-Fe poisoning), or mechanical
stability of the catalyst layer during operation (influenced by particle
size, ionomer used, etc.). As the commercial membrane, ionomer
materials, inks, and preparation procedure for all tests were kept
constant, the slower potential increase for the RT-NiFe-LDH can likely
be ascribed to the higher intrinsic stability of the catalyst”’. To shed
light on this point, electrochemical impedance spectra (EIS) within the
ohmic region of the iV-curve (at 1 A cm™) were recorded after BoT and
EoT polarization curves (Fig. 5¢c). The BoT as well as EoT impedance
characterization shows a qualitatively lower charge transfer resistance
for the RT-NiFe-LDH compared to the control material, agreeing with
the notable performance shown in the polarization curve and constant
current experiment. A slightly higher HFR in the RT-NiFe-LDH sample is
observed. Compared to the performance benefit, this drawback seems
minor. It is worth mentioning that a quantitative approach to analyze
EIS data in AEMWE is not yet established due to the lack of an
equivalent circuit model and unknown fundamental parameters (e.g.
the specific charge of reaction intermediates to the active sites of the
catalyst for calculation of the electrochemical surface area).

On the one hand, to further elucidate the differences in activity
between both tested catalysts, XRD measurements were performed
before and after the full-cell tests (Fig. 5d and Supplementary Fig. 37A).
The XRD patterns distinctly differentiated the catalysts. For the RT-
NiFe-LDH, the characteristic 8.6 A peak, indicative of the LDH inter-
layer spacing, disappears upon electrode formation, transitioning to a
7.2 A peak associated with the interlayer distance of oxyhydroxide
species’®. Conversely, in the control NiFe-LDH, the interlayer peak at

7.8 A remains intact. To confirm the validity of these observations
under operational conditions, in-situ Raman spectroscopy and XANES
analysis of Ni K-edge at a current density of 500 mA cm™ on carbon
paper were employed (Fig. Se, f, respectively). Raman spectroscopy
confirmed that at a high current density, the behavior of the samples
matched the observations made at 1.67V vs. RHE (approximately
10 mA cm™). Specifically, there was a complete transformation to an
oxyhydroxide phase in RT-NiFe-LDH and only a partial conversion in
NiFe-LDH, consistent with the findings from the post-mortem XRD
analysis. The XANES analysis highlighted an edge shift of more than
2 eV relative to Ni" for the HT sample, suggesting a complete conver-
sion to Ni". For the RT sample, an additional shift of 0.5 eV to a higher
energy level indicates the possibility of environments with Ni valences
exceeding (II). This substantial shift in electronic states supports the
formation of catalytic centers likely involving Ni" and aligns with the
formation of the y phase of the oxyhydroxide” %2, Additionally, XANES
analysis of the Fe K-edge (Supplementary Fig. 37B) revealed no chan-
ges in the oxidation state of Fe.

Thus, the results indicate a complete conversion of the RT-NiFe-
LDH to the oxyhydroxide species, but only a partial conversion for the
control NiFe-LDH, supporting the higher activity observed in the RDE,
DEC, and AEMWE electrochemical measurements. These results make
evident, that the unique characteristics of RT-NiFe-LDH (low-dimen-
sionality, highly defective, and clustered nature) maximize the con-
version of the brucite layers into highly active oxyhydroxides phases®.

On the other hand, to better understand the improved stability of
RT-NiFe-LDH after 100 h of operation and to identify potential degra-
dation mechanisms, FIB-SEM-EDX analyses were conducted on the
electrodes both before and after testing (Supplementary Fig. 38A/F
and Supplementary Fig. 39A/F). These were complemented by a
detailed morphological characterization of the catalytic material
recovered from the electrodes using TEM and STEM-EELS (Supple-
mentary Fig. 40A/B). SEM-EDX images show that RT-NiFe-LDH initially
forms a cracked catalyst layer (CL), in contrast to the more homo-
geneous layer produced under similar deposition conditions with
hydrothermal NiFe-LDH. Interestingly, post-mortem analysis indicates
a lower degree of delamination in the RT-NiFe-LDH sample compared
to the hydrothermal counterpart. Moreover, the initial cracks, which
tend to propagate perpendicular to the nickel fibers, may serve to
alleviate mechanical stress within the porous structure during elec-
trochemical cycling, thereby reducing material detachment. Support-
ing this observation, cross-sectional FIB-SEM analyses reveal that
although both catalyst layers experience compression after operation,
the RT-NiFe-LDH layer retains better structural integrity. Nevertheless,
high-resolution imaging after 100 h shows that in certain regions—
particularly in samples synthesized via urea-based methods—the cat-
alyst layer is considerably delaminated* or even completely absent,
indicating that delamination is the primary degradation pathway.
Despite these changes of the CL, TEM analysis of the isolated RT-NiFe-
LDH catalyst reveals no notable morphological alterations. However,
STEM-EELS analysis shows a slight shift in the Ni/Fe ratio from 2:1to 3:1,
indicative of Fe leaching, which may contribute to the performance
degradation. It is also important to consider that this degradation
could originate from other components within the single cell, such as
the membrane, the cathode, or related interfaces.

As conclusion, we have demonstrated a scalable method for
producing relatively large quantities of highly active NiFe-LDHs. This
was achieved using the epoxide route, a scalable synthetic approach
compatible with industrial needs (room temperature conditions, one-
pot, aqueous-based, low-cost, and low time-demand). This is crucial to
transfer lab-scale Fe-based LDH technologies into commercial water
splitting devices. By in-situ spectroscopic analysis, we unveiled the
growth mechanism of NiFe-LDHs, along with a pronounced cation
clustering, which turns out to be critical for the notable OER perfor-
mance of the catalyst. Moreover, we demonstrated the notable
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electrochemical performance of the RT-NiFe-LDH over a control, state-
of-the-art NiFe-LDH in three different setups. The initial catalysts per-
formance evaluation has been carried out in RDE. Afterwards, mea-
surements in DEC with a small active area (1cm?), providing the
overpotential of anode catalysts in steady state conditions and at
realistic operating temperatures, allow us bridging the gap between
fundamental and applied techniques. Finally, full-cell AEMWE polar-
ization curves demonstrate that we were able to decrease the over-
potential of state-of-the-art NiFe-LDHs by 50 mV at 1A cm™, from 1.74
to 1.69V; due to the complete conversion of the RT-NiFe-LDH into its
highly active oxyhydroxide phase, and the involvement of catalytic
centers likely including Ni", this aligns with the formation of the vy
phase of the oxyhydroxide. The high OER performance of the RT-NiFe-
LDH and its industrial scalability pave the way for the development of
PGM-free AEMWE electrolyzers operating at high current densities.

Moreover, NiFe-LDHs can be applied in other electrolyzers, where
commercialization will require the availability of large quantities of
highly active material. This makes the demonstration of scalable pro-
duction methods for NiFe-LDHs critically important. We believe that
this work provides a notable step in that direction.

Methods

Catalyst synthesis and characterization

Chemicals. Nickel chloride hexahydrate 99.9% (NiCl,-6H,0), iron
chloride hexahydrate 97% (FeCl;-6H,0), nickel nitrate hexahydrate
99.99%  (Ni(NO3),-6H,0), iron nitrate hexahydrate 99.95%
(Fe(NO3)3:6H,0), Urea 99.99%, glycidol 96% (Gly), Triethanolamine
99.5% (TEA) and sodium chloride (NaCl) were purchased from Sigma-
Aldrich. Ethanol (EtOH) was purchased from Honeywell. All chemicals
were used as received. Milli-Q water was obtained from a Millipore
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Milli-Q equipment. KOH pellets, Normapur®, VWR International LLC
>85%, BEK-POR 2N118-0.25 (99.9% Ni), Bekaert.

Synthesis. RT-NiFe sample: Samples were obtained by employing the
Epoxide Route. Typically, precipitations were driven by aging for
24-72h at room temperature aqueous solution adjusted (with HCI
solution) at an initial pH around 2 to guarantee the cations’ solubility
(especially in the case of Fe"). Total cation concentrations, defined as
[Ni"]] + [Fe'], were tested from 15 to 750 mM. In all the cases, Ni:Fe ratio
of 2:1 was employed, exclusively. Total chloride concentration,
[CI']=2[Ni"T] + 3[Fe™] + [NaCl], was modulated from 40 to 2000 mM,
by adding NaCl solution. Once defined the experimental conditions,
Gly is added to the aqueous solution under permanent magnetic stir-
ring. Gly concentrations from 40 to 2000 mM were tested. It is worth
mentioning that the addition of Gly starts the reaction. After the pre-
cipitation, the solids were obtained either by filtration or centrifuga-
tion, washed three times with water (50% of the initial reaction
volume), and finally with EtOH. The samples were dried at room tem-
perature and kept in desiccators for further characterization.

HT-NiFe sample: In a typical synthesis of NiFe-LDH***?, the nitrate
salts of the metals were mixed with TEA and dissolved in 50 mL of
degassed Milli-Q water to obtain a final solution with a total metal
cation concentration of 20 mM, maintaining a fixed Ni to Fe molar ratio
of 2:1. The TEA concentration was adjusted based on the amount of Fe
present. Next, 50 mL of a 35mM aqueous urea solution was added,
with the amount of urea corresponding to 75% of the total metal
concentration. The resulting dark brown solution was transferred to a
125 mL stainless steel autoclave lined with Teflon and heated in a
preheated oven at 120 °C for 48 h. After the reaction period, the
autoclave was allowed to cool to room temperature on the bench. The
obtained yellowish fine powder was collected by filtration, washed
thoroughly with Milli-Q water, and dried under vacuum. The pH of the
leftover solution was measured to be around 7.5 to 8.0.

NiFe-LDH sample: In a typical procedure”, Ni(NO3),'6H,O
(0.75 mmol), Fe(NOs3)39H,0 (0.25mmol), and CO(NH,), (5mmol)
were dissolved in 36 mL of distilled water and stirred to form a clear
solution. The aqueous solution was transferred to a 125 mL Teflon-
lined stainless-steel autoclave, which was sealed, maintained at 120 °C
for 12 h, and then allowed to cool to room temperature naturally. Then,
the final powder was filtered and washed with Milli-Q water and EtOH
several times and dried for 24 h under vacuum at room temperature.

Chemical, structural, and physical characterization. Field emission
scanning electron microscopy (FESEM) and energy dispersive X-ray
spectroscopy (EDS) analyses were carried out using a Hitachi S-4800
microscope operating at an accelerating voltage of 20 kV. Transmission
electron microscopy (TEM) was conducted with a JEM-1010 instrument
at 80 kV. To prepare the samples, suspensions were deposited onto 300
mesh copper grids coated with lacey Formvar/carbon films.

Scanning transmission electron microscopy combined with elec-
tron energy loss spectroscopy (STEM-EELS) was performed on a JEOL
ARM200cF microscope located at the Centro Nacional de Microscopia
Electrénica (UCM). This equipment is fitted with a spherical aberration
corrector and a Gatan Quantum EEL spectrometer. Powder X-ray dif-
fraction (PXRD) data were collected using a PANalytical Empyrean
diffractometer equipped with a capillary stage and employing Cu Ko
radiation (\=1.54 A), covering a 20 range from 2° to 70°. X-ray pho-
toelectron spectroscopy (XPS) measurements were obtained in an
ESCALAB210 system (Thermo VG Scientific) under ultrahigh vacuum
conditions (base pressure of 1.0 x 1071° mbar), using Al Ka radiation
(1486.6 eV) as the excitation source. All spectra were calibrated with
reference to the Fermi level. Inductively coupled plasma mass spec-
trometry (ICP-MS) was performed at the University of Valencia in the
Atomic and Molecular Spectrometry Section. Between 3 and 12 mg of
each hydroxide sample were digested in ultrapure 69% nitric acid

(Scharlab) for trace-level analysis. The digestion was conducted using a
Milestone ETHOS EASY high-pressure microwave system, reaching
temperatures up to 220 °C.

Magnetic measurements were carried out on the bulk materials
using a Quantum Design MPMS-XL-5 SQUID magnetometer. The
samples’ magnetic susceptibility was corrected for the diamagnetic
contributions of their elemental components, based on Pascal’s con-
stants and the holder’s contribution. DC magnetic data were acquired
under applied fields of 100 or 1000 Oe over the 2-300 K temperature
range. AC susceptibility data were measured with a 3.95 Qe field at
frequencies of 997, 333, 110, 10, and 1 Hz.The M&ssbauer spectra were
recorded in the transmission mode using a conventional constant-
acceleration spectrometer and a 25 mCi ’Co source in an Rh matrix.
The velocity scale was calibrated using a-Fe foil. The absorbers were
obtained by packing the powdered samples into Perspex holders. The
isomer shifts are given relative to metallic a-Fe at room temperature.
The spectra at 4.1K were recorded by using a bath cryostat with the
sample immersed in liquid He. The spectra were fitted to Lorentzian
lines by using a nonlinear least-squares method®. The distributions of
quadrupole splitting were fitted according to the histogram method®*.
To assess the expected distribution of Fe local environments under a
random cation arrangement, the probability P(m) of finding m Ni
atoms among the six nearest-neighbor (nnn) cation sites was calcu-
lated using the binomial expression:

P(m)= AR i @

m!(6 —m)

where y is the Ni/Fe ratio, equal to 2 in both samples. The calculated
values of P(m) are provided in Supplementary Table 6. Assuming
equivalent local environments and recoil-free fractions, the relative
spectral areas | of the sextets observed at 4 K were compared to the
corresponding probabilities, as summarized in Supplementary table 7.

In situ Small Angle X-ray Scattering (SAXS) experiments were
conducted at the BL11 NCD-SWEET beamline of the ALBA Synchrotron
Light Source (Barcelona, Spain), under project IDs 2020024318,
2020094732, and 2021025023.

The experimental setup involved a continuously stirred solution,
introduced into a 2 mm glass capillary flow cell optimized for liquid-
phase analysis. This configuration helped maintain a homogeneous
distribution of nanoparticles during the reaction and reduced X-ray-
induced damage to the sample. The X-ray beam was operated at an
energy of 12.4 keV, and the distance between the sample and detector
was set to 6700 mm. Scattering data were acquired using a Pilatus 1M
detector (Dectris, Switzerland), capturing images with a 5-second
exposure time at a rate of four frames per minute. At the beginning of
the reaction, the precursor solution had an approximate pH of 2. Data
acquisition began immediately after introducing the epoxide into the
metal cation solution. Two modeling strategies were applied for
interpreting the data. For spherical nanoparticles, a semi-empirical
Guinier-Porod function was used®, where the radius of gyration (Rg)
served as the primary fitting parameter. The particle diameter was
estimated using the relationship with d =2,/5/3Rg. For the sol-gel-like
process, a mass fractal model was employed®. The fitting parameters
included the diameter of the small particles forming the larger
aggregate, the fractal dimension (f) related to the aggregate structure,
and the fractal cutoff (g), which corresponds to the characteristic size
of the fractal structure. The diameter of the fractal structure was
obtained using the relationship® d=2,/5/3 /f(f +1)/2¢. These mod-
els were employed to evaluate the pattern features in order to build a
nucleation and growth mechanism during the first steps of the pre-
cipitation process.

X-ray Absorption Spectroscopy (XAS) measurements were per-
formed at the BL-22 (CLASS) and BL16 - NOTOS beamline from the
ALBA synchrotron (Barcelona - Spain). XANES and EXAFS spectra at
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the Ni and Fe K-edges were measured at room temperature in
transmission mode (projects ID: 2020094548, 2021024897 and
2024028425). Absorbent samples were prepared by pressing freshly
obtained powders into pellets with a diameter of 1.3 mm, which were
then sealed using 50 um-thick Kapton® tape to protect them from
oxidation. The ideal quantity of material required for the measure-
ments was determined using Hephaestus, a software included in the
Demeter analysis package®. A Si(111) double-crystal monochromator
was used to obtain a monochromatic incident beam over the sample,
and the intensities of the incident and transmitted X-rays were mea-
sured using two ionization chambers, respectively. XAS spectra were
collected from 7000-8000 eV with a reduced step (0.3eV) in the
XANES region (7100 to 7150eV) for Fe K-edge, and from
8200-9200 eV, with a reduced step of 0.3 eV in the XANES region
(8330 to 8360 eV), for the Ni K-edge. The incident photon energy was
calibrated using the first inflection point of the Fe K-edge (7112 eV) and
Ni K-edge (8333 eV) from reference foils of metallic Fe and Ni,
respectively. For each sample, three spectra were taken with exposure
times of 4 min each to later be averaged. In situ experiments were
carried out using a continuous flow cell available at the CLASS
beamline. The reaction mixture was continuously circulated from a
glass beaker through a borosilicate capillary (3 mm outer diameter)
using a peristaltic pump, ensuring a steady flow and constant renewal
of the solution within the capillary. XANES spectra were recorded at
the Fe and Ni K-edges in fluorescence mode, with a solid-state detector
(Amptek silicon drift detector, XR-100SDD) positioned at 90 degrees
with respect to the incoming beam. Simultaneously, in situ pH mea-
surements were performed to monitor the progression of the pre-
cipitation process and correlate the chemical evolution with the
absorption spectra. XANES data treatment was performed by sub-
tracting the pre-edge background followed by normalization, extra-
polating a quadratic polynomial fitted at the post-edge region of the
spectrum using the ATHENA AUTOBK background removal
algorithm®. Quantitative analysis of the EXAFS data was carried out by
modeling and fitting the extracted EXAFS oscillations. The x(k) signals
were isolated from the raw experimental data using standard methods
implemented in the Athena software. To emphasize features at higher
k-values, the x(k) data were weighted by k3 prior to applying the
Fourier transform. The transformation was performed using a Hanning
window function. Subsequent EXAFS modeling and fitting were con-
ducted using the Artemis program®. Theoretical scattering path
amplitudes and phase shifts for all environments used in the fits were
calculated using the FEFF9 code®. The k-range was set from 2.5 to
12 A™. The passive reduction factor So? values were restrained to 0.79
and 0.83 for Fe and Ni, respectively. These values were obtained from
the fitting standard foils of metallic Fe and Ni, and constraining the
coordination numbers to those corresponding to each structure.
Individual point Raman spectra were carried out using a Horiba Lab-
RAM HR evolution, employing a blue laser (473nm) in the
100-1000 cm™ range. For the acquisition of all Raman spectra, a 50x
Objective with a 600 mm™ grating was employed.

Computational details

Density functional theory (DFT) calculations were performed as
implemented in the Vienna ab initio Simulation Package (VASP)”2,
The plane-wave basis and projector-augmented wave (PAW) method
were used”. The generalized gradient approximation (GGA) in com-
bination with the Perdew—Burke—Ernzerhof (PBE) functional was used
to describe the exchange-correlation®. Kinetic energy cut-off was set
to 500 Ry for expanding the basis set. We used a Grimme’s DFT-D3
scheme to describe van der Waals interactions between the NiFe-LDH
(110) surface and the intermediates of the OER™. Self-interaction errors
for strongly correlated d electrons were corrected using Hubbard Ueff
parameters of 5.3 and 5.5 eV for the Fe and Ni atoms respectively, as
implemented by Dudarev et al’® In our OER calculations, we

constructed an undercoordinated Fe-terminated NiFe-LDH (110) sur-
face due to its low surface energy by introducing a vacuum layer of 15 A
to avoid interaction with periodic images along c. Superficial Fe atoms
were considered as the active site for the adsorption of the inter-
mediate species as reported in the bibliography®”®%. All slab models
were fully relaxed until the Hellman-Feynman forces and energies were
lower than 0.02 eV A-1 and 1x10-6 eV, respectively.

To elucidate the underlying mechanism of the OER activity, we
followed the computational methodology developed by Ngrskov®.
Gibbs free energy (G) for all intermediates involved in OER was cal-
culated using the total energy obtained via DFT calculations and
considering the quasi-harmonic vibrational free energy correction
term, including the zero-point energy (EZPE) and entropy correction
(TS) as:

G=Eprr+Ezpg — TS

Acidic conditions were considered for simplicity, as they can be
considered thermodynamically equivalent to alkaline conditions*”*’.

Electrochemical characterization

Electrolyte preparation. A 1M KOH solution (pH 14+0.2, Hanna
HI1131) was prepared by dissolving 66.01 g of KOH (85% purity) in1liter
of Milli-Q water using a volumetric flask. The solution was stored in 1L
PTFE bottles, protected from natural light, and kept in a closed cabinet
at room temperature.

Initial RDE testing. The initial glassy carbon (GC) rotating disc elec-
trode (RDE) measurements, presented in Fig. 3f of the main text, were
carried out by preparing an ink composed of 5mg of LDH powder,
2.5 mg of graphitized carbon, and 25 pL of 5% Nafion solution D520.
These components were dispersed in 1.25mL of a 1:1 (v/v) ethanol/
water mixture and sonicated for 20 min to ensure homogeneity. A 3 uL
aliquot of the resulting suspension was drop-cast onto a 3 mm dia-
meter GC RDE, which had been previously polished using alumina
powders with particle sizes of 1.0, 0.3, and 0.05um. The modified
electrode was then dried at room temperature for 30 min. Prior to
oxygen evolution reaction (OER) testing, 30 cyclic voltammetry (CV)
cycles were performed between 0.9 and 1.7V versus the reversible
hydrogen electrode (RHE) at a scan rate of 50 mV-s~L. Linear sweep
voltammetry (LSV) was conducted at 5mV-s! in 1M KOH aqueous
solution previously purged with nitrogen. The RDE was rotated at
1200 rpm during the measurements. Each sample was tested at least
three times using independently prepared electrodes.

In-situ Raman characterization under different potential and a high
current density. A redox.me cell (model SKU: C-A-RAM_MM ECFC)
with a carbon paper covered with 0.6 mg/cm? of NiFe-catalysts, a
platinum wire counter electrode, and an Ag/AgCl reference electrode
were used for EC-Raman measurements. An electrolyte solution of 1M
KOH was applied.

In-situ XANES characterization under high current density. A
redox.me cell (model SKU: C-A-MM _FC _GDE_XRD EC) with a carbon
paper covered with 0.6 mg/cm?® of NiFe-catalysts, a platinum wire
counter electrode, and a Ag/AgCl reference electrode were used for
EC-Raman measurements. An electrolyte solution of 1M KOH was
applied.

Electrode fabrication. The remaining electrodes were fabricated
using a catalyst-coated substrate (CCS) method. In this approach, a
catalyst ink is first prepared and then deposited onto different sub-
strates—porous transport layers for DEC and MEA testing, and glassy
carbon (GC) tips for RDE measurements.
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To prepare the anode catalyst ink, an ionomer solution (1wt.%
ionomer in 80/20 wt.% ethanol/acetone) was made by stirring the
appropriate amounts of ionomer (AP3-HNN9-00-X, lonomr), ethanol
(EMSURE®, Merck KGaA), and acetone (Merck KGaA) overnight on a
hot plate maintained at 60 °C. Simultaneously, the NiFe-LDH catalyst
powder was pre-dispersed in Milli-Q water (18.2 MQ-cm at 25 °C, Merck
KGaA) by stirring overnight. The following day, both mixtures were
combined, and ethanol was added to achieve the final ink formulation:
3 wt.% total solids (comprising 90 wt.% catalyst and 10 wt.% ionomer)
in a 50/50 wt.% mixture of water and ethanol/acetone. The ink was then
stirred for one hour at room temperature and further homogenized
using an ultrasonic horn (S26d7 sonotrode on a UP200St system,
Hielscher Ultrasonics GmbH) in three 20-min intervals at 40 W, while
kept cool in an ice bath.

Glassy carbon (GC) disks (Smm diameter) were thoroughly
cleaned using isopropanol and water, followed by polishing with a
3 um diamond suspension (Struers, DiaPro Mol R). A PTFE mask was
applied during spray coating to prevent catalyst overspray onto the
RDE tip edges.

The ink was spray-coated using an ultrasonic spray coater
(Sonotek ExactaCoat with a 48 kHz AccuMist nozzle) onto GC for RDE,
and onto sintered nickel fiber substrates (BEK-POR 2N118-0.25,
Bekaert) for DEC and MEA applications. Catalyst loadings were tar-
geted at 0.2 mg/cm? for RDE and 2 mg/cm? for DEC and MEA, covering
active areas of 0.19 cm? (RDE), 1 cm? (DEC), and 5 cm?* (MEA). Loadings
were determined gravimetrically using a Satorius Cubis® microscale
(MSA66S-000-DH) by weighing the electrodes before and after
deposition. The spray coater’s heating plate was set to 120 °C, with a
nozzle speed of 170 mm/s and a solution flow rate of 0.45 mL/min.

For MEA cathodes, a similar procedure was followed. The ionomer
solution remained the same, but 1-propanol was added to the ink
mixture in the morning prior to ultrasonication. The final composition
consisted of 1wt.% total solids (90 wt.% Pt/C with 60 wt.% Pt content,
Thermo Fisher Scientific, and 10 wt.% ionomer) in an 80/20 wt.% mix-
ture of water and 1-propanol/ethanol/acetone. This ink was sprayed
onto carbon paper (H24CS5, Freudenberg) using a 100 °C heated plate,
with a nozzle speed of 140 mm/s and a flow rate of 0.33 mL/min.

RDE and DEC test station. The electrochemical characterization of
three electrode cells is conducted in an in-house manufactured Teflon
cell. The reference electrode is inserted into an isolated compartment
connected to the main electrolyte compartment via a Luggin capillary.
The counter electrode is directly immersed in the general electrolyte
compartment facing the working electrode. The working electrodes
are i) a disk insert placed in an RDE tip holder (Pine research, ESTQ
ChangeDisk RDE Tip PTFE) for RDE measurements and ii) a 1cm2 Ni-
fiber for DEC measurements (as depicted in Fig. 4a). The cell is con-
nected to a potentiostat (Gamry Reference 600). The main electrolyte
compartment is permanently flushed with argon to saturate the 1M
KOH solution. The scheme of the in-house manufactured Teflon cell is
described in Fig. 1a) in the following publication (no membrane was
used for all the measurements in this work)'®°. For the CVs, a repre-
sentative CV from the three reproduced measurements for each
sample was selected, and Ru correction was applied. For the polar-
ization curves, impedance was measured at each step, the Ru free
curves were calculated and then the mean and the deviation from the
three reproduced measurements was represented.

General procedures for RDE and DEC testing. All RDE and DEC
measurements were carried out in 1M KOH (85 wt%) using a custom-
built Teflon electrochemical cell. The setup included (i) a platinized
mesh counter electrode (Pt-coated Ti mesh, Metakem) and (ii) a
reference electrode, which was either a Ag/AgCl electrode (Metrohm)
for ambient temperature experiments or a Mini-Hydroflex electrode
(Gaskatel) for elevated temperature conditions.

RDE tests were conducted on glassy carbon electrodes rotating at
2500 rpm, while DEC measurements were performed using nickel fiber
substrates. RDE experiments were exclusively run at room tempera-
ture, whereas DEC experiments were conducted at both room tem-
perature and 65 °C.

To ensure the accuracy of the reference electrode potential, it was
cross-checked against platinum rods prior to each measurement by
purging the electrolyte with argon. Prior to use, the electrochemical
cells were cleaned by boiling in 1wt.% nitric acid (EMSURE, Merck)
followed by three successive boils in ultrapure water. Between
experiments, the cell was stored in ultrapure water to prevent con-
tamination. The specific Tafel slope range used in each case is detailed
in the corresponding figures.

RDE testing. The electrochemical characterization of the RDE tips is
conducted by carefully placing the disk inserts in the RDE tip (Pine
research, ESTQ ChangeDisk RDE Tip PTFE). The first electrochemical
activation of the LDHs was performed by applying 30 CVs at a scan rate
of 50mV/s between 0.9 and 1.53V vs RHE. Subsequently, chron-
opotentiometry at 10 mA/cm2 for 16 min was applied to ensure the
complete activation of the materials. Three slow scan rate CVs (5 mV/s)
from 0.9 to 1.62V vs RHE followed the protocol to have a first
impression of the catalyst activity. Afterward, chronopotentiometry
was performed at current densities ranging from 0.015 to 15 mA/cm?,
holding each for 3min until the voltage response stabilized. The
resulting steady-state voltages were then used as DC bias points for
subsequent electrochemical impedance spectroscopy measurements
to characterize the system under relevant operating conditions. In the
end, again three slow scan rate (5 mV/s) CVs from 0.9 to 1.62V vs RHE
were conducted to track any changes in the electrode. To avoid bubble
accumulation, all the CVs, impedances, and chronopotentiometry
holds were performed at 2500 rpm, purging Ar into the electrolyte.
The third CV of the slow scan rate was selected for representation.
Impedance measurements were conducted by sweeping a sinusoidal
voltage from 100,000 Hz to 1Hz, using an amplitude of 0.01V. The
uncompensated resistance (Ru) is taken from the high-frequency
intercept on the real axis of the Nyquist plot, and it is used to correct
the measured electrode potential by subtracting the iR drop (current x
Ru) to obtain a more accurate representation of the true electro-
chemical potential. A more detailed discussion of the protocol is given
in supplementary section 9.

DEC testing. The DEC electrochemical characterization was con-
ducted using Ni-fiber substrates (PTL, BEK-POR 2N118-0.25, Bekaert).
The first electrochemical activation of the LDHs was performed by
applying 30 CVs at a scan rate of 50 mV/s between 0.9 and 1.53V vs
RHE. Subsequently, chronopotentiometry at 50 mA/cm2 for 16 min
was applied to ensure the complete activation of the materials. Three
slow scan rate CVs (5mV/s) from 0.9 to 1.62V vs RHE followed the
protocol to have a first impression of the activity of the catalyst.
Afterward, chronopotentiometry was performed at current densities
ranging from 0.025 mA/cm2 and 500 mA/cm2, holding each for 3 min
until the voltage response stabilized. The resulting steady-state vol-
tages were then used as DC bias points for subsequent electrochemical
impedance spectroscopy measurements to characterize the system
under relevant operating conditions. In the end, again three slow scan
rate (5mV/s) CVs from 0.9 to 1.62'V vs RHE were conducted to track
any changes in the electrode. The cell was purged with Ar during the
whole measurement time. The third CV of the slow scan rate was
selected for representation. No rotation was applied in these experi-
ments. Impedance measurements were conducted by sweeping a
sinusoidal voltage from 100,000 Hz to 1Hz, using an amplitude of
0.01V. The uncompensated resistance (Ru) is taken from the high-
frequency intercept on the real axis of the Nyquist plot, and it is used to
correct the measured electrode potential by subtracting the iR drop

Nature Communications | (2025)16:6138

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61356-2

(current x Ru) to obtain a more accurate representation of the true
electrochemical potential. For the elevated temperature measure-
ments, new samples were prepared and the aforementioned protocol
was applied first at room temperature, to ensure that the potential
measured by the Ag/AgCl electrode (Metrohm) and the Mini-Hydroflex
reference electrode (Gaskatel) is the same. Afterward, the temperature
was increased to 65 °C. For the final slow scan rate (5mV/s) CVs, the
temperature was decreased to 20 °C. The temperature was controlled
by electrolyte recirculation through a heated water bath, and mea-
sured by immersing a thermometer in the electrochemical cell.

MEA assembly. The membrane electrode assembly (MEA) is set up by
sandwiching the membrane (AF3-HWK9-75, lonomr, 75 um) between
the two spray coated electrodes. The electrodes are each surrounded
by a gasket (225 um, FIBERFLON®) to ensure tightness for the liquid
electrolyte as well as set cell compression and allow for an even
pressure distribution. For the final full cell test setup, the MEA is placed
between two inhouse designed flow fields (Au-coated Monel, single
channel, multi serpentine) with current collectors (Cu), pressure pads
(Gylon®) and back plates (Al) on each side. Eight M6 screws are then
tightened in two steps (5 Nm, 10 Nm) in a crosswise pattern to establish
the cell compression. The Tafel slope range is indicated in the corre-
sponding figures. Voltage data are shown after iR compensation, using
the high-frequency resistance (HFR) measured at the corresponding
current of the polarization curve.

MEA test station. The electrochemical characterization of the MEA is
conducted in a self-built alkaline water electrolysis test station. The
cell is connected to a potentiostat (VMP-300, BioLogic) as well as
separate liquid electrolyte (1M KOH) loops for each electrode. The
KOH is preheated to 70 °C cell-entry by a heating bath (Hydro H41,
LAUDA), while the cell itself is also heated to 70 °C by heating rods.
The flow rate of the electrolyte is set to 40 mL/min by a peristaltic
pump (Masterflex®, L/S®, Cole-Parmer®), and the electrolyte reser-
voirs are permanently flushed with nitrogen at a flowrate of 400 mL/
min to avoid the formation of an explosive mixture within the test
station.

MEA testing protocols. The testing protocol consists of a potential
hold of 1 min at 1V to check for electrical short circuits before starting
the actual testing. Then a 2h break-in procedure with a constant
potential at 1.8 V is conducted, in order to exchange the iodine ions (I")
in the storage form of the membrane into hydroxide ions (OH") from
the KOH liquid electrolyte.

After the break-in, a polarization curve is recorded in galvano-
static steps from 2 to 3000 mA/cm? with a holding time of 3 min at
each step. After the 3 min holding time, a short galvanostatic elec-
trochemical impedance spectroscopy (GEIS) sweep is recorded at
10 % amplitude of the respective DC current between 100 kHz to 1 Hz.
From this GEIS sweep, the high frequency resistance (HFR) at
each point in the polarization curve is approximated by interpolating
the zero-crossing within the Nyquist plot of the respective
GEIS sweep.

The measurement protocol then continues with impedance
measurements between 200 kHz to 100 mHz at three selected regimes
of the polarization curve with a 15min constant current operation
beforehand to ensure stable operation. The first electrochemical
impedance spectroscopy (EIS) measurement is conducted potentios-
tatically at 1.5 V cell potential (10 % amplitude) to depict the impedance
behavior in the activation region. The second and third EIS measure-
ments are galvanostatically conducted at 1A/cm? and 3 A/cm? (10%
amplitude), to characterize the impedance in the Ohmic regime and at
high currents, respectively.

An overnight constant current (1 A/cm? measurement is then
conducted for 15 h to characterize the stability of a given MEA. The

measurement of the polarization curve and the three EIS measure-
ments are then repeated afterward for evaluation of the stability.

Data availability

The data supporting the findings of this study are included in the
published article and its Supplementary Information files. Additionally,
all raw data for each graph have been compiled into an Excel file and
Molecular Dynamics Trajectories, which is available in https://doi.org/
10.5281/zenodo.15466603. Source data are provided with this paper.
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