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Electrocatalysts play a fundamental role in enabling and enhancing

the efficiency of a variety of energy-transition-relevant reactions (e.g.

water electrolysis, fuel cells, and CO, conversion to value-added products).
Multi-elemental electrocatalysts are particularly attractive because they

often outperform their mono- or bi-metallic counterparts. However, the design
and fabrication of such catalysts with high surface area remains challenging
due to limitations in synthetic control and compositional complexity. Here,
the Dynamic Hydrogen Bubble Template (DHBT) method is used—a facile
approach to fabricate freestanding, binder-free metallic foams with hierarchical
porosity—to synthesize Ni-based mono-, bi-, and tri-metallic electrocatalysts.
The materials are subsequently annealed and evaluated for two model
reactions: oxygen evolution and glucose oxidation. Annealing enhances both
crystallinity and electrochemically active surface area (ECSA), likely due to Mn
surface segregation and nanocrystallization at grain boundaries. Among the
compositions, NiMn exhibits the highest post-anneali mass-normalized ECSA
(36 m? g_}), although this does not translate into improved catalytic activity.
In contrast, NiMn and NiMnFe achieve the highest mass-specific activities,
followed by NiFeMo. Anion Exchange Membrane Water Electrolysis tests
(AEMWE) showed that NiMnFe achieved over 3.4 Acm~—2 at 2.0 V in alkaline
conditions. This study demonstrates that DHBT is a viable and versatile
method for fabricating multimetallic electrocatalysts with tunable porosity
and composition, enabling the controlled synthesis of porous multi-metallic
structures and offering a promising route toward high-entropy alloy
formation through electrolyte composition tuning and annealing procedures.

1. Introduction

Electrocatalysts play a fundamental role in
enhancing the efficiency of several reac-
tions relevant to the energy transition (such
as water electrolysis, fuel cells, CO, conver-
sion to value-added products). By reducing
activation energy and increasing reaction
rates electrocatalysts enable more sustain-
able and scalable energy technologies. Their
performance is strongly affected by their
surface area, as a larger active surface pro-
vides more sites for reactant interactions.!]
In particular, multi-elemental catalysts have
gained increasing attention in recent years
due to their potential to surpass the
limitations of traditional mono- and bi-
metallic systems. By carefully selecting and
combining different elements, it is pos-
sible to develop catalysts with enhanced
activity, stability, and selectivity, making
them promising candidates for applica-
tions in energy conversion, environmen-
tal remediation, and industrial catalysis.[>™]

One key reason for the improved perfor-
mance of multi-elemental electrocatalysts
lies in synergistic effects arising from
element—element interactions. These
effects can manifest as: (i) electronic
modifications, where the presence of
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Table 1. Summary of tri-metallic catalyst fabrication methods found in the literature, including examples and advantages and disadvantages of each

method.
Fabrication method Catalyst example Ref. Advantage(s) Disadvantage(s) Refs.
Impregnation FeNiCe nanoparticles [12] Simple and cheap Limited or lack of size [13]
control, poor metal
alloying, difficult to
control sufrace
composition, nanoparti-
cles/agglomerates
Chemical Vapor Deposition FeNiVOx?) [14] Uniform, high-purity, stable Thin (non-porous) films, [15]
(CVD) films highly expensive
instrumentation, emits
toxic by-products
Physical Vapor Deposition FeRhAu [16] Appropriate for inorganic Thin (non-porous) films, [17]
(PVD) and some organic complex shapes can’t be
materials, coated properly, high
environmentally friendly cost, complex process
Sol-gel Fe,0;-MgO-CuO 18] Good control of particle Contamination by reaction [19]
structure and size, products, post treatment
porous samples required
Hydrothermal treatment NiFeMo for water splitting [20] Low-cost instrumentation, Performed at high T and P, [15]

high-yield, high-quality, challenges with scaling

environmentally friendly, up, reactor blockages
nanomaterial size and caused by poor mixing

morphology control

3 Using aerosol-assisted CVD

additional elements alters the electronic structure of active
sites, optimizing adsorption/desorption energetics;?! (i) geo-
metric effects, such as lattice strain or altered coordination
environments;! and (iii) improved stability and resistance to de-
activation due to reduced sintering and poisoning, leading to
longer catalyst lifetimes.[*] For instance, in hydrogen evolution
and oxygen reduction reactions, tri-metallic electrocatalysts such
as Pt-Ni-Co outperform monometallic Pt due to optimized elec-
tronic structure and synergistic interactions.[®”]

Building on these concepts, high entropy alloys (HEAs)—
typically comprising five or more elements in near-equimolar
ratios—have emerged as a new class of catalysts. Their high con-
figurational entropy stabilizes single-phase solid solutions and
provides a large distribution of potential active sites, contribut-
ing to enhanced catalytic activity, robustness, and compositional
flexibility.[*19 These properties make HEAs highly promising for
complex reactions such as the oxygen evolution reaction (OER)
and oxygen reduction reaction (ORR).

Despite their promise, designing and fabricating multi-
elemental catalysts with a high surface area remains chal-
lenging. Many synthesis strategies offer limited composi-
tional/morphological control!'l or require complex instrumen-
tation, such as vacuum deposition or high-energy ball milling,
while others rely on wet-chemistry approaches with varying re-
producibility. These factors complicate the scalable production of
multi-metallic catalysts, particularly those intended for porous,
high-surface-area morphologies (see Table 1).

The Dynamic Hydrogen Bubble Template (DHBT) method
has emerged as a promising approach for fabricating freestand-
ing, binder-free metallic foams with hierarchical porous struc-
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ture. DHBT leverages in-situ hydrogen evolution during metal
electrodeposition, where evolving H, bubbles act as dynamic
templates. Rather than hindering the process, as in conven-
tional electrodeposition,[*!) the bubbles locally block deposition,
forcing metal ions to deposit around them. As bubbles grow,
coalesce, and detach, they generate a complex porous archi-
tecture (Figure 1). Crucially, DHBT offers tunability of pore
size and morphology through parameters such as current den-
sity, deposition time, pH gradients, stirring rate, and electrolyte
composition (e.g., use of acids or NH,Cl).1?”] These factors
make DHBT an attractive, simple, and scalable option for tai-
loring catalytic foams across a wide range of compositions and
morphologies.

In this study, we explore the use of DHBT to fabricate Ni-based
bi-, and tri-metallic foams onto Ni and carbon substrates. Impor-
tantly, DHBT allows the co-deposition of multiple elements, fa-
cilitating the exploration of synergistic effects in multi-elemental
systems while maintaining structural control. Additionally, the
electrochemical performance of the fabricated foams was evalu-
ated toward two model reactions: the OER and the glucose ox-
idation reaction (GOR), since Ni is known to be active toward
GOR and OER making it a suitable base metal for compositional
extension with Mn, Co, Mo, and Fe—transition metals that are
redox-active and widely used in electrocatalysis.[?**’] These com-
binations were selected to balance thermodynamic compatibility
and potential synergistic effects.

Thanks to their high surface area and interconnected poros-
ity, we expect the DHBT-derived foams to support high cur-
rent densities. Moreover, their pore geometries may promote
localized micro-environments that influence mass transport,
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Figure 1. The simplified DHBT process.

intermediate stabilization, or reaction pathways—possibly en-
hancing selectivity.26:%]

While the use of bubbles as templates dates back decades,
our approach advances the field by linking the DHBT fabrication
method, structural analysis, and catalytic performance. By com-
bining synchrotron-based structural characterization with elec-
trochemical testing and scalable fabrication strategies, this study
contributes to a deeper understanding of structure—activity—
manufacturability relationships, addressing both fundamental
and practical aspects of catalyst development.

Annealing procedures were tested to limit oxidation of the
samples after fabrication and to assess its suitability in enhancing
activity of the electrocatalysts. This was done because annealing
treatments are widely used in metallurgy and catalytic materials
engineering to relieve lattice strain, reduce crystallographic de-
fects, and promote atomic ordering by recovery, recrystallization,
and grain growth mechanisms.”®! In multimetallic samples, es-
pecially those generated via non-equilibrium methods like DHBT
electrodeposition, thermal diffusion during annealing can drive
selective surface segregation, often enriching more oxophilic or
lower—surface-energy elements at the surface—an effect strongly
influenced by the annealing atmosphere.[*-3%] Such redistribu-
tion alters both the structural and electronic properties of the cat-
alyst surface, with direct consequences for electrocatalytic activity
and long-term stability.3%32]

Altogether, this work highlights DHBT as a scalable and ro-
bust platform for the synthesis of multimetallic electrocatalysts,
demonstrating its viability for fabricating complex, high-surface-
area foams with compositional flexibility.

2. Results and Discussion

2.1. Considerations Regarding DHBT

According to René Winand,**l metals can be classified into three
groups: i) normal metals (such as Cd, Zn, Sn, Ag) which have
a low melting point and high exchange current density (j, > 1
A dm™?); ii) intermediate metals (such as Au and Cu) which have
a moderate melting point and medium exchange current density
(102 Adm~2 < j, € 1 Adm™2); and iii) inert metals (such as Fe,
Ni, Co, Pt, Cr, and Mn) which have a high melting point and low
exchange current density (j, < 1072 Adm™).

It was previously thought that not all metals could be deposited
as a 3D foam,3* particularly the inert metals. However, not long
ago Popov et al. demonstrated that the DHBT method can in-
deed be used with metals from all three of Winand’s classifica-
tion groups!**! provided that sufficiently large bubbles are formed
and the rate of metal deposition is comparable to the time that
bubbles remain adsorbed on the substrate surface. As such, both
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the substrate and metal salt concentration play a crucial role in
defining the 3D-structure of the foam (the metal salt can have a
concentration ranging from 1 to 100 mmol L™! or higher). Addi-
tionally, a source of H* ions is needed, which is usually NH,Cl or
other acids (with a concentration ranging from 0.1 to 2 mol L™1).
The use of surfactants and additives, such as ethylene glycol or
sodium citrate, also critically affects bubble behavior by inhibit-
ing bubble coalescence through reduced surface tension. Even at
low concentrations, such additives can significantly impact the
foam morphology.3]

As one might imagine, there is a minimum current density
that must be applied for the deposited metal to acquire a 3D
structure, at least a few hundreds of mA cm~2 but usually a few
A cm2,[223739 helow which the hydrogen bubbles are not pro-
duced in sufficient quantity or stability to force the metal growth
into a 3D structure. However, there is also a practical upper limit,
since at excessively high current densities, hydrogen evolution
becomes dominant and outcompetes metal deposition. In this
regime, the electrode surface is rapidly covered by the large evolv-
ing H, bubbles,[* which hinder electrolyte transport and sup-
press continuous metal ion reduction, ultimately leading to poor
deposition quality.

Attempts at fabricating the foams for this study were initially
made using the chloride salts of the metals. However, this quickly
resulted in a dark substance forming at the surface of the solution
over time, which is attributed to the metal ions oxidizing due to
the higher pH in the vicinity of the electrode during the DHBT
procedure. This issue was resolved by adding sodium citrate to
the electrolyte, which immediately suppressed precipitate forma-
tion and facilitated post-deposition cleaning. The appearance of
the insoluble substance in the solution occurred regardless of
use of chlorides or sulfates, but sulfate salts were ultimately pre-
ferred, as they eliminate chlorine evolution, which is particularly
detrimental for iron-containing foams due to rapid Fe oxidation
in the presence of chloride. Therefore, the use of additives can be
important not only because of their effect on the resulting porous
structure, but also because they can help prevent the formation of
insoluble byproducts that may contaminate the catalyst surface.
This is especially relevant for metals like Mn, which readily form
low-solubility oxides under alkaline or neutral pH conditions.

2.2. Foam Characterization

As previously mentioned, several metal combinations containing
Ni have been tested, as well as the pure Ni foam. The tested mix-
tures were the following: NiMn, NiMnCo, NiMnFe, and NiFeMo.
The following sections detail the physical characterization of the
prepared samples.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. ICP-OES results of the as-prepared (A) and annealed (B) samples.

2.2.1. Morphology and Composition

Following the DHBT deposition, its success was checked using
both ICP-OES and EDX. ICP-OES measurements confirmed that
the desired elements were successfully deposited on the sub-
strate. As can be seen in Figure 2, the as-prepared samples con-
taining Mn exhibit 5% by mass of Mn, most likely due to the
much more negative standard potential of the Mn reduction,
as can be seen in Table 2. Similarly, samples with Mo contain
around 10% of Mo by mass. Tri-metallic foams contain Ni at a
consistent level of around 30%, while Co preferentially deposits
in its foam, reaching 66% of the total deposited mass. In the
NiMnFe foam, Fe accounts for 66% of the mass; however, when
Mo is used instead of Mn, only 56% of Fe is deposited. Anneal-
ing does not significantly alter the resulting elemental composi-
tion. EDX (Figure S5, Supporting Information) analysis showed
that the metals were homogeneously deposited throughout the
foams.

The morphology of the foams was checked using SEM. As can
be seen in Figures 3 and 4, the DHBT-fabricated foams are in-
deed porous. At a more macroscopic level (left-most images), all
samples contain both circular and non-circular pores. However,
the NiMn samples (Figures 3D-F and 4D-F) barely contain any
circular pores and the majority of the deposited surface is cov-
ered with cracks. Since the pure Ni foam does not display this
lack of circular pores, one possible explanation is that the Mn
salt behaves as an additive which prevents bubbles from adsorb-
ing on the electrode surface long enough for the metals to deposit
around them, at least under the tested conditions. The presence
of cracks on the deposited layer could be due to thermal stress. As
described in the experimental section, active cooling is required

Table 2. Standard electrode potentials of the species involved in the DHBT
depositions.

Reaction E® (Vyenne) Refs.
Co** +2e” — Cofs) -0.277 [47]
Ni%* + 2e~ — Ni(s) -0.257 [41]
Fe?* +2e~ — Fe(s) —0.440 [47]
MoO?2~ + 4H,0 + 6e~ — Mo(s) + 80H"~ -0.913 [42]
Mn?* 4 2e™ — Mn(s) -1.180 [41]
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during electrodeposition to prevent the substrate from overheat-
ing and fusing into the underlying steel support. Thus, the sub-
strate temperature rises during the ON time, and quickly cools
down during the OFF time, which could lead to cracks develop-
ing on the metal surface.

The SEM images were used to determine the distribution of
surface pore sizes (pores closer to the substrate are expected
to be smaller—see Section S1, Supporting Information), with
the exception of the NiMn samples which, as mentioned previ-
ously, barely contain any pores. As can be seen in Figure 5, the
pore size distribution of all samples except the as-prepared NiM-
nFe follows a log-normal distribution. Interestingly, annealing re-
duces the median pore size — especially for the pure Ni foams,
whose mean pore diameter decreases from 11.26 to 7.62 pm
(Figure 5A).

In NiMnCo samples (Figure 5B) the median pore size appears
to shift slightly to larger values after annealing, although not
significantly. However, the mean pore size decreases marginally
(from 7.55 to 7.05 um). These minor changes, combined with rel-
atively large standard deviations, likely reflect limitations in the
measurement method rather than true structural differences. A
similar observation applies to the NiMnFe samples (Figure 5C),
which show a reduction in median pore size but a slight increase
in mean size. Similar to the NiMnCo case, this is likely due to the
pore estimation method, rather than an actual change in foam
structure. Among all the fabricated foams, the annealed NiFeMo
samples (Figure 5D) exhibit the smallest average pore diameter,
with an average size of only 5.46 um.

2.2.2. Crystal Structure

The crystal structure of the samples was evaluated using X-ray
diffraction (XRD). As evidenced by the sharper reflections, the
annealed samples exhibit significantly higher crystallinity. The
crystal structure of the annealed pure Ni foam closely resem-
bles the analyzed reference material (materials project mp-23),
as the overall peak profile is preserved. However, since samples
are porous, the XRD reflections do not retain the same position
as those in the reference, as voids can cause local lattice distor-
tions that lead to peak shifts. Indeed, the reflections are shifted
toward lower 26 values relative to the standard peaks, as shown
in Table S1 (Supporting Information). Additionally, compared to

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. SEM images of as-prepared DHBT-fabricated foams. The foams were fabricated using pulsed deposition for a total of 20 min (total current
ON time of 10 min). Ni foam (A-C), NiMn foam (D-F), NiMnCo (G-l), and NiMnFe (J-L).

the as-prepared samples, some reflections in the annealed foams
shift slightly toward higher 26 values, indicating a reduction in
lattice parameters upon annealing (see inset in Figure 6A). Con-
versely, in post-mortem samples, some reflections shift back to-
ward lower 26 values, suggesting lattice expansion following elec-
trochemical testing.

All samples show a reflection near 35° (although it is faint in
the pure Ni sample) which is attributed to the (100) reflection of
B-Ni(OH),.[*}] Additional reflections for this phase would be ex-
pected at 260 = 20, 38, 40, 53, 59, 62, 69, and 74 °, and most sam-
ples do seem to exhibit these features, although the porous nature
of the samples again may lead to shifts in the reflections. Notably,
the as-prepared NiMnFe sample lacks any of the higher-angle re-
flections, likely due to a combination of a preferred orientation
low crystallinity/nanocrystalline domain size. The disappearance
of the 35° reflection after annealing supports the hypothesis g-
Ni(OH), is a thermally labile phase.

Adv. Funct. Mater. 2026, 36, e09522 €09522 (5 of 19)

An additional reflection of interest is observed at 26 =~ 28° for
the NiMnFe and NiFeMo samples. As this feature disappears af-
ter annealing, it is assigned to the (103) plane of f-FeOOH,*4
which is expected to be removed by annealing in N, due to the
elimination of surface-adsorbed oxygen.

Due to the porous nature of the samples, Scherrer analy-
sis is not accurate as reflection broadening is dependent not
only on the size (as assumed by the model) of the coherently
scattering domains, but also on strain, defects, and porosity-
induced internal stress. Williamson—Hall analysis was attempted
on pure Ni foams to evaluate whether accounting for both crys-
tallite size and strain could provide more structural informa-
tion, but this approach did not provide meaningful results (see
Section S2, Supporting Information). For the remaining sam-
ples, it is also evident that annealing increases crystallinity and
that subsequent electrochemical testing did not significantly
alter it.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. SEM images of annealed DHBT-fabricated foams. The foams were fabricated using pulsed deposition for a total of 20 min (total current ON
time of 10 min). Ni foam (A—C), NiMn foam (D—F), NiMnCo (G-I), NiMnFe (J-L), and NiFeMo (M—O).

2.2.3. Bulk Properties

X-ray absorption spectroscopy (XAS) was used to investigate the
bulk properties of the fabricated catalysts ex-situ. The XANES and
FT-EXAFS results for the K-edges of Ni, Mn, Co, and Fe are sum-
marized in Figure 7.

Looking first at the XANES data, we do not observe significant
changes in the K-edges of Ni, Fe, and Co, but, in general, the
absorption edge shifts slightly to lower energy either when the

Adv. Funct. Mater. 2026, 36, 09522 €09522 (6 of 19)

deposition time is increased or when annealing is applied. This
implies that the elements exist in a slightly more reduced state
upon annealing, which is consistent with annealing in a N, at-
mosphere: oxygen is removed from the surface, reducing the ox-
idation state of the metals. The bulk oxidation state also decreases
with increasing deposition time. This trend can be attributed to a
reduction in the surface-to-volume ratio: as thicker foams form,
the surface contribution to the total XAS signal decreases, dimin-
ishing the contribution of more oxidized surface species.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Surface pore size distribution histograms for the annealed and as-prepared (fresh) Ni (a), NiMnCo (b), NiMnFe (c), and NiFeMo (d). The
best-fitting distribution function is also plotted over the histograms. X and X represent the mean and median of each distribution, respectively.

FT-EXAFS for these same elements reveals that the anneal-
ing treatment introduces higher ordering in the samples: the in-
tensity of the first-shell peak increases, and contributions from
the second and third shells become more pronounced, support-
ing the XRD results. For the Ni foams, it was possible to reliably
determine the coordination number around the Ni center (see
Figures S9- S11, Supporting Information), and again observe an
increase in crystallinity: the coodination number, N, increases af-
ter annealing, particularly at the fourth shell.

In contrast, the Mn K-edge shows substantial changes upon
annealing. XANES spectra reveal that the white-line intensity in-
creases significantly in all Mn-containing samples after anneal-
ing, indicating that Mn becomes more oxidized. This is further
supported by the FT-EXAFS spectra, which show the clear emer-
gence of a Mn-O first shell signal after annealing. Additionally,
long-range order around Mn also improves, with peaks corre-
sponding to the third Mn—-M shell (M = Ni, Fe, or Co) appearing
more clearly.

In the tri-metallic foams, increasing the deposition time of as-
prepared samples reduces the oxidative character of Mn, as ev-
idenced by a lower white line intensity. This suggests that Mn

Adv. Funct. Mater. 2026, 36, €09522 09522 (7 0‘F19)

exists predominantly in the metallic state, with oxidation lim-
ited to surface atoms. Indeed, linear combination analysis of the
XANES region of Mn-K edge spectra shows that all as-prepared
samples contain at least around 30% Mn°, while annealed sam-
ples contain only oxidized Mn species (Figure S1F, Supporting
Information). This behavior supports the idea that, during an-
nealing, larger atoms such as Mn migrate toward the surface
due to size mismatch with the host lattice. This is consistent
with Hume-Rothery’s rules which state that solid solutions can
form only if the involved elements have a size difference below
15%;!* since Mn is around 10% larger than the surrounding el-
ements, its segregation to the surface might be favored but not
guaranteed. However, electrochemical factors and kinetic effects
are likely dominant in this porous, non-equilibrium system.

2.2.4. Surface Properties
The surface of the prepared samples was characterized by both X-

ray photoelectron spectroscopy (XPS) and Raman spectroscopy.
XPS analysis (see Table 3; Figures S6 and S7, Supporting
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Figure 6. XRD patterns of the Ni (A), NiMn (B), NiMnCo (C), NiMnFe (D), and NiFeMo (E) foams. Black lines show the respective as-prepared foams,
red lines show the annealed foams and the dotted blue lines show the post-mortem foams. The inset focuses on the two most intense reflections. The
reference material shows only the position and relative intensity of its expected reflections. The arrows in panels B—E indicate the expected reflections

of the -Ni(OH), phase.

Information) reveals that Mn is present in trace amounts at the
surface prior to annealing, consistent with its relatively low mass
loading. After annealing, the surface concentration of Mn in-
creases in all Mn-containing samples: from 5% to 22% in NiMn,
and up to 9.3% and 2.3% in NiMnCo and NiMnFe, respectively.
This observation is consistent with the Mn K-edge XAS results,
which indicate more oxidized Mn is present. XPS further reveals
that Mn in the as-prepared samples is predominantly present as
Mn?*, with the exception of the NiMnCo sample, which shows
a Mn° fraction exceeding 10%. After annealing, only oxidized
species are detected, with Mn** reaching up to 50% in the NiM-
nFe sample. These results show strong agreement with the oxi-
dation state distribution obtained via XAS XANES linear combi-
nation analysis discussed earlier. Surface concentrations of Mo,
Co, and Fe also increase upon annealing, while Ni decreases in
the NiMnCo sample but increases slightly in others.

Interestingly, O content increases in the Ni and NiMnFe sam-
ples, decreases in NiMnCo, and remains approximately constant
in NiMn and NiFeMo. These variations may be related to dif-
ferences in oxide formation, phase transformation, or surface
restructuring during annealing, which can influence the effec-
tive thickness and composition of surface oxides. Annealing is
also known to enhance the surface reactivity of certain materials
toward O, due to defect formation and atomic rearrangement,
which may contribute to the observed oxygen uptake in specific
samples.[*0]

The observed C signal is attributed to partial exposure of the
underlying carbon substrate due to cracks or incomplete coverage

Adv. Funct. Mater. 2026, 36, 09522 €09522 (8 of 19)

in the metallic foam, as confirmed by SEM imaging. After anneal-
ing, the C signal decreases in most samples, likely due to thermal
expansion and densification of the metallic network, which im-
proves surface coverage and reduces the substrate contribution
to the XPS signal.

Ex-situ Raman spectroscopy was also employed to monitor
structural and compositional changes (Figure 8). In the as-
prepared samples prepared using sulfates (NiMn, NiMnCo, and
NiMnFe), a dominant and sharp band at ~990 cm™ was ob-
served, consistent with the v, symmetric stretching vibration of
surface-bound SO}~ species.*’] This feature was absent in the
chloride-based Ni sample and disappeared after annealing in all
sulfate-containing systems, confirming effective removal of sur-
face sulfates. The strong signal from even trace SO~ residues un-
derscores the high sensitivity of Raman spectroscopy to synthe-
sis byproducts. This observation suggests that refining the post-
synthesis cleaning protocol could further improve sample purity.

Beyond sulfate removal, Raman spectroscopy reveals compo-
sitional and structural changes induced by annealing across the
series of Ni-based metal systems. The Ni-only sample exhibited a
broad signal centered around 500 cm™ in the as-prepared state,
likely due to the presence of a thin, disordered NiO,, layer. After
annealing, the spectrum showed a marked decrease in intensity,
with only a very broad and faint signal near 300 cm™, suggest-
ing reduction or reorganization of surface oxides into a Raman-
inactive or more compact phase.

In NiMn and NiMnCo, weak M—O signals in the as-prepared
state developed into broader features upon annealing. In the
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Figure 7. XAS results of the different samples (arranged column-wise) and for all the different measured edges. XANES (top row in each respective
edge) and Fourier-Transform EXAFS (bottom row in each respective edge) data are shown. In the FT EXAFS rows the drawn symbols indicate M-M
coordination (e); M-O-M coordination(#); M-O-M coordination of more external shells (W); M-O coordination ().

NiMn sample, the bands centered around 455 and 630 cm™
shift to approximately 500 and 650 cm™!, respectively, and are
consistent with the formation of Ni—O and Mn—O bonding
environments.[*#] Additionally, the annealed NiMn sample ex-
hibits a shoulder-like feature near 270 cm™!, which may cor-
respond to low-energy lattice vibrations or bending modes of
M—O—M linkages,>*!] possibly activated by increased local or-

der or changes in symmetry.
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1

In the NiMnCo sample, the as-prepared material showed mul-
tiple bands at around 290, 450, 630, 990, and 1140 cm™!. The
first band likely corresponds to stretching vibrations of Co—0O,
while the bands at 450 and 630 cm™' are attributed to Ni—O
and Mn—O vibrations, respectively.*”) The two higher-frequency
bands are assigned to the v; and v; modes of surface-bound
sulfate.>3] Upon annealing, these sulfate-related bands disap-

(52]

pear, and a broad band centered around 550-570 cm ™! emerges.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

95UB01 7 SUOLULLOD A1) 3cfedt [ddke au) Aq paueob a8 Sao1ke YO SN J0 S3INJ 10) ARIqITaUIIUQ AB]IM UO (SUO T PUOO-PUR-SLLLIBI WD A3 1M ATe1q 1 [Bu [UO//ScIY) SUORIPUOD PUe SWLB | 8U 39S *[9202/70/20] U0 AfeiqiTaulluO A8]IM ‘Uineiked 1e1SoAIUN AQ 225605202 W Pe/Z00T OT/I0p/W0D" A3 1M Aol Ul JU0"pedUeApe//SaNY W) papeojumod ‘T ‘9202 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

Table 3. Relative surface atomic composition of the samples (in %) resulting from XPS analysis.

Sample O C Ni Mn/Mo Co/Fe
as prepared 52.78 £ 1.17 37.64 £0.13 9.58 + 1.05 - -
Ni annealed 68.72 + 3.37 10.75 + 0.45 20.54 +2.92 - -
as prepared 44.68 + 1.09 45.89 +2.83 442 +1.30 5.02 +0.42 -
NiMn annealed 44.95 + 3.30 16.89 + 0.00 13.45 +0.35 22.19 +0.00 -
as prepared 52.77 +6.78 29.80 + 0.69 12.30 + 0.40 7.34+0.13 2.80 + 0.47
NiMnCo annealed 49.07 + 4.15 18.29 +6.71 0.91+0.76 9.38 + 1.12 22.36 £0.70
as prepared 35.50 + 30.65 66.36 +27.73 0.12+£0.08 0.25+0.29 0.29 +0.23
NiMnFe annealed 50.86 + 1.04 21.61+1.58 1.80 + 1.87 2.31+0.30 23.44 +2.11
as prepared 35.55+31.85 60.03 + 34.97 0.30+0.36 1.69 + 0.56 0.94 +1.20
NiFeMo annealed 36.53 +25.20 44.75 + 36.54 6.61+9.19 535+7.31 6.78 +9.47

This band may consist of overlapping contributions from Ni—O,
Mn—O, and Co—O vibrations, indicating the formation of a struc-
turally reorganized but still disordered mixed-metal oxide phase.

The NiMnFe sample showed the most pronounced band shifts
among the series, with M—O bands shifting from ~250, ~450,
and ~520 cm™! in the as-prepared state to ~300, ~600, and ~670
cm~! after annealing and are assigned to the Fe—0,1>*] Ni—O, and
Mn—oO vibrations, respectively. Since XAS shows that Ni and Fe
oxidation states remained largely unchanged, while Mn under-
went significant oxidation, the increased intensity and shift of
the higher-frequency band (~670 cm™) likely reflects a reorga-
nization of the oxide network and the development of stronger
Mn—O interactions within a more ordered structure as well as
pointing toward a surface enrichment with oxidized Mn species
after annealing, consistent with XPS results.

The annealed NiFeMo sample exhibited a distinct broad
Raman feature in the 700-800 cm™' region, consistent with

Mo—O—M and Mo—O vibrations,*>! and lacked the sharp Mo=0
terminal bond signals typically observed between 800-1000
cm1,5% indicating that Mo is incorporated in a disordered
Mo—O bonding environment, rather than existing as isolated
MoO?~ units. Several additional bands were observed around
180, 210, 270, 330, 370, 440, 510, and 550 cm™!, which likely
correspond to various M—O stretching and bending modes in-
volving Mo, Fe, and Ni centers within the mixed oxide network.
These modes are likely activated in this sample due to the larger
atomic radius of Mo in comparison to Mn, which induces greater
structural distortions and lowers symmetry.

2.2.5. Electrochemically Active Surface Area

The electrochemically active surface area (ECSA) of the fabri-
cated samples was measured using the double-layer capacitance

Ni NiMn NiMnCo
as-prepared as-prepared as-prepared
A —— annealed B —— annealed C ‘ annealed
5 Sl TN | o [N gty
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z z =
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Figure 8. Raman spectra of foams fabricated for 20 min. A) Ni foams; B) NiMn foams; C) NiMnCo foams; D) NiMnFe foams; and E) NiFeMo foams.
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Figure 9. Measured ECSA (A), mass-normalized ECSA (B), and total capacitance of the tested samples (C).

method. Figure 9 shows the ECSA, the mass-normalized ECSA
(ECSA, ) and the total capacitance of the tested samples.

As can be seen, both substrate materials (carbon paper and Ni
mesh) possess the same and lowest ECSA, measuring just un-
der 50 cm?. Annealing increases the active surface area for all
samples, with the effect being more pronounced in those elec-
trodeposited for shorter durations (120 s). This is likely due to
surface nanocrystallization, which is supported by the SEM mea-
surement, where the surface of the samples appears more crys-
talline after the annealing treatment, a trend also suggested by
the XAS results. This is in line with previous reports that high-
light this nanocrystallization effect caused by annealing.57-5%]

Interestingly, before annealing the ECSA increases with depo-
sition time, as would be expected, since more mass is deposited.
However, upon annealing, the trend is reversed, and the ECSA
becomes larger for samples that were deposited for shorter dura-
tions. This is particularly evident in the mass-normalized ECSA
(Figure 9B).

In the case of the pure Ni samples this could be attributed to
surface reorganization, as electrodeposited Ni has a highly amor-
phous character, which changes after annealing. The transition
to a more crystalline structure leads to a rougher surface (see
Figure 4C) due to grain grooving, a phenomenon observed in Ni
thin films annealed at 700 °C, where Ni tends to diffuse away
from the grain boundary region.[®]

In the Mn- and Mo-containing samples, this may originate
from the segregation of Mn, Co, and Fe toward the surface dur-
ing annealing, as shown by XPS results. As these atoms segre-
gate toward the surface, they contribute to more grain boundaries
thereby increasing the surface area. The less pronounced surface
increase in Mo-containing samples might be due to Mo being a
4d transition metal, which forms stronger bonds with the host
matrix compared to Mn (a 3d transition metal). Consequently,
Mn is expected to diffuse more rapidly within the Ni/Fe matrix,
resulting in greater Mn enrichment at the surface and a higher
number of grain boundaries. Given that the ECSA determination
could be somewhat inaccurate—due to the lack of a clear capaci-
tive region of the samples and the assumption of a fixed specific
capacitance of 40 uF cm~2— reporting the measured capacitance
(Figure 9C) may offer a more reliable comparison. However, it
follows the same trend as the ECSA, for the same reasons.

Regarding ECSA, ., (Figure 9B), this value is highest for all
annealed samples, and particularly large for those deposited for

Adv. Funct. Mater. 2026, 36, €09522 e09522 (11 Of19)

only 2 min. The largest ECSA, ,, is found for the NiMn foam,
followed by NiMnCo, NiMnFe, and NiFeMo foams, with values
of 36, 25, and 22 m? g}, respectively. This trend again likely re-
sults from Mn (and to a lesser extent Mo) atoms being larger
than the Ni/Fe atoms and migrating toward the foam surface,
as evidenced by XAS data. As the foams deposited for 2 min are
thinner, it becomes much easier for the Mn/Mo atoms to reach
the surface, generating structural defects that enhance the sur-
face area.

It must be mentioned that, due to the macroporous nature of
the pores, BET would not yield a reliable surface area for the sam-
ples containing micrometer-range pores.

2.3. Electrochemical Performance

The DHBT-prepared samples were evaluated for their electrocat-
alytic activity toward two model reactions: the OER and GOR.
Pure Ni is chosen as the baseline for performance comparison in
the subsequent set of experiments. Since the focus of this work
is not on the performance toward a specific reaction, the discus-
sion here centers on OER results, while GOR data are presented
separately in Section S4 (Supporting Information).

2.3.1. Half-Cell Tests

All samples were first tested in the half-cell setup described in
the Experimental Section. Figure 10 shows the last OER CV cycle
of all the tested samples, where all as-prepared samples (light-
colored lines) show the characteristic Ni**/Ni** redox pair peaks
at around 1.35 and 1.25 V (vs. RHE) in the anodic and cathodic
sweeps, respectively. These peaks disappear once the samples
are annealed (darker lines), indicating that Ni becomes redox
inactive. Another interesting feature is the increase in the non-
faradaic region of the CV (< 1.0 V) becoming more pronounced
upon annealing, which is an indication of the increased sur-
face area that such samples possess and which has been con-
firmed through ECSA measurements. Additionally, the peak cur-
rent density at 1.6 V decreases upon annealing (also shown in
Figure 11A), indicating that a higher crystallinity of the sample is
not necessarily correlated with higher OER activity, as has been
previously demonstrated in other studies.[6162]
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Figure 10. Representative CVs of the fabricated samples toward OER. The last CV cycle is shown for all samples. The left and right columns show the

CVs for the samples electrodeposited for 2 and 20 min, respectively. CVs acquired from 0.4 to 1.6 V (vs. RHE) at 20 mV s~'. Ten cycles were acquired

and the last scan is shown.
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Figure 11. Calculated values (at 1.6V vs RHE) of current density (A), ECSA-normalized current density (B), and mass-normalized current density (C).

Values are calculated at 1.6 V vs. RHE.

It would seem that the pure Ni foam (20 min deposition) is the
best catalyst of the tested samples, if we limit ourselves to consid-
ering the geometric current density (jg,) at 1.6 V (Figure 11A).
In this case, Ni would be followed by the tri-metallic foams
containing Fe (NiMnFe and NiFeMo), which reach around 80
mA cm~2. When considering the ECSA, the current density (jgcss
- Figure 11B) is highest for the thinner Mo-containing sample,
followed by the thin (2 min deposition) and as-prepared sam-
ples. However, this metric also shows that the Ni mesh substrate
performs at the same level as the pure Ni foams, with the thin
and as-prepared NiMn and NiMnFe samples only slightly out-
performing the substrate. It is when we normalize the current
by the deposited catalyst mass (j,, ., shown in Figure 11C) that
we find surprising results. In this case, the best performing sam-
ples are the thin (2 min deposition) NiMn and NiMnFe samples,
with the as-prepared samples performing best and reaching up
to 18 mA mg~!, followed by their annealed counterparts as well as
the thin NiFeMo samples. Using this metric, the Ni samples rank
near the bottom for performance toward OER. Itis not surprising
to have the NiMnFe sample as a top performer, since NiFe-based
catalysts have been shown to perform well for OER.[®]

2.3.2. In Situ Raman Spectroscopy

In situ Raman spectroscopy was employed to monitor the struc-
tural evolution of selected Ni-based catalysts: NiMnFe for its high
specific mass-activity, NiMnCo as a tri-metallic catalyst with poor
OER performance, and the Ni sample, as a performance baseline.

As shown in Figure 12, the in situ Raman spectra reveal dis-
tinct potential-dependent transformations for each Ni-based cat-
alyst. In the case of as-prepared NiMnFe, the initial spectrum
at open circuit potential (OCV) displays broad features in the
400-600 cm™! region, which evolve into a pronounced shoulder
near 600 cm™! starting at 1.2 V. This feature, commonly asso-
ciated with disordered Ni—O species or partially oxidized tran-
sition metal oxides, disappears completely at 1.6 V, indicating
a potential-induced surface reconstruction into a more ordered
y-NiOOH phase, which is known to be catalytically active for
OER.I**] Notably, the y-NiOOH signals in NiMnFe are signifi-
cantly more intense than those observed in the other samples,
suggesting a more extensive and efficient formation of the catalyt-
ically active phase. This likely contributes to the superior electro-
chemical performance of NiMnFe, both in terms of current den-
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sity and mass-specific activity. Furthermore the y-NiOOH bands
appear when the applied potential is 1.4 V, correlating well with
the Ni?*/Ni** anodic peak at 1.35 V (Figure 10). Additionally, the
presence of this phase is supported by the XRD results, which
show the presence of the -Ni(OH), phase, a known precursor to
y-NiOOH under OER conditions.[®]

A similar evolution is observed for NiMnCo (as-prepared),
though with notable differences. Here, the 600 cm™! band ap-
pears earlier, at 1.0 V, and with greater intensity than in NiM-
nFe. This signal decreases in intensity around 1.3 V, transition-
ing into a broader shoulder that persists at higher potentials, sug-
gesting a slower or less complete surface reorganization. Addi-
tionally, a band near 500-520 cm™' at OCV — likely attributable
to Ni(OH), or an intermediate oxyhydroxide — shifts to approx-
imately 470 cm™, consistent with the formation of y-NiOOH.
However, the broader and less-defined nature of these features,
combined with the lower intensity of the NIOOH band, indicates
a less efficient or incomplete phase transition. This may account
for the lower mass-specific and geometric current density perfor-
mance of NiMnCo compared to NiMnFe.

The as-prepared Ni sample exhibits similar Raman features to
NiMnCo, including a persistent shoulder near 600 cm™! and the
evolution of a band near 470 cm™ at higher potentials, corre-
sponding to y-NiOOH. Before 1.4V, the spectra are dominated by
a growing band in the 450-500 cm™! region, attributed to Ni—O
vibrations of Ni(OH), or lower-valence Ni species. The y-NiOOH
band becomes clearly resolved only at 1.4 V and above, indicating
delayed formation of the active phase. While the overall Raman
intensity is lower, the features in the 400-600 cm™! region are
more distinctly separated, suggesting a relatively well-defined but
less abundant y-NiOOH phase. Despite achieving high geomet-
ric current densities, Ni shows lower mass-specific activity, likely
due to high mass loading and limited utilization of electrochem-
ically active sites, as supported by the weak Raman signal of the
active phase.

In contrast, the annealed samples show markedly different be-
havior. For annealed Ni, the spectrum displays only weak and
broad features in the 400-600 cm™! region throughout the ap-
plied potential range. A faint band near 1050-1075 cm™" is also
observed, which disappears at 1.6 V. Although the exact origin of
this feature remains unclear, it may relate to adsorbed oxygen in-
termediate such as OH™.I! [ts disappearance at high potential
supports the interpretation that it is not part of the OER-active
phase. Overall, the absence of a clear y-NiOOH transition and
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Figure 12. In situ Raman spectra taken of the Ni (top row), NiMnFe (middle row), and NiMnCo (bottom row).

weak spectral features align with the reduced catalytic activity of ~ This structural rigidity may limit the formation of well-defined

the annealed Ni sample. y-NiOOH, which could explain the significantly lower OER activ-
For annealed NiMnFe, broad features in the 550-700 cm™ ity of annealed NiMnFe.
region are already present at OCV and persist across the po- The annealed NiMnCo sample also displays very broad and

tential range. These signals are consistent with Ni(Fe/Mn) unresolved features spanning 400-700 cm™!, visible already at
oxyhydroxide-type vibrations, indicating some degree of pre- OCV. At early potentials, the spectrum appears to contain two
formed oxidized species after thermal treatment. However, the  overlapping bands, which merge into a single, broad and feature-
bands remain broad and weak, suggesting a disordered or poorly  less signal from 1.0 to 1.3 V. At 1.4 V and above, two overlapping
crystalline phase that does not evolve under applied potential.  contributions again become discernible, but they remain poorly
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Figure 13. Voltage sweep curves of the Ni (A), NiMn (B), NiMnCo (C), NiMnFe (D), NiFeMo (E) foams. Measurements were performed in 1 mol L™
KOH, at 60 °C. The marked numbers show the current density obtained at a cell voltage of 2.0 V.

resolved and low in intensity. This behavior indicates an ill-
defined and dynamically disordered oxyhydroxide phase that fails
to develop into a catalytically efficient y-NiOOH structure. The
lack of spectral sharpening and low intensity is consistent with
the poor OER performance of annealed NiMnCo, both in terms
of current density and mass-specific activity.

2.3.3. Anion Exchange Membrane Water Electrolysis Tests

The samples were additionally tested in an anion exchange mem-
brane water electrolyzer (AEMWE), as described in the Experi-
mental Section. The results are summarized in Figure 13. The
AEMWE single-cell measurements reveal a clear trend in cat-
alytic activity among the tested Ni-based electrodes. Notably, the
as-prepared NiMnFe catalyst exhibited the highest performance,
reaching a current density of over 3400 mAcm=2 at 2.0 Vin 1
mol L~! KOH at 60 °C. This value surpasses many comparable
systems reported in the literature, even under more concentrated
alkaline conditions or elevated temperatures, underscoring the
excellent intrinsic activity of this composition.[%8] As before,
annealing consistently led to a reduction in performance here
as well. NiFeMo, although slightly less active than NiMnFe, still
achieved over 2800 mA cm™ at 2.0 V. These findings highlight
the importance of compositional tuning and the effect of thermal
treatment in optimizing the DHBT-prepared electrocatalysts for
AEMWE, with as-prepared multimetallic systems showing the
most promising activity under realistic operational conditions.
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Electrochemical impedance spectroscopy (EIS) was also em-
ployed to evaluate the electrode kinetics and interfacial proper-
ties. As shown in Figure S8, the as-prepared Ni-based catalysts
generally exhibit significantly lower charge transfer resistance
(Ry) values compared to the annealed counterparts, indicating
more efficient charge transfer from the electrode to the elec-
trolyte, which is favorable for OER. Moreover, the ohmic resis-
tance (R,,,) of the as-prepared samples is also consistently lower,
further confirming their superior interfacial conductivity and en-
hanced electrochemical performance.

3. Conclusion and Outlook

In summary, the DHBT method proved to be a facile and effective
approach for preparing microstructured catalysts, provided that
sufficiently high current densities (|j|>100 mA cm~2) are main-
tained during deposition. During the annealing process, signifi-
cant surface redistribution of elements was observed. XPS indi-
cates that Fe and Co become enriched at the surface, while Ni
tends to be depleted, and Mn shows only a moderate increase
in selected compositions. These trends suggest thermally driven
segregation processes, likely influenced by differences in atomic
size, surface energy, and alloying enthalpy. The associated re-
structuring may contribute to the observed increase in ECSA,
potentially driven by grain boundary formation and nanocrystal-
lization effects.

Among the samples, NiMn exhibited the highest post-
annealing ECSA (36 m* g7l), followed by NiMnCo

g, cat
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Table 4. Chemical composition of the baths used for the DHBT procedures.
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Chemical Ni bath? NiMn bath NiMnCo bath NiMnFe bath NiFeMo bath
NiSO, 50 mM 50 mM 50 mM 50 mM 50 mM
MnSO, - 50 mM 50 mM 50 mM -
CoSO, - - 50 mM - -
FeSO, - - - 50 mM 50 mM
NaMoO, - - - - 5mM
(NH,),SO, 2M ™ 0.8 M 0.8 M 0.8 M
Sodium citrate - - 10 mM 10 mM 10 mM

3The Ni bath used chlorides, rather than sulfates

(25 m? g71); however, this enhancement did not lead to improved
oxygen evolution reaction (OER) performance. In contrast,
NiMn and NiMnFe showed the highest mass-specific activities,
with NiFeMo performing comparably. AEMWE tests further
demonstrated the viability of these materials for OER, with
NiMnFe achieving superior performance (j,,,, >3400 mA cm™2
at 2 V) compared to previously reported compositions.

These findings underscore both the versatility and the limita-
tions of DHBT-derived materials, pointing toward future strate-
gies for enhancing catalytic efficiency through electrolyte and
compositional tuning. Notably, annealing promotes the forma-
tion of crystalline and homogeneous alloys, which appears detri-
mental for OER and GOR electrocatalysis due to the loss of the
redox-active Ni(OH)/NiOOH pair.

The current electrolyte composition supports the synthesis
of multi-metallic structures; however, further optimization—
particularly via reduction of salt concentrations—may enable
the fabrication of tetra-metallic and even true high-entropy alloy
(HEA) systems. However, for practical applications, the durabil-
ity of the foam electrocatalysts must be thoroughly evaluated and
remains a topic to be explored.

4. Experimental Section

Chemicals and Solutions: Nickel (Il) sulfate heptahydrate (purum
p.a., crystallized, > 99.0% (KT)), manganese (Il) sulfate monohydrate
(ReagentPlus > 99.0%), cobalt (Il) sulfate heptahydrate (ReagentPlus >
99.0%), sodium molybdate dihydrate (ACS reagent, > 99.0%), sodium
citrate monobasic (BioXtra, anhydrous, > 99.5% (T)), D-(+)-Glucose (>
99.5% (GC)), and sulfuric acid (Puriss. p.a., for determination of Hg,
ACS Reagent, Reag. ISO, Reag. Ph. Eur., 95.0-97.0%) were all acquired
from Sigma-Aldrich.

Potassium hydroxide (analytical reagent grade) was purchased from
Fischer Scientific, iron (ll) sulfate heptahydrate (> 99.0%, p.a. ACS),
and ammonium chloride (purity 99.5%) were purchased from Carl Roth
GmbH, Nickel (I1) chloride hexahydrate (purity >99.7%) was acquired
from abcr GmbH, and ammonium sulfate (99.5% for analytical purpose)
was purchased from Griissing GmbH.

For the DHBT procedure, solutions were prepared as shown in Table 4,
with the pH being adjusted to 2 using concentrated sulfuric acid. The
concentration of ammonium sulfate was reduced as the number of met-
als increases to minimize salt precipitation in the solution. For the oxy-
gen evolution reaction tests, a 1 M KOH solution was used. For the glu-
cose oxidation tests, the solutions were prepared on the same day as the
electrochemical tests took place, and consisted of 1 M KOH and 10 mM
glucose.
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Regarding the DHBT baths, the choice for using the sulfates of the
metals was done mostly because of the Fe foams, as using chlorides
(which can be found to be used in literature) leads to a rapid formation
of iron chloride as soon as the foam is removed from the DHBT solu-
tion, which renders the foam unusable. It was found that sodium citrate
is essential for helping to keep the process from generating insoluble
compounds that might contaminate the fabricated electrocatalyst. It was
found that without it, insoluble matter starts building up near the counter
electrode whenever the Mn salt is present, and citrate eliminates this
issue.

DHBT procedure: DHBT was performed using a Gamry Reference
3000 potentiostat equipped with the Reference 30K booster. The proce-
dure was performed on two types of substrates: Ni mesh (Bekaert 2Ni18-
050) and carbon paper (Sigracet 10 AA). The carbon substrate was used
to allow the catalyst layer to be investigated by XAS. The substrates were
first cut into pieces 4x3.5 cm?. Prior to the DHBT procedure, the Ni mesh
substrates were sonicated, first in acetone (for 15 min) and then in 2 M
HCI (for 60 s), after which the substrates were washed with Milli-Q water
and finally dried at 60 °C. Carbon paper substrates were not treated prior
to DHBT, but care was taken to handle them with gloves to avoid contam-
inating them.

The DHBT procedure was performed in a two-electrode setup, using
around 180 mL of solution, with the relevant substrate being the working
electrode and a Pt mesh (ALS platinum gauze electrode, 80 mesh, lead
wire 54 mm) acting as counter electrode. The exposed area of the sub-
strates was 9 cm?, which was defined by using Kapton tape to glue the
substrate to a steel support. The steel support itself was also covered in
Kapton tape, with only a small strip at the top remaining free of tape to
allow for electrical contact.

The foams were deposited at a constant current (-9 A or =1 Acm™2),
using pulsed electrodeposition where current flowed for 1s, and was zero

for one more second (duty cycle = —2Y— = 50%). This was done for
tonttorF

a total time of 2 or 20 min (i.e., the current is ON for a total of 1 and 10
minutes, respectively). Active cooling was achieved by pumping cold water
(T< 10 °C) around the reactor vessel (when deposition was performed for
20 min), and stirring with a magnetic stir bar was used as well (900 rpm).

After completing the DHBT deposition, the samples were immersed
and sonicated sequentially in Milli-Q water and ethanol, for 5 min in each.
The first step was used to remove any excess chemicals from the surface,
and the latter to remove water from the surface to prevent oxidation. With
the exception of the NiFeMo foams, these steps were enough to prevent
oxidation of the sample and allow the samples to be stored normally for
up to a few days.

Annealing was performed after this cleaning step. For NiFeMo samples,
annealing was always performed (as otherwise oxidation quickly destroys
the sample). In any case, annealing was always performed in the same way
using a Carbolite tube furnace (Model EST 12/300): first the samples were
heated to 900 °C at a rate of 5 °C min~! and the temperature was held
for 15 hours. The ramp down was done at a rate of 1°C min~". Nitrogen
was constantly flushed at a rate of 12 Lmin~" to prevent the carbon paper
from combusting.
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Half-Cell Tests: The electrochemical performance test of the DHBT-
prepared samples was performed in triplicate. The measurements were
performed using a half-cell with the fabricated samples as working elec-
trode (cut into 5 mm diameter disks), a platinum wire as counter elec-
trode, and a Gaskatel Hydroflex hydrogen reference electrode. A BioLogic
VSP-300 potentiostat was used and the measurements were performed in
three steps: The first step was meant to aquire the CVs in T mol L~' KOH.
10 cycles were performed at a scan rate of 20 mVs~! from 0.4 to 1.6 V
(vs. RHE); the second step was used to determine the ECSA. The CVs for
this step were performed within 50 mV of the OCV (from OCV-50 mV to
OCV+50 mV) at scan rates ranging from 10 to 100 mV's~'. The potential
was held at each of the CV edges for 10 s to properly polarize the sam-
ple; the last step was the same as the first one, but was performed with
the addition of 10 mmol L1 glucose. All measurements were performed
with 80% resistance compensation (measured with the current-interrupt
method).

Anion Exchange Membrane Water Electrolysis tests:  Single-cell AEMWE
tests were conducted using a potentiostatic/galvanostatic workstation (Bi-
ologic BT-815, max. 15 A, 10 kHz). A 1 cm? cell equipped with full nickel
serpentine flow fields on both electrodes was employed. To ensure leak-
tight operation, PTFE gaskets were used. The AEM was a PiperlON Anion
Exchange Membrane, 40 microns thick. Both compartments were inde-
pendently supplied with 1 mol L=! KOH at a flow rate of 10 mL min~". The
operating temperature was maintained at 60 °C, aligning with the optimal
range for AEM-based systems, which are constrained by chemical instabil-
ity at elevated temperatures. Prior to operation, the cell was assembled at
room temperature using an anion exchange membrane that had been pre-
soaked in the electrolyte for 3 h. The initial conditioning phase involved a
voltage sweep from 1.4 to 2.2 V at a scan rate of 100 mV s~ for 10 cycles.
Subsequent polarization curves were recorded by a voltage sweep from
1.4 t0 2.2 V at a scan rate of 5 mVs™'. Electrochemical impedance spec-
troscopy (EIS) measurements were performed under steady-state condi-
tions at current densities of 100, 300, and 1000 mA cm~2 to evaluate the
cell’s resistive behavior.

SEM/EDX Measurements: SEM/EDX measurements were performed
using a Zeiss Ultra plus scanning electron microscope equipped with a
Peltier cooled Ultra Dry EDS-detector (Thermo Fisher Scientific, 30 mm?).
For the pore size distribution the pore diameters of 35 pores from each
sample were measured 3 times and the average and standard deviations
were extracted.

XPS Measurements: XPS measurements were performed using the
PHI 5000 VersaProbe Il instrument equipped with a monochromatic Al
Ka X-ray excitation source (1486.74 eV), with a beam diameter of 100 um
and a pass energy of 26 eV for survey scans and 224 eV for high-resolution
scans. The surface structure was investigated for the Mn 2p3, Ni 2p3,
Fe 2p3, Co 2p3, Mo 3d, and O Ts edges, and measurements were per-
formed at two distinct points of each sample. Data analysis was carried
out using CasaXPS software (Casa Software, Teignmouth, UK). Elemen-
tal quantification was performed by integrating the area under each high-
resolution peak after Shirley background subtraction. The atomic percent-
ages were calculated using the relative sensitivity factors (RSFs) provided
by the CasaXPS library.

XRD Measurements: XRD measurements were performed with a Stoe,
StadiMP diffractometer using a Mo K-alpha source. Measurements were
performed in transmission mode while keeping the sample rotating.

Raman Spectroscopy Measurements:  For ex-situ Raman spectroscopy,
measurements were conducted using the LabRAM HR800 confocal Ra-
man spectrometer with a 633 nm laser. Spectra were acquired with an
acquisition time of 2 s per scan, accumulated over 30 scans. All measure-
ments were performed in air at room temperature to analyze the structural
properties of the catalysts before and after electrochemical testing.

In-situ electrochemical Raman spectroscopy was conducted using a
LabRAM HR800 confocal Raman spectrometer, integrated with a SP 200
(BioLogic) potentiostat and a modified electrochemical Raman cell. A 633
nm laser was used as the excitation source, focused onto the sample
surface via a dry objective (Olympus, 50x, NA = 0.5, WD = 10.6 mm).
Potential-dependent Raman spectra were collected over 60 s (2 s per ac-
quisition, repeated 30 times) after stabilizing each potential for 5 min in
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the range of 1.0 to 1.6 V vs RHE. The measurements were performed in
duplicate

ICP-OES Measurements: 1CP-OES measurements were performed us-
ing an Optima 7300 DV device from PerkinElmer. The device was equipped
with a Meinhard nebulizer in an unbuffered cyclonic chamber. The mea-
surements were performed with a power of 1300 W, with a plasma gas
flow of 15 Lmin~', nebulizer gas flow of 0.6 L min~, auxiliary gas flow of
0.2 Lmin~" and a pump rate of T mLmin~". The axial analysis direction
was used and the control software used was WinLab 32, version 5.3. The
measurements were performed in triplicate.

Microwave Digestion: The samples were first prepared by microwave
digestion using a Multiwave 3000 from Anton Paar. The samples were di-
gested in an acid mixture containing 2 mL HNO; and 6 mL HCl. The di-
gestion was performed by increasing the power to 1400 W (at a rate of 10
W min~!, with 0 W kept for 15 min) and keeping it there for 60 min. Pres-
sure was steadily increased to 60 bar (0.5 bar min~1) and the temperature
was 240 °C.

X-Ray Absorption Spectroscopy: The ex-situ XAS measurements were
performed at the KMC-3 beamline at BESSY Il (Berlin). The measurements
were performed in transmission mode. Spectra at the Ni, Fe, Mn and Co
K-edges were collected. The metallic foils were measured simultaneously
with the samples and used to align the energy. The softwares Bessy_47b
and SimXLite, both developed by the beam scientists at KMC-3 beamline
(BESSY Il — Berlin), were used for the data processing and EXAFS fitting,
respectively. The ranges used for the EXAFS fit were: k = [3.0; 12.5] A~!
and R =[1.0; 5.0] A for Ni K-edge, k =[3.0; 12.5] A=" and R = [1.0; 3.0] A
for Fe K-edge, k = [3.0; 12.5] A=" and R =[1.0; 3.5] A for Mn K-edge, and k
=1[2.3; 12.5] A= and R = [1.0; 3.0] A for Co K-edge. The metallic foils were
used to determine the amplitude factor, Sé, that was equal to 0.85, 0.75,
0.75 and 0.9 for Ni, Fe, Mn and Co K-edges, respectively. The scattering
paths were obtained using the FEFF8 software.

Statistical Analysis:  All experimental data were visually inspected for
completeness and consistency prior to statistical analysis. Minimal pre-
processing was applied; in some cases, minor noise reduction was per-
formed to improve signal clarity. In particular, XAS data were processed us-
ing standard procedures, including normalization and energy alignment,
to ensure comparability across samples. No formal outlier removal or data
transformations were conducted unless explicitly stated.

No formal hypothesis testing was performed. Instead, statistical differ-
ences between conditions were evaluated based on descriptive statistics,
primarily by comparing means and their associated standard deviations
(SD). This approach was used to assess trends and reproducibility across
independently prepared samples. All data are presented as mean + SD,
with the sample size (n) provided in the corresponding sections of the
Experimental Section.

All statistical analyses were conducted using OriginPro 2024 (Origin-
Lab Corp., Northampton, MA, USA). Image processing and quantification
were performed using Image] (National Institutes of Health, USA). Addi-
tional software used for specific experimental techniques is detailed in the
respective subsections of the Experimental Section.
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