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ABSTRACT: One of challenges for industrial water electrolysis
is to achieve large-sized electrodes with high structural
uniformity and reaction stability. Here, catalyst electrodes of
water electrolyzer with delicate nanostructures are fabricated
through a facile corrosion engineering and ion regulation co-
strategy. Herein the corrosion engineering is an energy efficient
(60 °C, 10 min) and scalable route to transforming the
commercial nickel foam into catalytic active materials, while the
introduction of suitable anions in solutions induces the formation
of ordered vanadium (V)-doped RuNi nanoparticles (denoted as
V-RuNi) and tungsten (W)-doped NiFe nanowire arrays (denoted
as W-NiFe) available to catalyze hydrogen/oxygen evolution
reactions. The ion doping effect is proposed to explain the
enhanced catalytic activity. Then an anion exchange membrane
(AEM) water electrolyzer (electrode area: 19 cm x 19 cm) is

E__ v _
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assembled and operates stably for 200 h at a high current of 10 A with negligible degradation. This work provides a
research paradigm to realize the large-area fabrication of low-cost catalyst electrodes for industrial hydrogen generation via

water electrolysis.
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1 Introduction

Hydrogen energy has been regarded as one of the main paths for
the transformation of global traditional fossil fuels to sustainable
energy [1, 2]. Electrocatalytic water splitting can produce high-
purity hydrogen with much-reduced carbon emission, which is an
ideal technology to produce hydrogen for sustainable energy [3, 4].
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For an electrolysis cell, both the cathodic hydrogen evolution
reaction (HER) and anodic oxygen evolution reaction (OER)
require efficient catalysts to reduce the potential required to drive
the water splitting reactions [5, 6]. This has stimulated extensive
research efforts to develop low-cost electrocatalysts. Recently,
various non-precious metal-based electrocatalysts (e.g, metal
compounds and their hybrids) have been explored to replace noble
metals (e.g., Pt/C, IrO,, and RuO,) for water electrolysis [7-10].
While some of these catalysts have demonstrated exceptional
catalytic activity and stability beyond that of precious metal catalysts
under laboratory conditions, there are still major obstructions to
employing them for industry applications [11-13]. The main
challenge is high production cost, tedious and multistep synthetic
procedure that may require high temperatures or electricity input,
and even the consumption of high-purity gas (e.g., H,, N,, and
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NH,) [14]. Hence, most laboratory-scale preparation methodologies
are not economical for large-scale applications in industry [15-17].
Another consideration is that the release of generated bubbles and
long-term durability at high currents (hundreds of mA-.cm™) are
closely related to the microstructure of the electrodes, for which
well-defined and robust nanostructures are preferred [18, 19].
However, rapid synthesis of large-sized catalyst electrodes with well-
designed nanostructures has been rarely reported.

The corrosive metal substrates (e.g., Ni/Fe foam) possess
abundant active substances (metal (oxy)hydroxide/oxide). A top-
down synthesis approach by etching metal substrates may provide
an efficient and cost-effective route to the preparation of self-
supported  catalyst  electrodes  [20]. However, metal
(oxy)hydroxide/oxide formed by natural corrosion has poor
catalytic activity, and the free-standing electrode surface usually
shows a random microstructure. The dynamic corrosion behaviors
are closely related to the corrosive environments, and the corrosion
process will be accelerated in the presence of various ions in humid
environments [21]. Furthermore, different ions introduced in the
corrosion process can effectively optimize the electronic structure,
morphology, conductivity, and hydrophilicity of host materials
[22-24]. This renders flexibility in tuning the catalytic function.
Especially, the rational corrosion engineering and ion regulation
will benefit the long-term stability of the electrocatalyst. Hence,
combining corrosion engineering with ion regulation could be a
highly feasible strategy to fabricate low-cost catalysts for water
splitting reactions. Nevertheless, few studies are available to
implement this strategy for preparing catalysts on a large-scale and
to bridge the gap between laboratory advances and industrial
expectations in water electrolysis.

Herein, we construct large-sized HER and OER electrodes with
uniform nanostructures through a corrosion engineering and ion
regulation strategy as an energy efficient (60 °C) and time-saving
(10 min) route. The etching of commercial Ni foam (NF) is
facilitated by adding different ions into the corrosion solution. The
one-step method rapidly transforms the surface of NF into uniform
vanadium (V)-doped RuNi nanoparticles (denoted as V-RuNi) and
vertical tungsten (W)-doped NiFe nanowire arrays (denoted as W-
NiFe), both exhibiting spatially uniform nanostructures and
superaerophobic features. For this fabrication approach, the size of
electrodes is limited only by the synthesis apparatus. As a case
study, we perform the obtained V-RuNi and W-NiFe electrode for
HER and OER, respectively. The anion exchange membrane
(AEM) electrolyzer, with V-RuNi and W-NiFe catalyst layers (both
19 cm x 19 cm) at anode and cathode, respectively, achieves a low
cell voltage of 2.32 V at a current of 5 A for overall water splitting
and maintains 200 h durability at the current of 10 A. Undoubtedly,
such a simultaneous synthesis of large-sized HER and OER
electrodes with uniform nanostructures will benefit the hydrogen
energy industry and carbon-neutral targets.

2 Results and discussion

The HER and OER catalyst electrodes were synthesized by
combining corrosive engineering with ion regulation on the NF
substrate in aqueous solutions (Fig. 1(a)). HER catalysts were
obtained by immersing bare NF in a solution containing RuCl, and
different kinds of sodium salts (VO,*, MoO,*, WO/, S*, H,PO,;,
H,PO,, and F) and kept at 60 °C for 10 min. Ru* was chosen to
react with NF mainly because Ru-based nanomaterials exhibit
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remarkable adsorption of hydrogen-containing intermediates [25].
The addition of different ions can effectively modulate the corrosive
environment, thus regulating the corrosion rate of Ru* on Ni metal
and the surface morphology of the electrodes [26—28]. The NF not
only acts as a conductive support but also as an inexpensive Ni
source. Linear scanning voltammetry (LSV) measurements
demonstrate optimal catalytic activity upon VO, introduction
(Fig. 1(b) and Fig. S1(a) in the Electronic Supplementary Material
(ESM)); this electrode is designated as V-RuNi. The synthesis path
of the OER catalysts was basically the same as that of HER one,
except that Fe’* reacts with NF, and the detailed method can be
found in Experimental section in the ESM. Similarly, the best OER
catalyst electrode (W-NiFe) was obtained from the introduction of
sodium tungstate (Fig. 1(b) and Fig. S1(b) in the ESM). As a result,
we chose V-RuNi and W-NiFe as the samples for further
investigation.

To explore the effect of the V/W introduction on the properties
of the electrocatalysts, the surface morphology and chemical
composition of as-prepared electrocatalysts were fully characterized.
For the original RuNi electrode for HER without V introduction,
the scanning electron microscopy (SEM) images show the catalytic
active layer is not densely packed with the inner Ni metal (Fig. 1(c))
and present uneven cracks (Figs. S2(a) and S2(b) in the ESM),
leading to easy peeling of the catalytic active layer from the Ni
substrate during the HER process at high current densities. This is
detrimental to the long-term stability of this electrode. A closer
inspection of the surface reveals that the active layer consists of
homogeneous nanoparticles (Fig. S2(c) in the ESM). In
comparison, the active layer of the V-RuNi electrode is very dense
after the introduction of V, and does not tend to peel off from the
internal Ni substrate (Fig. 1(d)). Furthermore, the catalytically active
layer has been etched into tiny parts separated by small cracks (Figs.
S3(a) and S3(b) in the ESM). This V-RuNi electrode surface also
exhibits a morphology of uniform nanoparticles (insert in
Fig. 1(d)), which are densely dispersed on the Ni substrate.
Furthermore, the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image shows
the uniform dispersion of V-RuNi nanoparticles, and the
corresponding elemental mapping images show the homogeneous
distribution of V, Ru, Ni, and O elements, which also confirms that
V has been introduced into RuNi (Figs. 1(e) and 1(f)).

Similarly, there are also major differences in the nanostructures
of the initial NiFe catalysts from the W-NiFe. As shown in Fig. 1(g)
and Fig. $4 in the ESM, the surface of the original NiFe electrode is
extremely rough and shows irregular nanostructures, together with
some irregularly shaped large particles. After the incorporation of
W, the W-NiFe electrode is covered by a dense array of vertical
nanowires (Fig. 1(h)). The nanowires interlocked with each other to
form a bird nest-like clump (Fig. S5 in the ESM). Furthermore, the
morphology of nanowires and composition of W-NiFe are proven
by HAADF-STEM image and the elemental mapping images
(Figs. 1(1) and 1(j)). The morphology of NiFe-based catalysts
incorporating other types of sodium salts (Na,MoO, Na,S,
NaH,PO,, NaH,PO,, and NaF) was also explored. As depicted in
Fig. S6 in the ESM, the NiFe-based catalysts exhibit distinct
morphological variations after incorporating various sodium salts,
underscoring the impact of ion regulation on the catalyst
microstructure. Only the addition of sodium tungstate induces the
formation of a nanowire array structure. During the corrosion
process, anions (MoO,, §, H,PO,, H,PO,, and F) regulate
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Figure 1 Synthetlc pathways, catalytlc performance, and mlcromorphologlcal characterlzanon of various catalysts. (a) Schematic illustration of corrosion engineering and
ion regulation for the synthesis of OER and HER catalysts. The sphere in the middle indicates that various elements can be used for the corrosion solution. (b)
Overpotentials of catalyst electrodes were obtained by introducing different kinds of ions (sodium salts) at three high current densities. SEM images of (c) RuNi and (d) V-
RuN:i at different resolutions. () HAADF-STEM image and (f) the corresponding elemental mapping images of Ru, Ni, O, and V. SEM images of (g) NiFe and (h) W-
NiFe at different resolutions. (i) HAADF-STEM image and (j) the corresponding elemental mapping images of Ni, Fe, O, and W.

corrosion/redeposition kinetics, thereby controlling the density and
morphology of the corrosion layer.

The X-ray diffraction (XRD) patterns (Fig. S7 in the ESM) of V-
RuNi and W-NiFe show the absence of characteristic diffraction
peaks except for the Ni substrate, indicating their low crystallinity
or amorphous features. The Raman results show that both V-RuNi
and W-NiFe are hydroxide phases (Fig. S8 in the ESM). In Fig. S9
in the ESM, after the introduction of V, both Ru 3p and Ni 2p X-
ray photoelectron spectroscopy (XPS) spectra of V-RuNi positively
shift, suggesting the changes in the internal electronic structure and
metal coordination environment [29-31]. Similarly, both 2p,, and
2py, in the Ni 2p spectra of W-NiFe positively shift after W
integration (Fig. S10(a) in the ESM), which indicates the increase of
oxidation state of Ni. However, the Fe 2p binding energies are
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unchanged (Fig. S10(b) in the ESM), indicating the stable valence
state of Fe species [32]. According to XPS spectra, the atomic ratios
of V and W in V-RuNi and W-FeNi are 0.5% and 0.27%,
respectively. The above characterization suggests that the
introduction of V/W not only regulates the surface nanostructure
but also the electronic structure of the electrocatalysts.

The surface corrosion engineering and ion regulation strategy
efficiently transforms the smooth surface of commercial Ni foam
into catalytically active layers with well-defined nanostructures. This
cost-effective and time-saving method, which requires no electrical
input, high temperature, and tedious synthetic procedures should
be suitable for large-scale preparation of self-supporting catalysts.
As a proof of concept, we prepared electrodes with sizes of 20 cm x
15 cm (Fig. 2). After Ru* reacted with Ni, the color of the nickel
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foam turned black-brown, indicating a uniform transformation by
the corrosion engineering (Fig. 2(a)). In addition, the micro-
structure of this large-area electrode is extremely consistent, as
shown by the area-selective (Areas i, ii, and iii) SEM images
(Fig. 2(a)). This well-defined morphological consistency proves an
identical microstructure of the large-area electrode. Likewise, the
conclusion holds true for the 20 cm x 15 cm sized W-NiFe
electrodes (Fig. 2(b)).

This high reproducibility was further confirmed by the
electrochemical measurement. To accurately describe and evaluate
the uniformity of catalytic performance of a large-area electrode, we
divided the large-area electrode into 100 small samples and
randomly selected 32 samples for testing (referred to as S1-532). As
shown in Fig. S11(a) in the ESM, the LSV curves for the selected
samples (S1-S32) from the large-area V-RuNi electrode essentially
overlap, indicating a high degree of uniformity in their catalytic
performance. Furthermore, in the polar histogram of Fig. 2(c), these
samples demonstrate nearly identical overpotentials at a range of
current densities (10, 50, 100 mA-cm™), which underscores the
consistent and reproducible HER catalytic activity of V-RuNi large-
area electrode. Similarly, these selected samples from large-area W-

NiFe electrodes also exhibit coincident LSV curves (Fig. S11(b) in
the ESM) and nearly identical overpotentials at various current
densities (Fig. 2(d)).

To more precisely ascertain the trend of overpotential variation
for the selected samples (S1-S32) across different current densities
(10-200 mA-cm?), we employed an error line chart for a
quantitative analysis. As shown in Fig. 2(e), the chart provides a
clear and detailed representation of the overpotential changes under
varying current densities. Upon an increase in current densities,
there is a slight tendency for the standard deviation of the
overpotential to rise. In the case of selected V-RuNi catalysts for the
HER, the standard deviation of their overpotentials at a current
density of 10 mA-cm™ is 47 mV. When the current density is
further elevated to 200 mA-cm?, this value slightly increases to
82 mV. A similar pattern is observed for the selected W-NiFe
catalysts, wherein the standard deviation of overpotentials at a
current density of 10 mA-cm™ is 51 mV, and also moderately
increases to 10.5 mV at a current density of 200 mA-cm™ Based on
microstructure and electrochemical performance analysis, we can
conclude that the corrosion engineering and ion regulation dual-
strategy cannot only effectively prepare large-scale electrodes but
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Figure2 Size, nanostructure, and uniformity of one-step fabricated electrodes. (a) Digital photograph of V-RuNi and corresponding SEM images of three representative
regions. (b) Digital photograph of W-NiFe and corresponding SEM images of three representative regions. Both electrodes are in a dimension of 20 cm x 15 cm. (c)
Overpotentials of 32 V-RuNi samples (S1-S32) for HER at three current densities (10, 50, and 100 mA-cm™). (d) Overpotentials of 32 W-NiFe samples (S1-S32) for OER
at three current densities (10, 50, and 100 mA-cm™). (e) Overpotential error line chart of the 32 selected samples (S1-S32) for HER and OER at various current densities.
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also have excellent consistency of electrode microstructures and
catalytic activities.

The catalytic properties of various electrocatalysts were evaluated
in a standard three-electrode system. As shown in Fig. 3(a), during
the HER process, the overpotential of V-RuNi at 100 mA-cm™ is
75 mV. Interestingly, the activity of V-RuNi at high current
densities is much better than that of 40% Pt/C, which might be
attributed to the well-defined nanostructure of V-RuNi that can
accelerate the reaction kinetics at high current densities. During the
OER process, the W-NiFe exhibits the best catalytic activity among
various catalysts with an overpotential of only 276 mV at
100 mA-cm™ Both V-RuNi and W-NiFe electrodes exhibit the
lowest Tafel slopes of around 40 mV-dec’ among all control
samples (Fig. 3(b)), indicating that they can reach the desired
current density at lower overpotentials. Notably, even at a large
current of 500 mA-cm™ (Fig. 3(c) and Fig. S12(a) in the ESM), the
potential decay rate of V-RuNi is only 3.58 mV-h™, which is much
lower than that of 40% Pt/C (22.6 mV-h"). The W-NiFe also

(a)

400

achieves a small potential decay rate of 1.56 mV-h™ during the OER
process (Fig. 3(c) and Fig. S12(b) in the ESM), which is much
smaller than that of state-of-the-art IrO, (6.1 mV-h™). The long-
term stability of V-RuNi and W-NiFe at large current densities can
be attributed to two reasons: (i) The in-situ growth of the active
substance on the conductive substrate can reduce the interfacial
impedance and enhance the charge transfer and (ii) the self-
supporting structure can effectively prevent the active substance
from detaching from the current collector. In addition, the dense
nanoparticle morphology and microporous nanowire array
structure are conducive to bubble gas release at high current
densities [33, 34]. When compared to the previously reported
catalysts, the overpotentials and Tafel slopes of our synthesized
catalysts (V-RuNi and W-NiFe) show certain advantages (Fig. 3(d)
and Tables S1 and S2 in the ESM).

Systematic measurement and analysis were employed to better
elucidate the modulation of physicochemical properties brought by
V/W ion regulation. The electrochemically active surface area
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Figure3 Catalyst performance and operando Raman characterization in alkaline HER and OER. (a) Overall polarization curves of various electrodes in the whole HER
and OER region. (b) The corresponding Tafel plots. (c) Comparison of the potential decay rate of various electrocatalysts at the current of 500 mA-cm™. (d) Activity
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(ECSA) of various electrocatalysts was assessed by electrochemical
double-layer capacitance (C,) measurements. As shown in Figs. S13
and S14 in the ESM, the ion-induced electrocatalysts (V-RuNi and
W-NiFe) achieve higher active surface areas than their RuNi/NiFe
counterparts. Furthermore, the electrochemical impedance
spectroscopy measurement manifests smaller charge transfer
resistance of V-RuNi and W-NiFe (Fig. S15 in the ESM), indicating
faster electron transfer processes [35]. During the HER and OER
process, H, and O, bubble release behaviors at gas—solid-liquid (1)
three-phase interfaces influence the reaction kinetics and the
interaction of the active site with the reactants [36]. As displayed in
Figs. S16 and S17 in the ESM, the H, and O, bubbles are pinned on
the surface of the bare NF, whereas they detach very rapidly from
the surface of V-RuNi and W-NiFe without retention. This
interesting phenomenon illustrates that the nanostructures
(nanoparticles and nanowire arrays) constructed by the V/W ion
regulation strategy can reduce interfacial adhesion of bubbles, and
this superaerophobic property can accelerate the release of
generated bubbles and the re-exposure of the active sites to the
reactant, thus promoting the reaction kinetics [37]. During the
catalytic reaction, in terms of optical microscopy, it is also observed
that numerous bubbles accumulate on the surfaces of Pt/C and IrO,
electrodes and cannot be released rapidly (Fig. S18 in the ESM). In
contrast, under the same test conditions, there is no noticeable
bubble accumulation on the surface of V-RuNi and W-NiFe.

The possible surface reconstruction, phase evolution, and valence
state changes of V-RuNi and W-NiFe during the catalytic process
were investigated. First, the operando Raman spectroscopy was
employed to probe the phase evolution during the real-time
catalytic process, and the cyclic voltammetry (CV) measurements
were used to provide the applied voltage under actual HER
(-12--0.6 V vs. Ag/AgCl) and OER (0-0.6 V vs. Ag/AgCl)
conditions. During the HER process with varying voltage, there is
no new characteristic peak in the operando Raman spectra of V-
RuNi (Fig. 3(e) and Fig. S19(a) in the ESM), and the spectra always
maintain the initial state. In the ex-situ XPS spectra (Fig. S20 in the
ESM), the valence state and binding energy of Ni species do not
change after the HER process, and the valence states of the Ru
species are still Ru* and Ru’. Hence, the V-RuNi has no phase
evolution and surface reconstruction in the HER process. As for W-
NiFe, notably, the phase evolution can be clearly detected in the
operando Raman spectra. As shown in Fig. 3(f) and Fig. S19(b) in
the ESM, when the applied voltage varies from 0 to 034 V vs.
Ag/AgCl, two characteristic peaks at 450 and 529 cm™ emerge,
which are attributed to the A,, stretching modes of Ni"-OH and
Ni'-O for Ni(OH),, respectively [38, 39]. The prominent peak
emerges at around 490 cm™, which is ascribed to the E, bending
vibration of Ni"-O. When the applied voltage increases from the
onset potential (0.34 V) to 0.6 V and during the reverse stage
(0.6-0 V), the characteristic peak of Ni(OH), disappears, and two
new peaks appear at 479 and 560 cm™, owing to the E, bending
vibration and the A, stretching vibration of Ni"-O in NiOOH,
respectively [40]. This result demonstrates that the surface species of
W-NiFe transforms from Ni(OH), to NiOOH during the OER
process, and this transformation is irreversible. In the high-
resolution Ni 2p XPS spectra (Fig. S21(a) in the ESM), the valence
state of Ni partially changes from the initial Ni* to Ni*, which is
consistent with the operando Raman results. The state of Fe
maintains Fe™ after the OER process (Fig. S21(b) in the ESM). In
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short, V-RuNi exists stably during the HER process, while the W-
NiFe undergoes surface reconstruction during the OER process.

First-principles calculations were carried out to unveil the doping
effect on the enhanced electrocatalytic water splitting activity of the
Ni-based electrode. The NiOOH (001) and NiO (001) surfaces are
regarded as dominant atomic configurations at anodic (OER) and
cathodic (HER) Ni-based electrodes during water splitting,
respectively [41, 42]. The atomic structures of pure, Fe-doped, and
Fe and W co-doped NiOOH (001), and those of pure, Ru-doped,
and Ru and V co-doped NiO (001) are built according to the
experiments, as shown in Figs. S22 and S23 in the ESM. The most
stable doped surfaces at given doping ratios are applied for further
studies, e.g., Fe,,Ni;, OOH, W,,sFe,,Ni,;,;,OOH, Ru,,Ni,, O, and
VRugNiy 0. The calculated free energy changes of OER steps
(Fig. 4(a)) on NiOOH, FeNi; OOH, and W ;Fe,,:Ni,;;;OOH are
displayed in Fig. 4(b), and the potential-determine step (PDS) for
the three surfaces is identified to be *OOH formation step (H,O(1)
+ *O > *OOH + H' + e). The atomic structures of OER
intermediates are given in Fig. S24 in the ESM. The free energy
change for PDS (OER overpotential) are determined to be 1.98 eV
(0.75 eV), 1.90 eV (0.67 eV), and 1.58 eV (0.35 eV) on NiOOH,
Fe (Ni;sOOH, and W, Fe,;Ni,,;;OOH, respectively. The
decreased trend of overpotential values (0.75 eV > 0.67 eV >
0.35 V) indicates that Fe-doping could increase the OER activity of
NiOOH, and W co-doping will further increase the OER activity of
Fe-doped NiOOH. The above calculated results show the
synergistic effect of doped W and Fe on enhancing the OER activity
of NiOOH. In addition, the calculated OER overpotential on
NiOOH (001) is close to previous work, verifying the reliability of
our results [43]. Besides, the HER activities on pristine, Ru-doped,
and Ru and V co-doped NiO are also examined by hydrogen
adsorption ability (AGy). Figure 4(d) displays the mechanism of
HER, and the possible H adsorption sites are given in Fig. S25 in
the ESM. Figure 4(e) shows that calculated AG,; on NiO,
Ru,,Ni;, O, and V,;;,Rug;,Niy,O are 1.45, —0.11, and —0.08 €V,
respectively. The closer to zero of the AGy, the higher HER activity
of the corresponding surface. Accordingly, the surface in order of
increasing HER activity will be NiO (|JAGy| = 1.45 €V), Ruy,Ni,,O
(JAGy| = 0.11 V), and V5,Ru,Niy,0 (JAGy| = 0.08 €V). Similar
to the OER analysis, the synergistic effect of doped Ru and V is also
important in enhancing the HER activity of NiO.

The electronic structures, including density of states (DOS) and
band center, are applied to explain the enhanced OER activity on
NiOOH and HER activity on NiO by doping, as shown in Figs. 4(c)
and 4(f). According to band center theory, the closer to the Fermi
level of the band center, the stronger the adsorption ability the
catalytic site owns. As the third OER step (H,O(l) + *O > *OOH +
H* + ¢7) is PDS on NiOOH and its corresponding doped surfaces,
the free energy change of PDS (OER overpotential) could be
regarded as the addition of OH adsorption ability (AGyy;-o) at
intermediate O site and one constant value [44]. According to band
center theory, the increasing trend of negative intermediate O p-
band center values on NiOOH (-2.17 eV), Fe,Ni,OOH
(-2.08 eV), and W, Fe,;(Ni,,;, sOOH (-1.93 eV) will lead to an
increasing trend of OH adsorption ability at intermediate O, which
in turn leads to the decreasing trend of overpotential on the three
surfaces. Thus, the increased p-band center of intermediate O tuned
by local dopants (Fe and W) is the main factor of increased OER
activity on Fe and W co-doped NiOOH. In the case of HER, the d-
band center values are greatly affected by element types. In detail,
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Figure4 Theoretical insights into OER and HER mechanism. (a) Schematic diagram of the proposed OER mechanism. (b) The free energy diagram of OER. The PDS is
marked by solid lines. (c) DOS and relationship between p-band center and free energy change of PDS. (d) Schematic diagram of proposed HER mechanism. (e) The free
energy diagram of HER. (f) DOS and relationship between d-band center and AG, on NiO, Ru,,Ni;,,O, and V;,Ru;,Ni,; 5,0.

Ru d-band centers of Ru,,Ni,,O (-1.23 eV), and V;Ruy;,Ni,;;,0
(-0.78 V) are less negative than Ni d-band center (-3.43 eV) of
NiO, leading to the stronger hydrogen adsorption abilities (—0.11
and —0.08 eV) of Ru in former two surfaces than that of Ni in NiO
(145 eV). The further doped V in Ru,;Ni,,O make the Ru d-band
center increase from —1.23 to —0.78 eV, leading to less negative AG
(-0.11 > —0.08 eV) and highest HER activity of V,;,Ruy;:;,Ni,;3,0.
These theoretical calculations also agree with experiments,
confirming that the doping of V and W can effectively modulate
the electronic structure, thereby improving the catalytic activity of
Ni-based electrodes.

Encouraged by the outstanding catalytic performances of V-
RuNi and W-NiFe for the HER and OER, respectively, we
fabricated an AEM water electrolyzer (AEM-WE) to drive overall
water splitting (Fig. 5(a)). For comparison, the state-of-the-art 40%
Pt/C paired with IrO, was also used in an electrolyzer (denoted as
Pt/C//IrO,). As shown in Fig. 5(b), the cell voltage of V-RuNi//W-
NiFe is 2.51 V at a high current of 1 A-cm™ at 25 °C, much lower
than Pt/C//IrO, (2.81 V) under the same conditions. When the
current density is 1 A-cm™, the cell voltages of V-RuNi//W-NiFe are
smaller than that of Pt/C//IrO, at various temperatures (Fig. 5(c)
and Fig. S26 in the ESM), indicating that V-RuNi//W-NiFe-based
AEM-WE cells have lower input power in industrialized water
electrolysis systems. The V-RuNi//W-NiFe shows a smaller charge-
transfer resistance (R,) than that of Pt/C//IrO, (Fig. 5(d)), which
suggests the high charge transfer efficiency in these nano-ordered
self-supporting electrodes. In addition, for industrial applications,
the stability of the catalyst at large currents is an important
parameter, so we measured the long-term stability of the V-
RuNi//W-NiFe at 500 mA-cm™. As shown in Fig. 5(e), after 390 h
of the galvanostatic test, the cell voltage of V-RuNi//W-NiFe shows
a negligible change in the required potential. Our V-RuNi//W-NiFe-
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based AEM-WE cell is more durable than the recently reported
catalysts for AEM-WE at 500 mA-cm™ (Fig. S27 in the ESM).

To check the possible composition and phase evolution of V-
RuNi and W-NiFe, post-mortem analyses are conducted using
XPS, Raman, and TEM-energy dispersive X-ray spectroscopy
(EDS) measurements after 100 h AEM-WE test at 500 mA-cm™. It
is found that Ru and Ni in the V-RuNi catalyst are present in the
oxidation states of Ru* and Ni*, respectively. The catalyst retains its
hydroxide phase and nanoparticle structure with uniform
distribution of V element (Fig. S28 in the ESM). However, the
phase and nanostructure of W-NiFe are changed (Fig. S29 in the
ESM), which underwent a phase transition from hydroxide to
oxyhydroxide [45, 46]. Ultra-thin nanosheets are present on the
surface of the W-NiFe nanowires, which is likely caused by surface
reconstruction to generate NiFe OOH [36, 47]. The operando
Raman spectroscopy and post-mortem analyses jointly confirm that
W-NiFe undergoes irreversible surface reconstruction to produce
Ni,Fe,OOH during the OER process. At a constant current of
500 mA-cm?, the amount of H, and O, gas produced increases
linearly with a molar ratio of approximately 2 (inset of Fig. 5(e)).
The yield ratio is consistently maintained at 2 within more than
100 h test and the Faraday efficiencies are nearly 100%.

To illustrate the scale-up production capability of V-RuNi and
W-NiFe catalysts, a larger AEM-WE with electrode area of 19 cm x
19 cm was assembled. The large-area AEM-WE shows a nearly
linear increase in cell voltage with increasing currents up to 20 A
(Fig. 5(f)). In addition, the V-RuNi//W-NiFe electrolyzer exhibits
significantly better activity than the Pt/C//IrO, electrolytic cell.
When operating at a constant current of 10 A, the cell continuously
operates for up to 200 h (Fig. 5(g)). Hence, our V-RuNi and W-
NiFe electrodes have the potential for industrial-scale water
electrolysis.
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Figure5 Performance of AEM water electrolyzer. (a) Schematic of the AEM-WE cell configuration. (b) Polarization curves of the Pt/C//IrO, and V-RuNi//W-NiFe at
25 and 50 °C in 1 M KOH without iR correction. (c) The AEM-WE cell voltages at 1 A-cm™ under various temperatures. (d) Nyquist impedance plots at 50 °C in 1 M
KOH. (e) Chronopotentiometric curve of V-RuNi//W-NiFe at 500 mA-cm™ Insets are the Faraday efficiency and measured gaseous amounts from the V-RuNi//W-NiFe
at a current density of 500 mA-cm™ in 1 M KOH. (f) Polarization curves of the V-RuNi//W-NiFe and Pt/C//IrO, for large area electrolyzer (19 cm x 19 cm) at 25 °C in
1 M KOH without iR correction. (g) Chronopotentiometric curve of V-RuNi//W-NiFe for large area electrolyzer at 10 A.

3 Conclusions

We have achieved efficient HER and OER electrocatalysts through
an energy- and time-efficient strategy based on corrosion
engineering and ion regulation. This synthesis strategy is scalable
and can generate highly uniform surface nanostructure and stable
catalytic activity. As a case study, the as-prepared electrodes (V-
RuNi and W-NiFe) possess well-designed nanoarray architectures,
superaerophobic surface, and a robust interface with the Ni
backbone. The associated large active surface areas and fast reaction
kinetics endow the V-RuNi and W-NiFe electrodes with stable
catalytic activity toward HER (overpotential is 75 mV at
100 mA-cm™) and OER (overpotential is 276 mV at 100 mA-cm™),
respectively. Theoretical simulation shows that the increased p-
band center of the intermediate oxygen species, modulated by local
dopants (Fe and W), enhances the adsorption affinity for OH at the
intermediate oxygen site. This effect, in turn, lowers the free energy
associated with the *OOH formation step, thereby augmenting the
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OER activity. In addition, the synergistic doping of Ru and V
reduces the AGy value of cathodic catalyst, thereby boosting the
HER activity. The large-area AEM-WE exhibits a nearly linear
increase in cell voltage with increasing currents up to 20 A and
stable operation for up to 200 h at a constant current of 10 A.

Given that the electrodes are fabricated from inexpensive raw
materials in a facile way and are scalable (the size in this study,
19 cm x 19 cm, is limited only by the synthesis apparatus), our
synthetic method for HER and OER catalysts has the potential to
bridge the gap between fundamental science and industrial water
splitting.

Electronic Supplementary Material: Supplementary material
(including catalyst preparation methods and electrochemical
measurements; calculation procedures; XRD, SEM, TEM, Raman
spectroscopy; thermogravimetric analyses; electrochemical data;
computational models; and tables) is available in the online version
of this article at https://doi.org/10.26599/NR.2026.94908557.
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