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HIGHLIGHTS

e Nonprecious metal-based multicomponent nitride anchored on nanoporous high-entropy alloy skeleton is constructed for ampere-level

water oxidation via in-situ configurating cooperative Brgnsted basic oxyanion-solid multiple active interfaces.

e The self-supported nanoporous (NiFeCo);(MoCr);N/HEA electrodes exhibit exceptional catalytic activity and durability by virtue

of MoO,*~ and CrO,*~ ions acting as molecular co-catalysts to mediate proton spillover to facilitate the formation of *OOH.

e The alkaline water electrolyzer assembled with nanoporous (NiFeCo);(MoCr);N/HEA anode and (MoCr)(NiFeCo),/HEA cathode

can operate stably at ampere-level current density for over 1700 h.

ABSTRACT Developing highly active and stable oxygen evolution reaction cata-

Adsorbate evolution mechanism

lysts is paramount for cost-effective large-scale green hydrogen production via water s

'OOH(‘I)/U:,‘

electrolysis. Here we report nonprecious metal-based multicomponent nitride/high-
entropy alloy heterostructures as cost-effective electrocatalysts to efficiently mediate
alkaline water oxidation by in-situ configurating cooperative Brgnsted basic oxy-
anion-solid interfaces during phase transformation of multicomponent nitride into
amorphous N-doped NiFeCoMoCrOOH along with partial dissolution of high-value
metals of Mo and Cr to form molecular MoO,>~ and CrO,~ species. The protonation
of Brgnsted basic oxyanions facilitates the critical *OOH intermediate formation
on N-doped NiFeCoMoCrOOH with near-optimal adsorption energy, substantially
accelerating the oxygen evolution reaction kinetics. Consequently, the heterostructure electrode exhibits superior oxygen evolution reaction
electrocatalysis in 1 M KOH solution, delivering ultrahigh current density of~2.5 A cm™2 at low overpotential of 300 mV. Its alkaline
water electrolyzer operates stably at ampere-level current density for> 1700 h. Our findings reveal an unconventional molecule-assisted

multi-site mechanism of multicomponent catalysts to accelerate multiple-intermediate reaction.
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1 Introduction

Water electrolysis driven by renewable electricity from solar
and wind resources promises a sustainable route to carbon
neutralization by making use of molecular hydrogen as a
clean and high-density alternative to fossil fuels for meet-
ing future energy needs [1-4]. However, it often undergoes
insufficient operating efficiency no matter in mature alka-
line water electrolyzer (AWE) or emerging anion exchange
membrane water electrolyzer [4—6], leading to the present
dilemma that water electrolysis only accounts for~4% of
global hydrogen production [3, 5, 7, 8]. This is primarily
due to sluggish kinetics of anodic oxygen evolution reac-
tion (OER), also known as water oxidation, which involves
multiple oxygen intermediates (*OH, *O, *OOH) with
multi-proton-coupled electron transfer (PCET) processes
[7, 9, 10]. Even mediated by IrO, or RuO, as the bench-
mark OER catalyst [9, 11, 12], it takes substantial overpo-
tentials to reach industrial-scale current densities because of
universal linear scaling relationships (LSRs) that limit the
reaction kinetics as a consequence of incongruous adsorp-
tion/desorption of multiple oxygen intermediates on such
conventional single-site catalysts [10, 13, 14]. Therefore,
developing unconventional and inexpensive electrocatalysts
with efficient and robust OER performance at ampere-scale
current densities is crucial to promoting widespread use of
water electrolysis technologies for large-scale green hydro-
gen production. So far, considerable strides have been made
in the development of bimetallic or multi-metallic catalysts
based on first-row (3d) late transition metals (for example,
Fe, Co and Ni), including their oxides/hydroxides [9, 15,
16], sulfides [17, 18], phosphides [19, 20] and molecular
complexes with incorporation of additional metallic or/
and non-metallic elements [10, 21, 22]. These materials
mediate the alkaline OER in either the adsorbate evolution
mechanism (AEM) [23-25] or the lattice oxygen mechanism
(LOM) [26-28] with remarkably enhanced intrinsic activity
by optimizing adsorption energies or breaking the LSRs to
accelerate reaction kinetics. Nevertheless, most bimetallic
or multi-metallic compounds encounter severe activity deg-
radation due to selective dissolution of metal component or
surface structure collapse under the harsh electrooxidation
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environments [15, 22, 29, 30], far from satisfying the long-
lifetime requirement (> 1000 h) of water electrolysis [9,
10, 31]. Accordingly, it is of high desire to explore novel
materials with high activity and stability as efficient OER
electrocatalysts.

Here we report self-supported nanoporous multicom-
ponent nitride/alloy heterostructure made of Fe, Co, Ni
late transition metals and Cr, Mo high-valence metals in
(NiFeCo);(MoCr);N complex nitride and NiFeCoMoCr
high-entropy alloy [(NiFeCo);(MoCr);N/HEA] for effi-
cient alkaline OER electrocatalysis via in-situ configuring
cooperative Brgnsted basic oxyanion-solid multiple active
interfaces. Owing to the thermodynamically less stability
of (NiFeCo);(MoCr);N complex nitride, it undergoes phase
transformation into amorphous N-doped NiFeCoMoCr oxy-
hydroxide grafted on HEA skeleton (NiFeCoMoCrOOH-N/
HEA), along with partial dissolution of Mo and Cr atoms
to generate MoO,*~ and CrO,*~ Brgnsted basic oxyanions,
under water oxidation conditions. These Brgnsted basic oxy-
anions electrostatically accumulate around the NiFeCoMo-
CrOOH-N surface to form cooperative solid-molecular inter-
faces, where the MoO,>~ and CrO,*~ ions act as molecular
co-catalysts to mediate proton spillover from *OH intermedi-
ate adsorbed on Fe top site, facilitating the critical O-O bond
formation in *OOH intermediate with a low energy barrier
to boost reaction kinetics. Furthermore, the solid-molecular
multiple active interfaces effectively depress overoxidation
of metal components, improving the electrochemical dura-
bility of solid NiFeCoMoCrOOH-N phase. Associated with
HEA skeleton that endows sufficient active sites and accel-
erates electron transfer and ion/molecule transportation,
nanoporous (NiFeCo);(MoCr);N/HEA exhibits exceptional
OER electrocatalysis to deliver ultrahigh current density
of ~2.5 A cm™ at low overpotential of 300 mV. The AWE
assembled with nanoporous (NiFeCo);(MoCr);N/HEA as
the anode and nanoporous HEA supported complex inter-
metallic (MoCr)(NiFeCo), [(MoCr)(NiFeCo),/HEA] as the
cathode, i.e., (NiFeCo);(MoCr);N/HEAIl(MoCr)(NiFeCo),/
HEA, can achieve~1.25 A cm™2 at a low cell voltage of
1.92 V without iR compensation and maintain outstanding
stability for over 1700 h.

https://doi.org/10.1007/s40820-026-02316-3



Nano-Micro Lett. (2027) 19:46

Page3of 15 46

2 Experimental Section
2.1 Preparation of Nanoporous Electrodes

Self-supported nanoporous multicomponent nitride/alloy
heterostructure electrodes were fabricated by facile and scal-
able alloying/dealloying technique, followed by annealing
procedures in air and then in Ar/NH; mixture atmosphere.
Precursor alloy ingots of Niys_,, ., Fe, CoMo,Cr Alss
(w, x,z=0o0r 2, y=0 or 6, at%) were first produced by arc
melting pure Ni and Al metals with/without the addition of
Fe, Co, Mo or/and Cr under Ar atmosphere. These alloys
ingots were sliced into sheets with thickness of ~400 um
and then chemically dealloyed to prepare nanoporous elec-
trodes in N,-saturated 6 M KOH solution at 70 °C until there
are no bubbles to generate. After rinsing in ultrapure water
to clean residual chemicals and then drying in a vacuum
environment, the as-prepared nanoporous multicomponent
intermetallic compound/high-entropy alloy hybrid materials
were further annealed in air atmosphere at 300 °C for 2 h
and then in a mixed atmosphere of Ar/NH; with a molar
ratio of 90:10 at 900 °C for 2 h to prepare multicomponent
nitride/alloy heterostructure electrodes. For comparison,
nanoporous multicomponent oxide/alloy electrodes were
prepared by annealing at 300 °C for 2 h in air atmosphere
and at 900 °C for 2 h in Ar atmosphere. In addition, RuO,
and Pt/C inks were fabricated by uniformly mixing com-
mercially available RuO, (99.9%, Sigma Aldrich) and Pt/C
(20 wt%, Johnson Matthey) into isopropanol aqueous solu-
tion containing proper Nafion (0.05 wt%, Sigma Aldrich)
by rigorous sonication, and then dropping onto nanoporous
Ni with the mass loading of 2 mg cm™~2 for electrochemical
measurement.

2.2 Physicochemical Characterizations

Microstructure and chemical composition of precursor
alloys, multicomponent nitride/alloy heterostructure elec-
trodes were conducted on a field-emission scanning electron
microscopy (SEM, JSM-7900F, 5 kV) equipped with X-ray
energy-dispersive spectroscopy (EDS) and a field-emission
transmission electron microscopy (TEM, JEOL JEM-2100F,
200 kV). X-ray diffraction (XRD) measurements were car-
ried out on a Rigaku Smartlab diffractometer at a power
of 9 kW with a monochromated Cu K radiation. Surface
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chemical states of electrocatalysts were characterized by
X-ray photoelectron spectroscopy (XPS, Thermo ECSALAB
250) equipped with an Al anode, where charging effects were
compensated based on the C 1s peak with the binding energy
of 284.8 eV. The Ni, Fe, Co, Mo, and Cr K-edge X-ray
absorption fine structure spectra were recorded by using
the easyXAFS 300 system (easyXAFS, US). The metal ion
concentrations in electrolyte were detected by inductively
coupled plasma optical emission spectroscopy (ICP-OES,
Thermo electron). Raman spectra were performed on a
micro-Raman spectrometer (Renishaw) equipped with a
532-nm-wavelength laser at a power of 1 mW.

2.3 Electrochemical Measurements

All OER electrocatalytic characterizations were conducted
in a classic three-electrode setup, where self-supported
nanoporous electrodes were directly used as the working
electrodes, a carbon rod as the counter electrode and an
Ag/AgCl electrode as the reference electrode, 1 M KOH
as the electrolyte. To assess the OER performance of nano-
porous electrodes, linear scanning voltammetry (LSV) was
conducted with 100% iR- compensation at a scan rate of
1 mV s~! at 25 °C (i was the real working current and R is
the measured series resistance). Electrochemical impedance
spectra (EIS) were collected at the overpotential of 100 mV
in the frequency range from 10 mHz to 100 kHz with 5 mV
amplitude. In order to evaluate the electrochemical surface
areas (ECSAs) of these electrodes, cyclic voltammetry (CV)
curves were obtained in the non-faradaic potential window
of —0.1 to 0 V (versus Ag/AgCl) at scan rates of 20, 25,
30, and 35 mV s~'. The OER durability measurements of
nanoporous (NiFeCo);(MoCr);N/HEA, Ni;Mo;N/Ni and
(NiFeCo),(MoCr);04/HEA electrodes were performed at the
overpotential of 270 mV for 1600, 450 and 200 h, respec-
tively. (NiFeCo);(MoCr);N/HEAII(MoCr)(NiFeCo),/HEA
AWE was constructed by assembling (NiFeCo);(MoCr);N/
HEA as the anode and (MoCr)(NiFeCo),/HEA as the cath-
ode in 1 M KOH electrolyte for investigating the overall
water splitting performance. The polarization curves of
the electrolyzers were collected at a scan rate of 1 mV s
at 25 °C and the stability was tested at the cell voltage of
1.92 V for> 1700 h.

@ Springer



46 Page 4 of 15

Nano-Micro Lett. (2027) 19:46

2.4 Theory Computations

All the spin-polarized density functional theory (DFT)
calculations were performed based on the Vienna ab initio
simulation package (VASP) code with Hubbard-U correc-
tions, and the projector-augmented wave (PAW) method was
employed. The Perdew-Burke-Ernzerhof (PBE) of gener-
alized gradient approximation (GGA) functional was used
to describe electronic exchange-correlation interactions.
The Grimme method (PBE-D3) correction was adopted to
include the van der Waals interactions. The effective Hub-
bard-U parameters (U-J values) were set to be 5.00 eV for
Cr, 4.30 eV for Fe, 3.32 eV for Co, 5.50 eV for Ni and
4.38 eV for Mo. The 4 x4 x2 supercell of y-NiOOH (001)
surface was established with a vacuum in the z direction of
15 A, and then Ni atoms were randomly replaced by Fe, Co,
Mo and Cr atoms to simulate the NiFeCoMoCrOOH struc-
ture, where the atomic ratios were taken from experimental
results. To build the amorphous structure, ab initio molecu-
lar dynamics (AIMD) calculation under the NVT condition
was performed at 900 K for 10 ps with a time step of 1 fs.
Another AIMD calculation was conducted at 300 K for 5 ps,
followed by a geometry optimization calculation to stabilize
the amorphous configuration. The cutoff energy was set to
be 400 eV, and the k-point grids of Brillouin zone were set
to 3x3x 1. The convergence criteria for energy and force
were set to be 1.0x 1073 ¢V and 0.02 eV A~ respectively.
The binding energy (AE,) was determined according to the
equation: AE, = E.\—F.—E);, where E.,, represents the total
energy of adsorption system, E. and E\; correspond to the
isolated energy of pristine catalyst and adsorbate, respec-
tively. Besides, the reaction Gibbs free energy (AG) was cal-
culated according to the equation AG=AE + AZPE —TAS,
where AE, AZPE and AS represented the change of total
energy, zero-point energy and entropy, respectively.

3 Results and Discussion

3.1 Preparation and Physicochemical
Characterizations

The self-supported nanoporous (NiFeCo);(MoCr);N/HEA
heterostructure electrode is fabricated by a facile alloying/
dealloying technique [32-34], followed by annealing proce-
dures in air and subsequently in Ar/NH; mixture atmosphere

© The authors

(Fig. 1a). Briefly, multicomponent Ni;;Fe,Co,Mo¢Cr,Al;s
alloy is first prepared by arc-melting pure Al, Ni, Fe, Co,
Mo, and Cr metals in atomic ratio (at%) of 75: 13:2:2: 6: 2
(Fig. S1) and then solidifying to form a multiphase micro-
structure composed of immiscible a-Al [32, 35], intermetal-
lic AI;Ni [36, 37], Al;;Fe, [35, 38], AlyCo, [36, 39], Al;Mo
[35, 39] and Alg, ¢Cr;5 4 [38], in addition to nanoscale pre-
cipitations of chemically complex intermetallic (MoCr)
(NiFeCo), [39] (Fig. S2). During the chemical dealloying
in N,-pured 6 M KOH solution, selectively etching a-Al
phase and less-noble Al component of intermetallic com-
pounds gives rise to the formation of nanoporous (MoCr)
(NiFeCo),/HEA [36, 39], where the complex intermetallic
(MoCr)(NiFeCo), nanoprecipitations are in-situ anchored
on NiFeCoMoCrAl HEA ligaments (Fig. S3). When anneal-
ing in air at 300 °C and subsequently in Ar or Ar/NH,
mixture atmosphere at 900 °C, there takes place thermal
oxidation or nitridation to generate (NiFeCo),(MoCr);04
or (NiFeCo);(MoCr);N on nanoporous HEA skeleton for
the production of nanoporous (NiFeCo),(MoCr);04/HEA
(Fig. S4) or (NiFeCo);(MoCr);N/HEA, respectively. XPS
survey analysis of nanoporous (NiFeCo);(MoCr);N/HEA
attests the presence of N (Fig. S5), in addition to Ni, Fe, Co,
Mo, Cr, Al with atomic ratio of 59: 9: 9: 10: 4: 9 determined
by EDS (Fig. S6a). XRD patterns demonstrate the hybrid
structure with two sets of diffraction peaks at 260=40.9°,
43.2°,45.4°,72.7°, 77.5° and 44.0°, 51.3°, 75.9°, which
are assigned to the (221), (310), (311), (510), (520) planes
of orthorhombic Ni;Mo;N (JCPDS 49-1336) [40, 41] and
the (111), (200), (220) planes of face-centered cubic (fcc)
Ni phase (JCPDS 04-0850) [36, 39], respectively (Fig. 1b).
The diffraction peaks of Ni;Mo;N phase in nanoporous
(NiFeCo);(MoCr);N/HEA shift to higher angles relative to
the standard line patterns (Fig. 1c), indicating the incorpo-
ration of Fe, Co, and Cr in the Ni;MosN lattice by partially
substituting the sublattice Ni sites and Mo sites to form com-
plex (NiFeCo);(MoCr);N [42-44], respectively, in view of
their similar atomic radius and bonding energies. While for
the Ni phase in nanoporous (NiFeCo);(MoCr);N/HEA, the
diffraction peaks shift to lower angles relative to the line pat-
terns of fcc Ni as a consequence of incorporation of Cr and
Mo with large atomic radius in addition to Fe and Co with
similar atomic radius [45, 46]. Figure 1d shows a representa-
tive SEM image of nanoporous (NiFeCo);(MoCr);N/HEA
electrode, where the island-like (NiFeCo);(MoCr);N precip-
itates with a width of ~200 nm are anchored on nanoporous

https://doi.org/10.1007/s40820-026-02316-3
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Fig. 1 Preparation and microstructure characterization of nanoporous multicomponent electrocatalysts. a Schematic illustration for fabrication
of nanoporous (NiFeCo);(MoCr);N/HEA heterostructure electrode by facile alloying/dealloying technique, followed by thermal oxidation and
nitridation procedures. b XRD patterns of nanoporous (NiFeCo);(MoCr);N/HEA, Ni;Mo;N/Ni, N-NiFeCo/NiFeCo and N-Ni/Ni electrode. The
line patterns show reference cards 49-1336 for orthorhombic Ni;Mo;N and 04-0850 for face-centered cubic Ni according to JCPDS. ¢ Dif-
fraction patterns in the range of 20 from 40° to 46° for nanoporous (NiFeCo);(MoCr);N/HEA, Ni;Mo;N/Ni, N-NiFeCo/NiFeCo and N-Ni/Ni
electrodes. d Representative SEM image of nanoporous (NiFeCo);(MoCr);N/HEA electrode, displaying (NiFeCo);(MoCr);N nanoislands with
a width of ~200 nm are seamlessly integrated on HEA skeleton. e SEM image of nanoporous (NiFeCo);(MoCr);N/HEA heterostructure and the
corresponding EDS elemental mappings for Ni, Fe, Co, Cr, Mo, Al and N. f Typical HRTEM image of (NiFeCo);(MoCr);N/HEA heterostruc-
ture interface. g, h FFT patterns of (NiFeCo);(MoCr);N (g) and HEA (h) region in f

HEA skeleton. This microstructural feature is also demon-
strated by SEM-EDS elemental mappings of nanoporous
(NiFeCo);(MoCr);N/HEA electrode (Fig. le), where the
precipitated nanoislands are enriched in N element while
Ni, Fe, Co, Mo, Cr, and Al atoms are uniformly distributed
in both (NiFeCo);(MoCr);N nanoislands and HEA skeleton.
Figure 1f shows a typical high-resolution TEM (HRTEM)
image of (NiFeCo);(MoCr);N/HEA heterostructure inter-
face, where both phases are identified by their correspond-
ing fast Fourier transform (FFT) patterns (Fig. 1g, h). The
interplanar spacings of ~0.218 and ~0.208 nm correspond

SHANGHAI JIAO TONG UNIVERSITY PRESS

to the lattice planes of orthorhombic (NiFeCo);(MoCr);N
(221) and fcc HEA (111), deviating from the standard
values of Ni;Mo;N (221) (0.222 nm) [40, 41] and Ni
(111) (0.203 nm) [36, 39], respectively. Nevertheless,
there does not observe evident interface viewed along
their < 110>and <011 > zone axis, demonstrating the seam-
less integration of (NiFeCo);(MoCr);N on HEA skeleton.
For comparison, nanoporous Ni;Mo3;N/Ni, N-NiFeCo/
NiFeCo and N-Ni/Ni with similar structure morphology
are also prepared by the same alloying/dealloying and

@ Springer
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annealing procedures from their corresponding precursor
alloys (Figs. S1, S2 and S6, S7).

In view of thermodynamically less stability of
(NiFeCo);(MoCr);N [47-50], it undergoes phase transfor-
mation into amorphous NiFeCoMoCrOOH-N grafted on
HEA when the nanoporous (NiFeCo);(MoCr);N/HEA work-
ing as the alkaline OER electrocatalyst (Fig. S8). Meanwhile,
there also involves partial dissolution of Mo and Cr to gener-
ate MoO,>~ and CrO,>~ Brgnsted basic oxyanions during the
surface reconstructure (Fig. S9), of which the concentration
increases and then reaches the plateau value within initial
25 min (Fig. S10). These electrochemical reconstruction pro-
cesses are revealed by in-situ Raman spectroscopy charac-
terization at various applied potentials (Fig. S11). Different
from the Raman spectrum at open circuit potential (OCP),
there appear neoformative Raman bands at~470 cm™!
and ~550 cm™! attributed to the E, bending and A, stretch-
ing vibration modes of M-OOH [17, 51], respectively, at
the applied potentials of > 1.2 V (Fig. 2a), verifying the
formation of amorphous multicomponent oxyhydroxide of
NiFeCoMoCrOOH-N. Owing to the N doping, the charac-
teristic Raman bands of M-OOH in NiFeCoMoCrOOH-N
display evident blueshifts relative to the ones in NiFeCoMo-
CrOOH that form on HEA during the initial OER of nano-
porous (NiFeCo),(MoCr);04/HEA electrode (Fig. S12).
In addition, there also successively emerge the character-
istic Raman bands of Cr0,*~ (~845 cm™!) [52] at>1.2 V
and additional M0042_ (~891 cm™!) [18, 53] at>1.25 V
(Fig. 2a), respectively, due to the partial dissolution of Mo
and Cr atoms from nanoporous (NiFeCo);(MoCr);N/HEA.
As the applied potential increases from 1.2 to 1.5 V, these
characteristic Raman bands gradually intensify, indicating
more and more MoO,*>~ and CrO,*~ anions electrostatically
aggregating around the electrode during the water oxidation.

Figure 2b shows high-resolution Ni 2p;,,, Co 2p;,, Fe
2psp, Cr 2psjn, Mo 3ds;5, O 1s, and N 1s XPS spectra of
NiFeCoMoCrOOH-N/HEA. Owing to the formation of
NiFeCoMoCrOOH-N, all metal elements in the surface layer
are primarily in the oxidized states of Ni**, Co**/Co’", Fe’™,
Cr**/Cr%* and Mo**/Mo®* species, in contrast with those
in pristine nanoporous (NiFeCo);(MoCr);N/HEA, where
they are in mixed metal states and low-valence oxidized
states (Fig. S13). As for the N 1s XPS spectrum of NiFeCo-
MoCrOOH-N/HEA, the peaks at 397.8 and 403.1 eV are
assigned to N-M and N-O, respectively, confirming that the
doped N atoms bond with either metal and oxygen atoms

© The authors

[22, 54], in addition to the one at 400.0 eV corresponding to
the adsorbed N,. The O 1s XPS spectrum shows three oxy-
gen species, including lattice oxygen (M-O), absorbed OH
(M-OH) and adsorbed H,O [27, 54]. In particular, the peak
of M-O in NiFeCoMoCrOOH-N/HEA displays a positive
shift relative to that in NiMoOOH-N/Ni (Fig. S14), unveil-
ing a higher lattice oxygen activity in N-doped NiFeCoMo-
CrOOH due to the incorporation of Fe, as well as Co and
Cr [27, 51].

The local atomic and electronic structures of NiFeCoMo-
CrOOH-N/HEA are also investigated by X-ray absorption
near-edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS). In the Ni, Fe, Co, Mo, and Cr
K-edge XANES spectra (Fig. S15), the NiIFeCoMoCrOOH-
N/HEA has the near-edge energies to locate between
(NiFeCo);(MoCr);N/HEA and their reference oxides, dem-
onstrating their different accumulation of electrons on transi-
tion metal atoms as a result of the formation M-O/N coordi-
nation [21, 55, 56]. Figure 2¢ shows the Fourier-transformed
EXAFS (FT-EXAFS) spectra of Ni, Fe, Co, Mo, and Cr
K-edge in NiFeCoMoCrOOH-N/HEA. All transition metals
in the first and second shells are of similar radial distances
and amplitudes, suggesting that they are in consistent local
atomic environments of M-O/N and M-M coordination due
to full random mixing distribution of transition metal atoms
in NiFeCoMoCrOOH-N and HEA [56-58]. These M-O/N
bond lengths are slightly elongated or shortened relative to
those in the (NiFeCo);(MoCr);N/HEA (Fig. 2d) or in the
NiFeCoMoCrOOH without N doping (Fig. S16). Compared
with the Ni-O/N and Mo-O/N in NiIMoOOH-N, the incorpo-
ration of Fe, Co, and Cr in NiFeCoMoCrOOH-N elongates
their bond lengths.

3.2 Electrochemical Characterizations of Nanoporous
Electrodes

Figure 3a shows the LSV curve of nanoporous
(NiFeCo);(MoCr);N/HEA in 1 M KOH electrolyte, com-
paring with those of nanoporous (NiFeCo),(MoCr);04/
HEA, Ni;Mo;N/Ni, N-NiFeCo/NiFeCo and N-Ni/Ni, as
well as commercially available RuO, catalysts immobi-
lized on nanoporous Ni current collector (RuO,/Ni). Here
the potentials are calibrated with respect to the revers-
ible hydrogen electrode (RHE) according to the equation:
Eppup=Epgagci+1.016 Vin I M KOH (Fig. S17). Evidently,

https://doi.org/10.1007/s40820-026-02316-3
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Fig. 2 Chemical characterization of nanoporous multicomponent electrode. a Contour plots of in-situ Raman spectra of nanoporous
(NiFeCo);(MoCr);N/HEA electrode at various applied potentials in 1 M KOH. b High-resolution Ni 2p;,,, Co 2p5,, Fe 2p;),, Cr 2p;5,, O 1s, N
1s and Mo 3ds;, XPS spectra of nanoporous (NiFeCo);(MoCr);N/HEA after phase reconstruction. ¢, d FT-EXAFS spectra for Ni, Fe, Co, Mo
and Cr elements of nanoporous (NiFeCo);(MoCr);N/HEA after (¢) and before (d) phase reconstruction

the nanoporous (NiFeCo);(MoCr);N/HEA electrode exhib-
its superior OER electrocatalysis to deliver current density
of as high as~2.5 A cm™2 at low overpotential of 300 mV,
much higher than the value required for industrial H, pro-
duction via water electrolysis (> 0.5 A cm'z) [9, 10, 31].
As the overpotential increases to 370 mV, the OER cur-
rent density dramatically increases to~6 A cm™2, in sharp
contrast to those of nanoporous (NiFeCo),(MoCr);04/
HEA (~0.03 A cm™2), Ni;Mo;N/Ni (~0.74 A cm™2),
N-NiFeCo/NiFeCo (~0.45 A cm~2) and N-Ni/Ni (~0.27 A
cm™2) electrodes. This value is ~ 30-fold higher than that of
RuO,/Ni (~0.2 A cm~2) although RuO, is generally con-
sidered as one of the most efficient OER electrocatalysts
[9, 12, 14]. The enhanced reaction kinetics of nanoporous
(NiFeCo);(MoCr);N/HEA electrode is also reflected by its

SHANGHAI JIAO TONG UNIVERSITY PRESS

ultralow Tafel slope of ~30 mV dec™!, the smallest value
among the nanoporous electrodes (Fig. 3b). Electrochemi-
cal impedance spectroscopy analysis further demonstrates
the superior kinetics of nanoporous (NiFeCo);(MoCr);N/
HEA for OER electrocatalysis. In the Nyquist plot (Fig. 3c),
its EIS spectrum exhibits two characteristic semicircles in
the middle- to low-frequency range, which correspond to
the charge transfer resistance (R.p) and the pore resistance
(Rp) in parallel with the constant phase elements (CPEs)
[36, 39]. The intercept at high frequencies on the real axis
reflects the series resistance (Rg) of both electrolyte and
electrode [32, 54]. Based on the equivalent circuit (inset of
Fig. 3c), the Ry value of nanoporous (NiFeCo);(MoCr);N/
HEA electrode is determined to be as low as~ 1.1 Q, much
lower than those of nanoporous Ni;Mo;N/Ni (~5.6 ),
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Fig.3 Alkaline OER electrocatalytic properties. a OER polarization curves for nanoporous (NiFeCo);(MoCr);N/HEA, NizMo;N/
Ni, (NiFeCo),(MoCr);04/HEA, N-NiFeCo/NiFeCo and N-Ni/Ni electrodes, as well as commercially available RuO, catalysts immobi-
lized on nanoporous Ni (RuO,/Ni) in 1 M KOH electrolyte. Scan rate: 1 mV s~!. b Tafel slopes for different nanoporous electrodes accord-
ing to the OER polarization curves in (a). ¢ EIS spectra of nanoporous (NiFeCo);(MoCr);N/HEA, Ni;Mo;N/Ni, (NiFeCo),(MoCr);04/HEA,
N-NiFeCo/NiFeCo, N-Ni/Ni and RuO,/Ni electrodes. Inset: the electrical equivalent circuit. d Comparison of specific activities for nanopo-
rous (NiFeCo);(MoCr);N/HEA, (NiFe);(MoCr);N/HEA, (NiCo);(MoCr);N/HEA, (NiFeCo);Mo;N/HEA, NisMo;N/Ni, (NiFeCo),(MoCr);04/
HEA, N-NiFeCo/NiFeCo, N-Ni/Ni and RuO,/Ni at the overpotential of 300 mV. e TOF value of nanoporous (NiFeCo);(MoCr);N/HEA at the
overpotential of 300 mV, comparing with those of representative OER electrocatalysts reported previously. f Tafel slope and current density
of nanoporous (NiFeCo);(MoCr);N/HEA at the potential of 1.53 V versus RHE, comparing with the values of nonprecious metal-based OER
electrocatalysts operating under high-current density reported recently. g Long-term stability of nanoporous (NiFeCo);(MoCr);N/HEA electrode
at the overpotential of 270 mV for 1600 h, comparing with those of nanoporous Ni;Mo;N/Ni and (NiFeCo),(MoCr);O04/HEA electrodes at the
same overpotentials for 450 h and 200 h, respectively. Inset: polarization curves before and after the durability measurement of nanoporous
(NiFeCo);(MoCr);N/HEA electrode

(NiFeCo),(MoCr);04/HEA (~58.2 Q), N-NiFeCo/NiFeCo
(~7.3 Q) and N-Ni/Ni (~ 8.3 Q) as well as RuO,/Ni elec-
trodes (~10.4 Q) (Fig. S18). Figure S19 presents the OER
polarization curves of nanoporous (NiFeCo);(MoCr);N/

HEA with different levels of iR compensation based on the
Ry value, which is repeatably measured on eight samples
(Fig. S20). Even without iR compensation, it achieves a cur-
rent density of ~2.5 A cm™2 at overpotential of ~707 mV,

© The authors https://doi.org/10.1007/s40820-026-02316-3
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demonstrating its outstanding ampere-level OER catalytic
activity.

In view that these investigated nanoporous electrodes
are of similar pore architecture to facilitate electron trans-
fer and mass transport (Figs. 1d and S7), their relative
intrinsic activities (jpcgn) at the overpotential of 300 mV
are evaluated according to the ECSAs, which are deter-
mined by the double-layer capacitances derived from CV
curves in the non-Faradaic potential window of —0.1 to
0 V (versus Ag/AgCl) (Fig. S21 and Note S1). Owing to
the presence of NiFeCoMoCrOOH-N active phase, the
nanoporous (NiFeCo);(MoCr);N/HEA exhibits the high-
est intrinsic activity with jpoga = ~0.404 mA cmpegs
(Fig. 3d). This value is ~40-fold higher than that of
nanoporous (NiFeCo),(MoCr);04/HEA (~0.009 mA
cmECSA_z), implying the significant role of N in modu-
lating adsorption energies of active sites in multicom-
ponent oxyhydroxide to accelerate OER kinetics. In con-
trast, the jpcgs value of nanoporous Ni;Mo;N/Ni is as low
as~0.011 mA cmgeg ™2, ~35-fold lower than that of nano-
porous (NiFeCo);(MoCr);N/HEA. Such dramatic differ-
ence reflects the synergic effect of Fe, Co and Cr on the
intrinsic activity of N-doped multicomponent oxyhydrox-
ide. In order to reveal the individual role of Fe, Co or Cr,
nanoporous (NiFe);(MoCr);N/HEA, (NiCo);(MoCr);N/
HEA and (NiFeCo);Mo;N/HEA electrodes are prepared
by the same alloying/dealloying and annealing procedures
based on their precursor alloys without the incorporation
of Co, Fe, or Cr (Figs. S22-S26). Owing to the absence
of Fe, Co, or Cr component, they encounter more or less
reduction in OER electrocatalysis compared with nano-
porous (NiFeCo);(MoCr);N/HEA (Fig. S27). Intriguingly,
the jpcga Of nanoporous (NiCo);(MoCr);N/HEA is as low
as~0.007 mA cmgcg, %, reflecting that the Fe in multicom-
ponent oxyhydroxide acts as a critical active site to medi-
ate the alkaline OER. While for the nanoporous N-NiFeCo/
NiFeCo electrode, it exhibits a jpcgs 0f ~0.009 mA cmgeg, ™
probably due to the absence of Brgnsted basic oxyanions
of MoO,>~ and CrO,> around electrode surface. In con-
trast, the concentrations of MoO,*~ and CrO,>~ around
nanoporous (NiFeCo);(MoCr);N/HEA electrode reach
as high as 13.7 and 35.3 pug cm™>, respectively (Fig. S28
and Note S2), which enable the formation of coopera-
tive solid-molecular interface to configure multiple active
sites to further boost the OER kinetics. The MoO,*~ and
CrO,* anions serving as the molecular active sites is also

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

demonstrated by dramatic electrocatalysis degradation
of nanoporous (NiFeCo);(MoCr);N/HEA in fresh KOH
electrolyte without MoO,*~ and CrO,*~ anions compared
with in original one with MoO,>~ and CrO,*~ (Fig. S29).
Similar phenomenon is also observed for Mo/Cr-free nano-
porous N-NiFeCo/NiFeCo electrode, which exhibits much
higher OER activity in KOH containing both MoO,*~ and
CrO,*~ than individual MoO,*~ or CrO,*~, as well as in pure
KOH (Fig. $30), indicating the MoO,>~ and CrO,>~ as the
molecular co-catalysts to accelerate OER kinetics. These
observations indicate the synergic effect of multicomponent
oxyhydroxide solid active sites and Brgnsted basic molecu-
lar active sites in boosting the OER kinetics on nanoporous
(NiFeCo);(MoCr);N/HEA, which is also reflected by the
turnover frequency (TOF) of as high as~0.68 s~! (Fig. 3e
and Note S3). These impressive electroactive properties
enlist nanoporous (NiFeCo);(MoCr);N/HEA as an attractive
OER electrocatalyst to outperform some of the best nonpre-
cious metal-based OER electrocatalysts reported recently
(Fig. 3f and Table S1) [9, 10, 14-16, 24, 26, 27, 31]. To
demonstrate the reproducibility, more eight nanoporous
(NiFeCo);(MoCr);N/HEA electrodes are fabricated by the
same alloying/dealloying and annealing procedures. They
display the almost overlapping OER polarization curves
(Fig. S31), indicating the excellent reproducibility.

To investigate the OER stability of nanoporous
(NiFeCo);(MoCr);N/HEA electrode, the continuous elec-
trolysis measurement is performed at the overpotential of
270 mV for> 1600 h in 1 M KOH electrolyte at room tem-
perature. As shown in Fig. 3g, there does not observe evident
fluctuation at the ampere-level current density, attesting the
exceptional durability of nanoporous (NiFeCo);(MoCr);N/
HEA electrode. After the long-term stability measurement,
it still displays an alkaline OER polarization curve almost
overlapping with the original one (inset of Fig. 3g) and
maintains the initial microstructure composed of uniform
N-doped NiFeCoMoCrOOH nanosheets on HEA skeleton
(Fig. S32) with similar chemical states (Fig. S33). The
exceptional stability of nanoporous (NiFeCo);(MoCr);N/
HEA is also demonstrated by ICP-OES analysis on the tested
electrolyte, where only trace Ni, Fe and Co are detected in
addition to Mo and Cr ions forming a locally microenviron-
ment to enhance the OER kinetics (Table S2). In stark con-
trast, nanoporous NizMo;N/Ni and (NiFeCo),(MoCr);04/
HEA electrodes suffer from dramatic current density reduc-
tion only in 450 and 200 h, respectively.
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3.3 Mechanism Investigation

To theoretically illustrate the OER electrocatalytic
mechanism, DFT calculations are conducted on NiFeCo-
MoCrOOH and NiFeCoMoCrOOH-N without/with
CrO42_ (Fig. S34). For the NiFeCoMoCrOOH, it ther-
modynamically prefers to mediate the alkaline OER via
the AEM pathway by making use of surface Fe atoms
as the optimal active sites (Fig. S35). Consequently, the
NiFeCoMoCrOOH-N is constructed by N atom substitut-
ing Fe-coordinated O atom for further DFT simulations,
where the surface Fe atoms are investigated as the active
sites. Figure 4a shows the projected density of states
(PDOS) of Ni, Fe, Co, Mo and Cr atoms of NiFeCoMo-
CrOOH-N, displaying evident upshifts of d bands relative
to those of NiFeCoMoCrOOH. This is because the N dop-
ing causes electronic redistributions to enhance adsorp-
tion energies of metal atoms in NiFeCoMoCrOOH-N. As
shown in Fig. S36 for the PDOS of *OH adsorbed on Fe
atom, their strong p-d orbital hybridization results in a
*OH binding energy (OHBE) of —0.34 eV, much stronger
than that of NiFeCoMoCrOOH (- 0.03 eV) (Fig. 4b). In
the differential charge density mapping of *OH adsorbed
on Fe site of NiIFeCoMoCrOOH-N (inset of Fig. S36),
there appears evident electron accumulation on O of
*OH and depletion around Fe atom, which activates the
O-H bond for deprotonation. The crystal orbital Hamil-
ton population (COHP) analysis of O-H bond in the *OH
reveals a more positive integral COHP (ICOHP) value
on Fe site of NiFeCoMoCrOOH-N compared with that
of NiFeCoMoCrOOH (Fig. 4c), suggesting the enhanced
deprotonation reaction kinetics. Figure S37 shows the
reaction Gibbs free energy (AG) profiles for the alka-
line OER in AEM pathway on NiFeCoMoCrOOH-N and
NiFeCoMoCrOOH, where both solid catalysts suffer from
the same rate-determining step (RDS), i.e., the deproto-
nation of *OH to form *O. The AGgg value decreases
from 0.70 eV on the NiFeCoMoCrOOH to 0.59 eV on
the NiFeCoMoCrOOH-N (Fig. 4b), confirming the sig-
nificant role of N in modulating electrocatalytic activity
of multicomponent oxyhydroxide.

The electrostatic accumulation of MoO,*” and
CrO,*~ Brgnsted basic oxyanions on NiFeCoMoCrOOH-
N solid surface gives rise to the formation of solid-
molecular interfaces to configure unconventional multiple
active sites, which mediate the OER in an anion-assisted

© The authors

mechanism (AAM) pathway by making use of MoO,>~ and
CrO,*~ anions act as molecular co-catalysts. Consider-
ing that the CrO,*~ has a higher concentration near solid
NiFeCoMoCrOOH-N surface than the MoO42_ (Fig. S28),
the CrO,*" is selected as the representative species during
the DFT simulation for simplicity. Figure 4d shows the reac-
tion Gibbs free energy profile for the OER on NiFeCoMo-
CrOOH-N with Cr042_ anions (Note S4). Different from
the AEM pathway on NiFeCoMoCrOOH-N (Fig. S34), the
CrO,>~ anions participate the PCET processes in AAM
route, breaking the LSRs of multiple oxygen intermediates
to accelerate reaction kinetics. By virtue of the chemical
feature of Brgnsted basic oxyanions, there takes place *H
intermediate spillover from the contiguous *OH on Fe site
to CrO,* to form HCrO,~ specie. Meanwhile, the *O inter-
mediate is attacked by OH™ to generate *OOH intermediate
on Fe site for subsequent reaction with OH™ to release O,,
followed by the final deprotonation of HCrO,™ to regenerate
the CrO,~ (Fig. 4e). Therein, the step of *OH deprotona-
tion and CrO,*~ protonation to form *O and HCrO,~ via
*H spillover acts as the RDS in the AAM pathway, with the
AGgpg of as low as 0.32 eV (Fig. 4d), which aligns with the
Tafel slope during the OER. This AAM pathway is experi-
mentally demonstrated by pH dependence measurements.
Owing to the NiFeCoMoCrOOH-N/Cr0O,>~ solid-molecu-
lar interfaces, which accelerates deprotonation of OH™ and
protonation of CrO,>~ via the *H spillover, the nanoporous
(NiFeCo);(MoCr);N/HEA displays a stronger pH depend-
ence of OER current density relative to the nanoporous
N-NiFeCo/NiFeCo (Fig. S38) [17, 24, 59].

3.4 Electrolyzer Performance

To demonstrate the practical use in water electrolysis for
hydrogen production, (NiFeCo);(MoCr);N/HEAII(MoCr)
(NiFeCo),/HEA AWE cell is constructed with nano-
porous (NiFeCo);(MoCr);N/HEA as the anode and
nanoporous (MoCr)(NiFeCo),/JHEA as the cathode
(Fig. S39) in 1 M KOH (Fig. 5a). As shown in Fig. 5b, the
(NiFeCo);(MoCr);N/HEAII(MoCr)(NiFeCo),/HEA AWE
can achieve ampere-level current densities at the cell volt-
age of ~1.85 V, much lower than the one that is assembled
with nanoporous Ni;Mo;N/Ni and MoNi,/Ni (Ni;Mo;N/
NillMoNi,/Ni) (~2.13 V), or commercially available RuO,
and Pt/C immobilized on nanoporous Ni (RuO,/NillPt/C/Ni)

https://doi.org/10.1007/s40820-026-02316-3
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(~2.38 V) (Fig. 5b). When operating at the cell voltage of
1.92 V without iR compensation, the (NiFeCo);(MoCr);N/
HEAII(MoCr)(NiFeCo),/HEA AWE always maintains stable
current density at~1.25 A cm™2 with~ 1.4% fluctuation for
over 1700 h to continuously generate hydrogen gas (Fig. 5c).
During the long-term operation of AWE for 1700 h, the
nanoporous (NiFeCo);(MoCr);N/HEA electrode still exhib-
its impressive stability, as illustrated by uniform distribution
of Ni, Fe, Co, Mo, Cr, N, and O atoms in STEM-EDS ele-
ment mapping images of NiFeCoMoCrOOH-N nanosheets
after water electrolysis. Two more (NiFeCo);(MoCr);N/
HEAII(MoCr)(NiFeCo),/HEA AWEs also display stable
current density at 1.92 V (Fig. S40), indicating the out-
standing reproducibility. These excellent electrochemical
performances enlist the AWE based on (NiFeCo);(MoCr);N/
HEA electrode to outperform some of the best ones reported
previously (Fig. 5d and Table S3) [9, 10, 14, 16, 20, 26, 31].

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

The H, production cost of the (NiFeCo);(MoCr);N/HEA-
based AWE is estimated to be ~ 1.98 USD kg, (Note S5)
with a high energy efficiency of 81.3% (Note S6), satisfy-
ing the 2030 target (2.0-2.5 USD kgHz_l) proposed by the
U.S. Department of Energy (DOE), which demonstrates the
AWE is more economically competitive than other advanced
electrolyzers (Fig. Se) [16, 17, 20, 26, 30, 60].

4 Conclusions

In summary, we have developed nonprecious metal-based
multicomponent nitride/alloy heterostructure electrode,
which is composed of (NiFeCo);(MoCr);N complex
nitride integrated on HEA skeleton, as a versatile OER
electrocatalyst for ampere-level alkaline water oxidation.
Under strongly oxidation environment, the constituent
(NiFeCo)5;(MoCr);N undergoes in-situ electrochemical
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phase reconstruction into amorphous NiFeCoMoCrOOH-
N nanosheets along with the partial dissolution of Mo
and Cr atoms to generate MoO,>~ and CrO,*~ Brgnsted
basic anions, which electrostatically aggregate on solid
NiFeCoMoCrOOH-N surface to configure cooperative
solid-molecular interfaces with multiple active sites. Dur-
ing the alkaline OER, the doped N atom modulates the
surface Fe-O coordination in the solid multicomponent
oxyhydroxide to enable *OH adsorption and deprotona-
tion on Fe sites, followed by *H spillover to the contigu-
ous MoO,*~ and CrO,*~ for protonation to facilitate the
formation of *OOH with low energy barrier. This uncon-
ventional molecule-assisted multi-site mechanism accel-
erates the alkaline OER kinetics. The intrinsic activity
reaches as high as ~0.404 mA cmgcg, ™2 at the overpo-
tential of 300 mV. By virtue of unique architecture that

endows abundant active sites and facilitates electron
transfer and reactant species transportation, the nanopo-
rous (NiFeCo);(MoCr);N/HEA electrode exhibits excep-
tional OER electrocatalysis to deliver ultrahigh current
density of ~2.5 A cm™ at low overpotential of 300 mV.
In a long-term durability test at the overpotential of
270 mV with ampere-level current density, it maintains
exceptional stability. These electrocatalytic properties
enlist (NiFeCo);(MoCr);N/HEAII(MoCr)(NiFeCo),/
HEA AWE to reach 1.25 A cm™2 at a low cell voltage
of 1.92 V and stably operate over 1700 h for continuous
hydrogen production. This work demonstrates developing
multicomponent catalysts as an effective strategy to medi-
ate multiple-intermediate reaction via an unconventional
molecule-assisted multi-site mechanism.
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Fig. 5 Alkaline water electrolyzer performance. a Schematic illustration of alkaline water electrolyzer that is constructed with nanoporous
(NiFeCo);(MoCr);N/HEA anode and nanoporous (MoCr)(NiFeCo),/HEA cathode in 1 M KOH electrolyte. b Typical polarization curves of
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Electrolyte: 1 M KOH. ¢ Durability of (NiFeCo);(MoCr);N/HEAIl(MoCr)(NiFeCo),/HEA electrolyzer at 1.92 V for 1700 h. Inset: STEM image
of (NiFeCo);(MoCr);N/HEA electrode and its corresponding EDS elemental mappings of Ni, Fe, Co, Mo, Cr, N and O after the durability
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with the values of representative alkaline water electrolyzers reported previously. e Comparison of energy efficiency and H, production cost for
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