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Conjointly activating metal and oxygen sites to trigger the adsorbate evolution
and lattice oxygen mechanisms coupled path holds promise for balancing
activity and stability in oxygen evolution reaction catalysts, yet confronting
great challenges. Herein, we develop Fe species and oxygen vacancies co-
regulated Ni-(oxy)hydroxide from the deep reconstruction of Fe-Ni,P/NiM0oO,
pre-catalyst achieving the adsorbate evolution and lattice oxygen dual-path
mechanism. Experimental details and theoretical calculation analysis reveal
the enhanced adsorbate evolution mechanism kinetics at the Ni sites via the
co-regulation of Fe species and oxygen vacancies, while the Fe incorporation
activates the O sites with preferable adsorption free energy for lattice oxygen
mechanism intermediates. Benefiting from the dual-path mechanism, the
activated catalyst affords an ampere-scale current density of 1.0 Acm? at low
overpotentials of 274.5 + 4.2 and 299.1 + 2.8 mV in alkaline freshwater and
seawater, respectively, and maintains seawater electrocatalysis for 500 h in the

anion exchange membrane water electrolysis. This work demonstrates a
strategy to trigger the coupled mechanism for efficient and stable electro-
catalytic water splitting under harsh conditions.

Alkaline water electrolysis, as an efficient, clean, and environmentally
benign technology for hydrogen production, holds immense devel-
opment promises’. However, the anodic oxygen evolution reaction
(OER) goes through slow reaction dynamics because of the compli-
cated four-electron transfer procedure, severely impeding the overall
water splitting (OWS) efficiency®’. Particularly in the harsh and com-
plex seawater environment, the presence of insoluble impurities and
the chloride evolution reaction (CIER) pose great challenges to the
OER kinetics and long-term durability of anode*”. Therefore, designing
high-activity and robust OER catalysts is imperative to achieve the
industry-scale freshwater and seawater oxidation®’.

Reported researches have confirmed that the intrinsic OER per-
formance of electrocatalysts possesses strong relevance to the reaction
pathway of active sites®. Generally, the main pathways for alkaline OER
are classified into two main types: adsorbate evolution and lattice

oxygen mechanisms (AEM and LOM)’. For the AEM, the binding strength
between the metal sites and oxygenated intermediates (*O, *OH, and
*OO0H) plays a significant role in catalytic activity, wherein the inherent
linear-scaling relationship (AGoon =AGon +3.2+ 0.2 eV) of the binding
energies between *OH and *OOH limits the minimal overpotential of
370 mV vs. RHE for accelerating water oxidation™™, In sharp contrast,
the LOM achieves efficient O, release via the direct coupling of *O and
oxygen ligands, circumventing the high barrier step of *OOH formation,
thus requiring a lower theoretical overpotential”. Nevertheless, the
dominant LOM pathway involves repeated refilling/release of lattice
oxygen, leading to the unstable structure, and consequently abating the
activity and durability of catalysts. Undoubtedly, compared with the
single-path OER catalysts, dual-path catalysts following the AEM-LOM
coupled mechanism can obviate the scaling relationship to achieve high
OER activity without diminishing the stability™". However, developing
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dual-path catalysts faces various challenges, as achieving the simulta-
neous electron transfer process at both metal sites and lattice oxygen
within a single component or coordination environment depends on the
optimal covalency of metal-oxygen (M-O) bonds®.

Nanorod-like nickel molybdate hydrate (NiMoO,-xH,0), a pro-
spective pre-catalyst, undergoes a complete reconstruction accom-
panied by co-leaching of crystal water and MoO,* ions under the
alkaline OER conditions, resulting in the transformation to y-NiOOH
with a nanocrystal-amorphous feature”’®, Moreover, the
NiMoO4-xH,0 derived y-NiOOH is considered as an ideal substitute for
RuO, and IrO, benchmarked catalysts due to the satisfactory OER
performance'®. Many outstanding works have so far confirmed that the
reasonable modification strategies, such as introducing exogenous
heteroatoms or heterostructures? %, can activate the lattice oxygen of
NiMoO4xH,0 catalyst systems for translating the mechanism from
AEM to LOM, resulting in the derived NiOOH with enhanced OER
activity. On the other hand, introducing additional defects is a pro-
mising strategy to accelerate the reconfiguration of NiMoO4-xH,0 and
reduce the covalency of Ni-O bonds, which can effectively optimize the
AEM mechanism of the active phase®?**. Thus, constructing the het-
eroatoms/oxygen vacancies co-regulated y-NiOOH may potentially
obtain the optimal M-O covalency, thereby simultaneously activating
the metal sites and lattice oxygen.

In this work, the NiMoO4-xH,O serves as the pre-catalyst, while Fe-
doped Ni,P nanoparticles derived from the Prussian blue analog (NiFe-
PBA) are introduced to optimize the electron configuration of Ni sites
in NiMoO,, thereby accelerating the deep reconstruction into the Fe
atoms/oxygen vacancies co-modified y-NiOOH active phase (Oy-Ni(Fe)
OOH) during the electrochemical activation. A series of characteriza-
tions, including in-situ *0 isotope-labeling differential electrochemical
mass spectrometry (DEMS), in-situ surface-enhanced infrared
absorption spectroscopy with attenuated total reflection (ATR-
SEIRAS), and chemical probes, are employed to confirm the compa-
tible pathway of AEM and LOM in the activated catalyst. Furthermore,
the experimental details and density functional theory (DFT) analysis
unveil that Fe dopants significantly increase the lattice oxygen activity,
while the proper concentration of Oy, regulates the Ni-O covalency and
optimize the AEM kinetics. Benefiting from the AEM-LOM coupled
mechanism and the notable mass transfer ability, the reconstructed
OER catalyst in alkaline freshwater and seawater delivers the 1.0 A cm™
current density at 274.5+4.2 and 299.1 +2.8 mV, respectively. More-
over, the anion exchange membrane (AEM) seawater electrolyzer
system assembled with Fe-Ni,P/NiMoO, and MoNi, exhibits pre-
eminent durability in the successive ampere-level seawater electrolysis
for 500 h.

Results

Design and structural characterizations of pre-catalysts
Nanorod-like Fe-Ni,P/NiMoO, arrays, as the pre-catalysts, were directly
grown on the nickel foam (NF) via hydrothermal, ion-exchange, and
low-temperature phosphating methods, as illustrated in Fig. 1a and
Supplementary Fig. 1. The composition and crystal structure of the
products during the synthesis process were identified via X-ray dif-
fraction (XRD). In Fig. 1b and Supplementary Fig. 2, the characteristic
peaks ascribing to NiMoO,-xH,0 (PDF#024-7435) constantly persist in
the diffraction patterns of NiMoO,, PBA@NiMoO,, and Fe-Ni,P/
NiMoO,, indicating that the NiM0oO4-xH,0 phase is well-preserved.
Significantly, the characteristic peaks of NiFe-PBA (K,FeNi(CN)g,
PDF#023-0491) completely vanish after the low-temperature phos-
phating, while the new peaks emerge at 41.1, 43.5, 47.7, and 53.7° that
can be indexed to Ni,P (PDF#074-1385) in Fe-Ni,P/NiM0O,. Due to the
absence of angle shift, Fe atoms are present in the Ni,P lattice as
substitutional dopants, rather than interstitial dopants. The scanning
electron microscope (SEM) was manipulated to observe the geometry
morphology of samples. The arrays composed of NiMoO4xH,O

nanorods possessing an average size of 716 nm and smooth surface are
evenly grown on the NF framework (Supplementary Fig. 3). Following
the ion-exchange process, NiFe-PBA nanocubes cover the surface of
nanorods, forming a distinctive top-hollow structure (Supplementary
Fig. 4). As depicted in Fig. 1c, d and Supplementary Fig. 5, the array and
top-hollow configuration are retained, while the PBA nanocubes melt
and coalesce to form a continuous shell layer encapsulating the
nanorods, with dimensions ranging around 900-950 nm. This mor-
phology is advantageous for accelerating reaction kinetics and
enhancing mass transfer. Notably, we found that the dosage of
C¢HsNa3z0-, and NaH,PO,-H,O are identified as crucial factors in the
synthesis and morphology control of the electrocatalysts (Supple-
mentary Figs. 6-8). Experimental results demonstrate that the absence
of C¢HsNa305 is detrimental to the growth of NiFe-PBA on the surface
of NiMo00O,-xH,0. Conversely, increasing the amount of C¢HsNas;0;
from 1.2 to 2.4 mmol gives rise to the disappearance of the top-hollow
configuration in the as-synthesized materials. Similarly, the phos-
phating process of NiFe-PBA is incomplete when the amount of
NaH,PO,-H,0 is 0.9 g. However, increasing the dosage of phosphorus
source to 2.7 g also results in the loss of the top-hollow structure.

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were employed to investigate the detailed geometric
and phase structures of Fe-Ni,P/NiMoO, composite. In Fig. 1le, the
hierarchical nanorod structure composed of PBA derivative and
NiM00O4-xH,0 is in good accordance with the SEM images. HRTEM
image obtained from the exposed interior of the nanorod reveals an
interplanar parameter of 0.214 nm, which can be indexed to the (111)
facet for Ni,P. The above observation aligns with the results of the XRD
pattern. We employed the focused ion beam (FIB) treatment to expose
the cross-section of the Fe-Ni,P/NiMoO, composite, and the corre-
sponding TEM and HRTEM images are presented in Fig. 1f, Supple-
mentary Figs. 9 and 10. The hierarchical configuration, comprising the
amorphous layer, Fe-Ni,P nanoparticles, and NiMoO4-xH,O core, can
be distinctly visualized. Furthermore, the magnified high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
image, which corresponds to the region of NiMoO4-xH,O core (Fig. 1g).
Two labeled crystal lattices with measured interplanar distances of
0.284 and 0.306 nm are identified, which correspond to the (02-1) and
(20-1) planes of NiMoO,4-xH,O, respectively (Supplementary Fig. 11).
Based on the angular and lattice spacing relationships intrinsic to the
anorthic system, the theoretical angle between the [02-1] and [20-1]
crystal orientations is calculated to be 91°, which aligns well with the
measured value (as illustrated in the inset of Fig. 1g). The high crys-
tallinity of NiMoO4xH,O within the composite is collectively con-
firmed via above results. Energy-dispersive X-ray spectroscopy (EDS)
surface and line scans confirm that the Mo element is exclusively found
in the core region, while Fe and P elements are predominantly present
on the shell (Supplementary Figs. 12 and 13). Notably, as shown in
Fig. 1h-m, the larger mapping area of the Ni element (compared to Mo
element) in the cross-section of the composite demonstrates the tight
binding between Fe-Ni,P and NiMoO,4-xH,0, which is conducive to
electron transfer between the two phases, thereby optimizing the
electron configuration of Ni sites and accelerating the reconstruction
process. In addition, the accurate element contents were substantiated
by the inductively coupled plasma-mass spectrometry (ICP-MS), which
shows that the contents of Fe and Ni in Fe-Ni,P/NiMoO, is 7.96 and
34.97 at.%, respectively (Supplementary Table 1).

To elucidate the role of each individual component within the
composite catalyst system, we synthesized the Fe-doped Ni,P (marked
as Fe-Ni,P) derived from NiFe-PBA on the NF using the same methods.
The XRD patterns, SEM images, and EDS mapping are presented in
Supplementary Figs. 14-16. The electronic structures of Fe-Ni P/
NiMoO,, Fe-Ni,P, and NiMoO, were analyzed by X-ray photoelectron
spectroscopy (XPS) (Supplementary Fig. 17). For the high-resolution Ni
2p spectrum of Fe-Ni,P/NiMoO, composite (Supplementary Fig. 17b),
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Fig. 1| Preparation scheme, and structural characterizations of the Fe-Ni P/
NiMoO, pre-catalyst. a Diagrammatic sketch presenting the fabrication procedure
of the Fe-Ni,P/NiMoO, composite, and the electrochemical reconstruction pro-
duct. b XRD pattern for Fe-Ni,P/NiM0O,. ¢ SEM image. d Enlarged SEM image.
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lattice fringe. f The cross-sectional TEM image of Fe-Ni,P/NiMoO,. g The magnified
HAAD-STEM image in the region of NiMoO, (inset: SAED pattern). h The cross-
sectional HAAD-STEM image, and (i-m) corresponding EDS element mapping
images. Source data are provided as a Source Data file.

the deconvoluted peaks at 856.2 and 874.0 eV corresponding to Ni?*
species exhibit a negative shift in comparison with pure Fe-Ni,P and a
positive shift compared to pristine NiMoO,. The Fe 2p spectra in Fe-
Ni,P/NiMoO,, and Fe-Ni,P reveal the characteristic signal of Fe** and
Fe*'. Specifically, the significant positive shift in the bonding energy of
the Fe* peaks indicates that the Fe species in Fe-Ni,P/NiMoO,4 com-
posite possess a higher oxidation state in contrast to that of Fe-Ni,P.
These results reveal that the interaction between Fe-Ni,P and NiMoO,
modulates the electronic structure of Ni in NiMoO,, concomitantly
enhances the overall oxidation state of Fe sites, thereby increasing the
conductivity and accelerating the deep reconfiguration process of the
pre-catalyst. The depth-profile XPS spectra (Supplementary Fig. 18)
illustrate that the signal associated with the Ni-P peaks evolves with the
increasing etch level. This observation unveils that Fe-Ni,P pre-
dominantly concentrated within the interior of the nanorods, which
agrees well with the cross-sectional TEM results.

Electrochemical activation of active phases

As presented in Supplementary Figs. 20-22, the optimization pro-
cesses of current density and potential in the cyclic voltammetry (CV),
linear sweep voltammetry (LSV) and chronopotentiometry (CP) mea-
surements, respectively, reveal the dynamic reconstruction and active
phases generation of the pre-catalysts for pristine NiMoO, and Fe-
Ni,P/NiMoO,. It is apparent that the Fe-Ni,P/NiMoO, electrocatalyst
exhibits faster reconfiguration kinetics and a more pronounced accu-
mulation of the y-NiOOH active phase, resulting from enhanced charge
transfer capability by reason of the modification of Fe-Ni,P species. To
explore the dynamic reconstruction of pre-catalysts in OER conditions,
in situ electrochemical and spectroscopic characterizations were
employed. Firstly, we used the in-situ electrochemical impedance
spectroscopy (in-situ EIS) to study the OER kinetics and electro-
catalyst/electrolyte interface. The low-frequency region (102 - 10'Hz)
of the impedance spectra corresponds to charge transfer between
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active species and OER intermediates, while the high-frequency region
(10" - 10*Hz) reflects electron transfer procedures of the catalyst inner
during the electrooxidation reaction®. As displayed in the Bode plots
(Supplementary Fig. 23), the phase angle (8) in the high-frequency
region gradually decreases with the increasing applied potentials,
wherein the Fe-Ni,P/NiMoO, possesses the smallest switched potential
at 1.38 V vs. RHE, lower than that of NiMoO, (1.41 V vs. RHE) and Fe-Ni,P
(1.41V vs. RHE), indicating that the interaction between Fe-Ni,P and
NiMoO, accelerates the generation of the active phase. Then, the
phase-evolution process of pre-catalysts was identified by in-situ
Raman spectra with controlled applied potentials (Fig. 2a and Sup-
plementary Fig. 24). As the progressing of the electro-oxidation pro-
cess, the characteristic bonds of Mo-O and Mo = O vibrations at 347,
825, 875, and 950 cm™ gradually diminish and eventually disappear,
ascribing to MoO,* leaching under OER conditions. Especially, the
typical active species of y-NiOOH can be confirmed by the presence
of two characteristic peaks at 472 and 552 cm™ corresponding to £,
and A, vibration modes for Ni*-O, respectively®. Significantly,
the conversion of Fe-Ni,P/NiMoO, to y-NiOOH occurs at a lower
potential (1.40V), further demonstrating a faster electrochemical
reconstruction.

Following the electrochemical activation process, we obtained the
reconstructed catalysts (labeled as R-*). We then further analyzed their
crystalline, geometric, and electronic structures to elucidate the
underlying mechanisms contributing to the AEM-LOM dual-path. The
XRD pattern of R-Fe-Ni,P/NiMoO, (Supplementary Fig. 25) manifests
that the characteristic peaks of NiMoO4-xH,O completely disappear,
being replaced by two new peaks located at 35.0 and 61.1°, which can
be indexed to the (101) and (310) facets of NiOOH (PDF#027-0956).
This transformation is also observed in the XRD pattern of R-NiMoO,.
Besides, three weak peaks located at 41.1, 47.8, and 54.6° in R-Fe-Ni,P/
NiMoO, are attributed to residual Ni,P species, which maintain the
high conductivity of the whole catalyst. In Ni-(oxy)hydroxides, the
ratio for bending and stretching vibration modes intensity (Ig/ls) can
function as an indicator of disorder level, in which the lower Ig/Is value
represents a higher disorder structure”. As profiled in Supplementary
Fig. 26, the Ig/Is value for R-Fe-Ni,P/NiM0O, is measured at 1.37, which
contrasts sharply with the 2.16 value found in R-NiMoO,, indicating
that Fe species from Fe-Ni,P migrate into the lattice of restructured
NiOOH during electrochemical activation, resulting in a lower crys-
tallinity structure.

SEM (Fig. 2b, ¢) and TEM (Supplementary Fig. 27) images reveal
that the morphology of nanorod arrays is preserved in the recon-
structed electrocatalyst, but the individual nanorods have evolved into
a loose and porous structure. As shown in the HRTEM images
(Fig. 2d, e), the interplanar distance of 0.249 nm corresponds to the
(101) facet of y-NiOOH, aligning to the XRD results. Notably, dis-
continuous lattice fringes are present in the material (the yellow circle
highlight in Fig. 2e), ascribing to the defects via the incorporation of
Oy. The EDS surface and line scans, as presented in Fig. 2f-k and
Supplementary Fig. 28, demonstrate a uniform distribution of the Fe
element throughout the entire nanorod, rather than a concentration in
the shell, indicating the introduction of Fe dopants into the whole
active phase. Whilst the marked decrease in the mapping intensity of
Mo and P elements, as observed, originates from the leaching of
MoO,* and P species under OER conditions. As shown in Supple-
mentary Table 1, the ICP-MS results further reveal the content of Fe is
determined to be 13.32 at% as the modifier, along with the massive
dissolution of Mo and P elements. These results confirm that Oy-Ni(Fe)
OOH is the real active species in R-Fe-Ni,P/NiM0O,.

XPS analysis is applied to explore the surface oxidation state
changes between pre- and post-catalysts, as well as the differences in
the electronic environment between reconstructed products. As illu-
strated in Supplementary Fig. 29, the proportion of Ni** and Fe** of R-
Fe-Ni,P/NiMoO, exhibits a notable increase compared to the initial Fe-

Ni,P/NiMoO,4. Meanwhile, the XPS signals related to the Mo element
and Ni-P bond almost disappear. These results are consistent with
XRD, Raman spectroscopy, EDS mapping, and ICP-MS, further con-
firming the efficient and deep transformation during the electro-
chemical activation. It is noteworthy that the proportion of Oy in the O
1s spectrum slightly increases from 28.08% to 30.98% after recon-
struction (Supplementary Table 2). The electron paramagnetic reso-
nance (EPR) spectra (Supplementary Fig. 30a) also provide evidence of
the appropriate increase in Oy, which is conducive to optimizing the
AEM Kkinetics. In the Ni 2p spectrum (Fig. 2I), we found that the signal
peaks of Ni 2p;,, orbital for R-Fe-Ni,P/NiMoO, are centered between
those of R-Fe-Ni,P and R-NiMoOQ,, illustrating that Fe dopants and Oy
primarily act as electron acceptors and donors, respectively, and co-
modulate the electronic structure of NIOOH. Meanwhile, as presented
in Fig. 2m, the peaks of lattice oxygen (M-O) for R-Fe-Ni,P/NiMoO,4 and
R-Fe-Ni,P significantly shift toward the higher binding energy relative
to that of R-NiMoOy,, unveiling the enhanced Ni-O covalent bonds and
lattice oxygen activity following the introduction of Fe species®.
Moreover, the slight increasing of Oy has been also detected in the XPS
and EPR spectra of R-NiMoO, (Fig. 2m and Supplementary Fig. 30c),
indicating that co-leaching of MoO,4> and crystalline water is the pri-
mary reason for the generation of Oy in the NiMoO, system®. The
binding energy of Fe 2p peak for R-Fe-Ni,P/NiMoO, exhibits a sig-
nificant negative shift with respect to that of R-Fe-Ni,P (Fig. 2n), which
indicates that the over-oxidation of Fe species in active phases has
been suppressed, which is favorable to circumvent the Fe leaching®.
The absence of P and Mo element signals is also observed in Supple-
mentary Fig. 31 for XPS spectra of R-Fe-Ni,P and R-NiMoO,,
respectively.

Electrocatalytic OER performance

We assembled a typical three-electrode system, directly employing the
pre-catalysts or benchmarks as the work electrode to test their elec-
trocatalytic performance in O,-saturated 1M KOH. The activated Fe-
Ni,P/NiMoO, catalyst exhibits the optimal OER performance (as seen
in Fig. 3a and Supplementary Fig. 32), delivering current densities of
10, 100, 500, and 1000 mA cm? at 197, 221, 251, and 275 mV, respec-
tively, which is in excess of other counterparts. Fe-Ni,P/NiMoO, exerts
the lowest Tafel slope (30.51 mV dec™), as described in Supplementary
Fig. 33, suggesting the superior OER reaction kinetics. Simultaneously,
Fe-Ni,P/NiMoO, also presents the accelerated charge-transfer capa-
city, featuring the optimal charge transfer resistance (R, of 0.77 Q,
lower than that of Fe-Ni,P (2.91 Q3), NiMoO, (1.55 Q), and RuO, (12.61 Q)
in Supplementary Fig. 34 and Table 3. Moreover, the electrochemical
surface area (ECSA) and turnover frequency (TOF) were calculated to
assess the intrinsic OER activity (Supplementary Figs. 35 and 36).
Apparently, Fe-Ni,P/NiMoO, exhibits the highest ECSA-normalized
current density and TOF value. In summary, the systematic compar-
ison of OER activity, Tafel slope, R, Cq, and TOF is presented in
Fig. 3b, and Fe-Ni,P/NiMoO, exhibits superior overall OER perfor-
mance compared to all control samples. Compared with recently
reported OER catalysts (Supplementary Table 4), Fe-Ni,P/NiMoO,4
demonstrates the immense prospect for application, especially under
ampere-level current densities.

Following that, we measured the OER efficiency of catalysts in1M
KOH +0.5M NaCl and 1M KOH + seawater solution. In Fig. 3¢, d and
Supplementary Fig. 37, Fe-Ni,P/NiMoO, exhibits low overpotentials of
296 and 299 mV at 1000 mA cm™ current density in alkaline artificial
and natural seawater, respectively, accompanied by low Tafel slopes
(36.14 and 39.64 mV dec™). The performance of Fe-Ni,P/NiMoO, out-
performs that of control samples and the state-of-the-art catalysts
(Supplementary Table 5), further demonstrating its underlying appli-
cation value. Notably, the R, of NiMoO, discernibly increases from
3.21 to 7.89 Q when the electrolyte is switched from simulated sea-
water to real seawater, whereas Fe-Ni,P/NiMoO, and Fe-Ni,P exhibit

Nature Communications | (2025)16:8788


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63844-x

a |50 counts Fe-Ni,P/NiMoO,

Ni**-0

1.60V
_ 155V
0
c 1.50 V
=]
g Mo-O/M6=0 145V
©
> Mo-O 140V
‘@
£ 135V
=

130V

125V
120V
ocp
100 600 1100 1600 21
Raman shift (cm™')
I Ni2p  2p,, 2p32 m n Fe2p 2p,, 2032 4
Sat. :
£ | R-Fe-Ni,PINIMoO, £ = i
S S g i
g g g R-Fe-Ni,P/NiMoO, ; i
z z 2 i
2 . 2 _— 2 ;
2 R-Fe-Ni,P A=076V | 2 R-Fe-Ni,P g i
8 A L z i
= 4 < £ i
1
R-NiMoO, R-NiMoO, R-Fe-Ni,P
888 880 872 864 856 848 538 536 534 532 530 528 526 737 731 725 719 713 707 701

Binding energy (eV)
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f The HAAD-STEM image of R-Fe-Ni,P/NiMoO, (scale bar: 100 nm), and (g-k) cor-
responding EDS element mapping images. The electronic structure of activated
catalysts. I Ni 2p, (m) O 1, and (n) Fe 2p high-resolution XPS spectra. Source data
are provided as a Source Data file.

slight degradation (Fig. 3e and Supplementary Tables 6 and 7).
Meanwhile, as illustrated in the Tafel corrosion plots and derived
corrosion data (Fig. 3f and Supplementary Table 8), the Fe-Ni,P/
NiMoO, electrode possesses higher corrosion potential at — 0.214 V vs.
SCE, accompanied by a lower current density of 0.124 mA cm™ com-
pared with Fe-Ni,P and initial NiMoO,. These results reveal that the
outstanding performance of Fe-Ni,P/NiMoOy, in the alkaline seawater
solution is attributed to the high intrinsic activity and the presence of
an amorphous protective layer, which effectively prevents the CIER
and mitigates the impact of impurities®*

Fe-Ni,P/NiM0oO, exhibits notable long-term durability at
1.0 Acm? for 1000 h in alkaline freshwater with negligible attenua-
tion (Fig. 3g). In contrast, a significant potential decay was observed
for Fe-Ni,P (Supplementary Fig. 38). Combined with the reduced
concentration of Fe and Ni species in the electrolyte of Fe-Ni,P/
NiMoO, compared to Fe-Ni,P (Supplementary Fig. 39), it is con-
firmed that the AEM-LOM dual-path efficiently suppresses the seg-
regation of metal sites caused by lattice oxygen loss, thereby
preventing further degradation of stability. Furthermore, the Fe-
Ni,P/NiMoO, exhibits superior mechanical stability (Supplementary
Fig. 40) as well as enhanced hydrophilicity/aerophobicity properties
(Supplementary Fig. 41), which effectively prevent the structural
collapse induced by O, bubble shock under ampere-level current
densities. In addition, the stability of Fe-Ni,P/NiMoO, was further
evaluated at 1.0 A cm™for 500 h in both alkaline artificial and natural
seawater. The residual chlorine detection (Supplementary Fig. 42)
demonstrates that no CIO” was generated during the seawater oxi-
dation process. The absence of CIER leads to a commendable Fara-
day efficiency of 98.41+0.67% in alkaline seawater, which is

remarkably close to the results obtained in alkaline freshwater
(98.84 £ 0.62%) (Supplementary Figs. 43-45).

AEM-LOM dual-path OER mechanism analysis

We further explore the activation conditions of the dual-path OER
mechanism involved in Fe-Ni,P/NiMoO,. As profiled in Supplementary
Fig. 46, the OER activity under different pH values was used to pre-
liminarily determine the pathway of the activated electrocatalysts.
Generally, a close association exists between the pH dependence and
the proton-reaction order (p), with a p value close to 1 manifesting a
non-concerted proton-electron transfer pathway®. Therefore, Fe-Ni,P/
NiMoO,4, NiMoO,, and Fe-Ni,P catalysts may undergo the LOM path-
way (Fig. 4a). Notably, the strongest pH-dependence of Fe-Ni,P/
NiMoO, at 1.55V vs. RHE suggests that it possesses higher lattice
oxygen activity. Furthermore, the O, signals released by the O
isotope-labeled Fe-Ni,P/NiMoO, during the OER process in H,'°O were
captured by in-situ DEMS to analyze the OER mechanism (Supple-
mentary Fig. 47). As shown in Fig. 4b, the mass spectrometer detected
distinct signals of °00 and *0'®0 gas, corresponding to the O,
products from AEM and LOM pathways, respectively*. Meanwhile, the
absence of a significant 00 signal suggests that only one lattice
oxygen participates in the reaction. In addition, in-situ ATR-SEIRAS was
employed to investigate the interaction between oxygen-containing
intermediates and the catalytic surface during the OER process (Sup-
plementary Fig. 48). In Fig. 4c, two distinct peaks are observed in the
range from 1000 to 1100 cm™, which emerged as the applied anodic
potentials increased. The peak centered at 1029 cm™ can be assigned
to the *OOH intermediate generated via the AEM pathway, while the
accompanying peak located at 1065 cm™ arises from the interaction
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Fig. 3 | The electrocatalytic performance of as-prepared electrocatalysts. a OER
LSV curves in 1M KOH solution with 90% iR compensation. b Comprehensive
comparisons for OER performance, Tafel slopes, R, Cq, and TOF of Fe-Ni,P/
NiMoO, with other samples in 1 M KOH. ¢ OER LSV curves in alkaline brackish water
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90% iR compensation. e Nyquist plots in different electrolytes. f Tafel plots for
corrosion potentials in real seawater. g The durability measurements of Fe-Ni,P/
NiMoOy, at 1.0 A cm™ constant current density in different electrolytes with 90% iR
compensation. Source data are provided as a Source Data file.

between *OOH and adjacent hydrogen bonds®. Meanwhile, the
stretching vibration of *OO0 in the characteristic intermediate from
LOM can be observed at 1207 cm™, collectively demonstrating the
compatible mechanism of both AEM and LOM in Fe-Ni,P/NiM00,*>*¢

To distinguish in detail the contributions of each component in
the Fe-Ni,P/NiMoO, composite to the OER mechanism, chemical
probes were employed to detect the forms and chemical properties of
oxygenated intermediates on the catalyst surface. Methanol is known
to compete for *OH intermediate adsorption on the catalyst surface
under electrooxidation conditions. Consequently, methanol oxidation
reaction (MOR) serves as a diagnostic measurement to evaluate *OH
adsorption behavior, with MOR current density exhibiting a direct
positive correlation with *OH surface coverage”. As depicted in Fig. 4d,
Fe-Ni,P/NiMoO, and NiMoO, exhibit significantly higher MOR current
densities than Fe-Ni,P at equivalent potentials, indicating more effi-
cient and unimpeded *OH adsorption due to the introduction of Oy.
Furthermore, the moderate enhancement of MOR current densities
relative to the OER activity in Fe-Ni,P/NiMoO, suggests that Fe species
and Oy in the active phase jointly optimize the *OH adsorption energy
and deprotonation kinetics in the AEM pathway. Similarly,

tetramethylammonium cation (TMA') competitively adsorbs the
characteristic intermediate (peroxide, 0,%) in the LOM pathway due to
the strong electrostatic interaction, hindering the OER process domi-
nated by LOM". The negligible decrease of OER performance for
NiMoO, in Fig. 4e suggests that R-NiMoO, primarily follows the AEM
pathway. Conversely, Fe-Ni,P/NiMoO, and Fe-Ni,P exhibit marked
deterioration in OER activity and kinetics, indicating that Fe doping
induces the activation of oxygen ligands in active phases.

DFT calculation was employed to obtain a deeper understanding
of the electron configuration and OER mechanisms (Supplementary
Data 1). We constructed the theoretical structure models of the real
active species for Oy-NiOOH, Ni(Fe)OOH, and Oy-Ni(Fe)OOH (Supple-
mentary Fig. 49). As shown in Fig. 5a, the differential charge density
analysis implies the covalent characteristic of Ni-O bonds in the fore-
going three models, with the most discernible electron redistribution
occurring between Ni and O atoms in Oy-Ni(Fe)OOH. Furthermore, the
average Bader charge of surface Ni atoms progressively decreases
from Ni(Fe)OOH (+1.259 |e | ) to Oy-Ni(Fe)OOH (+1.233 |e | ) and further
to Oy-NiOOH (+1.228 |e|), suggesting the optimization of the elec-
tronic structure at Ni sites in Oy-Ni(Fe)OOH. Compared to Ni(Fe)OOH,
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the Bader charge of Fe sites in Oy-Ni(Fe)OOH also slightly decreases,
reflecting a lower valence state. Based on the analysis for density of
states (DOS), the Ni 3 d band center in Oy-Ni(Fe)OOH (-2.921 eV) shifts
upward toward the Fermi level (Ef) with respect to Ni(Fe)OOH
(=2.993 eV) and NiOOH (- 3.043 eV) (Fig. 5¢). This result suggests that
the Ni sites in OV-Ni(Fe)OOH show a tendency to donate electrons
more readily, which may facilitate the adsorption of oxygen-containing
intermediates, and could promote the AEM pathway in OER proce-
dures. In addition, the higher orbital overlap of Ni 3d and O 2p sug-
gests a stronger covalent hybridization between metal sites and
oxygen ligands. Apparently, the rank of DOS overlap degree is Ni(Fe)
OOH > Oy-Ni(Fe)OOH > NiOOH (as depicted in Fig. 5c). This observa-
tion, consistent with the XPS spectra (Fig. 2m), indicates the moderate
Ni-O covalency in Oy-Ni(Fe)OOH under the co-modulation of Fe spe-
cies and Oy, providing the prerequisite for triggering AEM-LOM
dual-path.

The Gibbs free energy was computed to explore the optimal
active sites for AEM and LOM in Oy-Ni(Fe)OOH (Supplementary
Figs. 50-52). As shown in Fig. 5d, the deprotonation process (*OH > *O)
at both Ni and Fe sites is identified as the rate-determining step (RDS),
wherein the energy barrier at the Ni site is optimized to 2.20eV.
Considering the strong redox activity of Ni sites in Oy-Ni(Fe)OOH, Ni
atoms may preferentially adsorb the OH;, further coupling with oxygen
ligands in the matrix after deprotonation, which follows the single-
metal-site mechanism (SMSM), rather than the oxygen-vacancy-site
mechanism (OVSM) (Supplementary Fig. 53). Consequently, we simu-
lated the energy barriers of the LOM pathway under OVSM and SMSM.
As presented in Fig. 5e, the RDS of the O site exhibits the optimal Gibbs
free energy difference (AG) of 1.98 eV. In terms of kinetics, both Ni and

Fe sites necessitate overcoming a large energy barrier from the initial
state (IS) to transition state 1 (TS1) during the O-O coupling process,
indicating a kinetically unfavorable behavior (Supplementary Fig. 54).
These results suggest that Oy-Ni(Fe)OOH tends to follow the OVSM.
Furthermore, comparing the theoretical overpotentials of AEM
(0.97V) and LOM (0.75V) reveals that the AEM is inclined to occur at
higher potentials. This may be beneficial for circumventing the struc-
tural collapse induced by the LOM pathway under high current den-
sities, which potentially contribute to the development of OER catalyst
together with activity and stability.

Based on the calculated PDOS at constant potential
(U=1.50V vs. RHE), we investigated the alteration in the elec-
tronic configuration of electrocatalysts under operating condi-
tions. As illustrated in Fig. 5g, the eyi.34 level in energy for Oy-
Ni(Fe)OOH is slightly increased from -1.356 to —1.329 eV com-
pared to Ni(Fe)OOH. The upward shift toward the Er suggests the
enhanced adsorption of oxygenated intermediates at Ni sites in
Oy-Ni(Fe)OOH under 1.50 V. Conversely, the O 2p band center of
Oy-Ni(Fe)OOH (-1.476 eV) can be observed with a downshifted
€0.2p value compared to Ni(Fe)OOH (-1.428 eV), which reduces
the lattice oxygen activity, thereby suppressing the LOM
pathway®. In addition, ab initio molecular dynamics (AIMD)
simulations were also performed to evaluate the thermal stability
of Oy-Ni(Fe)OOH. From Supplementary Fig. 55, the catalyst
structure remains intact at 300 K after 5 ps. Even under practical
operating conditions (T=300K, pH=14, U=1.50V vs. RHE), the
total energy fluctuates near the equilibrium value, with minor
structural changes observed at the end of simulations (Fig. 5g),
indicating the notable structural stability.
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Freshwater/seawater splitting performance
Given the notable efficiency and durability of Fe-Ni,P/NiMoO, for
electrocatalytic freshwater/seawater oxidation, the activated Fe-Ni,P/
NiMoO, electrode was employed as the anode, while the as-prepared
MoNi, HER catalyst served as the cathode, to construct an OWS elec-
trolyzer for evaluating the application potential at industrial condi-
tions. The MoNiy, || Fe-Ni,P/NiMoO, electrode-pair can reduce the cell
voltages to 1.784 and 1.798V in alkaline freshwater and seawater
(Fig. 6a), respectively, which is competent to drive a current density of
1.0 A cm™ at room temperature. It is noted that the OWS performance
of MoNij, || Fe-Ni,P/NiMoO, surpasses that of the benchmarked elec-
trocatalyst pair (Pt/C || RuO,), which requires 2.299 V (alkaline fresh-
water) and 2.413V (alkaline seawater). Furthermore, after 100 h of
continuous freshwater/seawater splitting at ampere-scale constant
current density, the MoNi, || Fe-Ni,P/NiMoO, system exhibits slight
performance degradation, underscoring its notable durability. More-
over, as shown in Supplementary Fig. 56, a piece of solar cell sheet can
drive OWS in the MoNiy || Fe-Ni,P/NiMoO, system, featuring con-
tinuous bubble release of hydrogen and oxygen on the catalytic sur-
face. This result validates the application potential of Fe-Ni,P/NiMoO,
in renewable energy conversion.

As shown in Fig. 6¢ and d, the anion exchange membrane (AEM)
alkaline seawater electrolyzer using Fe-Ni,P/NiMoO, and MoNi,

electrocatalysts as anode and cathode, respectively, was assembled to
simulate the industrial hydrogen production. The geometric area of
both anode and cathode was 1x1cm? and the exchange membrane
was tailored to 2 x 2 cn. As illustrated in the j-V curves (Fig. 6e), the
MoNi, || Fe-Ni,P/NiMoO, electrolyzer exhibits superior AEM alkaline
seawater splitting activity at room temperature, achieving a cell vol-
tage of 2.182V at 1.0 A cm?, surpassing the benchmarked Pt/C || RuO,
pair (2.512V at 1.0 A cm™). Notably, the MoNi, || Fe-Ni,P/NiMoO, AEM
system maintained stable seawater electrolysis for 500h at the
ampere-level current density (Fig. 6f), highlighting its long-term dur-
ability for industrial applications.

Discussion

To sum up, we designed Fe-Ni,P decorated NiMoO, hydrate (Fe-Ni,P/
NiMoO,) as a pre-catalyst with optimized electron configuration,
thereby expediting the deep reconfiguration into Oy-Ni(Fe)OOH active
phase. XPS and DFT analyses reveal that the Fe species and Oy syner-
gistically regulate the electronic structure of NiOOH, providing proper
covalency of Ni-O bonds for simultaneously triggering metal sites and
oxygen ligands. In-situ 0 isotope-labeling DEMS, in-situ ATR-SEIRAS,
chemical probe experiments and DFT calculations confirm the AEM-
LOM dual-path OER mechanism with optimized intermediates
adsorption energy for Oy-Ni(Fe)OOH. Consequently, the activated
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Fe-Ni,P/NiMoO, catalyst demonstrates commendable OER activity. It
features 274.5+4.2 and 299.1+2.8mV overpotentials to drive the
ampere-level freshwater and seawater oxidation, respectively, with
negligible activity decay for 1000 and 500 h of continuous electro-
catalysis in a three-electrode cell. Furthermore, the as-prepared Fe-
Ni,P/NiMoO, electrode, when employed as the anode in an AEMWE
system, can achieve continuous ampere-level seawater electrolysis for
500hat1L.OAcm?™

Methods

Materials

Nickel nitrate hexahydrate (Ni(NO3),-:6H,0, 98%), potassium ferricya-
nide (K3Fe(CN)e, 99%), trisodium citrate (CgHsNaz0;, 99%), sodium
hypophosphite (NaH,PO»-H,0, 95%), ammonium molybdate tetra-
hydrate ((NH4)¢M070,4, 99%), ruthenium dioxide (RuO,, 99.9%),
carbon-supported platinum (Pt/C, 20 wt.%), potassium hydroxide
(KOH, 98.5%), tetramethylammonium hydroxide (TMAOH) were

sourced from Aladdin. Absolute ethanol, acetone, isopropanol, and
hydrochloric acid were sourced from Zhisheng. All chemical reagents
employed in this study were of purity exceeding analytical grade and
utilized directly without undergoing any additional purification pro-
cedures. In the process of solution formulation, deionized (DI) water
was exclusively used as the solvent to ensure consistent experimental
conditions. We collected natural seawater from the Bohai Sea in Hebei
Province, China, and used it after filtering.

Preparation of Fe-Ni,P/NiMoO,

Nikel foam (NF) was tailored to 3 x 4 cm? and rinsed by ultrasonication
in acetone, diluted hydrochloric acid, absolute ethanol, and DI water,
to eliminate the oils and oxides. To synthesis nickel molybdate hydrate
(NiMOO4‘XH20), NI(NO3)2'6H20 and (NH4)6MO7024 (mOlar ratio 4:1)
with 60 mL of DI water were poured into the 100 mL Teflon-lined
receptacle, and a homogeneous solution was obtained after con-
tinuous stirring for at least 15 min. Then, the receptacle was sealed into
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a stainless-steel autoclave and kept at 150 °C for 6 h. Once cooled to
room temperature, the product was repeatedly rinsed with DI water
and absolute ethanol three times and dried in a vacuum oven at 60 °C
for 12 h. Then, the as-prepared NiMoO,-xH,O was immersed in the
40 mL aqueous solution hybrid containing 20 mL solution A (0.8 mmol
Ni(NO3),-6H,0 and a certain dosage of C4HsNa;05) and 20 mL solution
B (0.5mmol K;Fe(CN)¢) for 26 h at room temperature to obtain
PBA@NiMoO,. Finally, a certain amount of NaH,PO,-H,O was accu-
rately weighed and put in an alumina ceramic container together with
PBA@NiMoO,. Placing the container in the central position of the
quartz tube, wherein PBA@NiMoO, located at the downstream of the
argon flow. We obtained the Fe-Ni,P/NiMoO, after a 2h low-
temperature phosphorization process at 300 °C. The loading mass of
Fe-Ni,P/NiMoO, was determined by dividing the mass increase of the
NF (before and after growth) by its geometric area (12 cm?), yielding
10.0+0.5mgcm™

Preparation of Fe-Ni,P

The treated NF was directly immersed in the 40 mL mixed solution
containing 0.8 mmol Ni(NO5),-6H,0, 1.2mmol CgHsNasO; and
0.5 mmol K3;Fe(CN)¢ to synthesize the NiFe PBA. The Fe-Ni,P was
obtained via the 2 h phosphorization process at 300 °C. The loading
mass of Fe-Ni,P is 10.0 + 0.5 mgcm™,

Preparation of MoNi,

The as-prepared NiMoO,-xH,0 was heated at 400 °C for 2 h in a Hy/Ar
(5:95) atmosphere to synthesize the MoNi, catalyst for HER. The
loading mass of MoNiy is 10.0 + 0.5 mg cm™.

Preparation of Pt/C and RuO, benchmarked catalysts

20 mg commercial Pt/C or RuO, powder was dispersed in a 2mL
mixture solution composed of 1.45mL absolute ethanol, 0.5mL iso-
propanol, and 0.05mL Nafion solution. The homogeneous ink was
obtained under ultrasonication for 2 h, and dropped upon two clean
NF, respectively. Then, the Pt/C and RuO, catalysts loading on NF were
prepared after drying in a vacuum oven at 60 °C for 12 h. The loading
mass of benchmarked catalysts is 10.0 + 0.5 mgcm™.

Material characterizations

The crystalline phase of all catalysts was measured via powder XRD
using a D/Max-2500/PC X-ray diffractometer with Cu Ka radiation
(A=1.5418 A) over an angle (20) range from 5 to 80 degree under the
scanning rate of 5 °/min. Raman spectra were recorded on a Renishaw
inVia laser Raman spectrometer with a laser excitation of 532 nm. An
XPS test was performed on the ESCALab MKII X-ray photoelectron
spectrometer equipped with Al Ko X-ray radiation as the excitation
source. The morphology and microstructure of the samples were
characterized via field-emission scanning electron microscopy
(FESEM, Zeiss SUPRA 55), transmission electron microscopy (TEM,
Hitachi-7700), high-resolution transmission electron microscopy
(HRTEM, FEI TALOS F200) combined with high-angle annular
darkfield-scanning transmission electron microscopy (HAADF-STEM)
and energy-dispersive X-ray spectroscopy (EDS). The accurate element
contents in the catalysts was obtained through the inductively coupled
plasma-mass spectrometry (ICP-MS, PerkinElmer NexION 300X).

Electrochemical measurements

Unless specified, all electrochemical measurements were performed
on the Corrtest CS310MA electrochemical workstation (Wuhan
Corrtest Instruments Corp., Ltd.) at room temperature. Electrolytes
were freshly prepared before each test to avoid storage-related chan-
ges: 1M KOH (28.5 g KOH in 500 mL DI water, pH=13.82+0.04), 1M
KOH +0.5M NacCl (28.5g KOH and 14.6 g NaCl in 500 mL DI water,
pH=13.80+0.05), and 1M KOH +seawater (28.5g KOH in 500 mL
seawater, pH =13.69 + 0.03). Three-electrode system was assembled in

a borosilicate glass cell (Tianjin Gaoss Union C002, 50 mL) with the
electrolyte volume of 40 mL. The as-prepared catalysts were directly
applied as the working electrode with 1x1cm? immersing area in the
electrolyte. A standard Hg/HgO electrode (1M KOH) and a graphite
rod (purity: 99%) were used as the reference electrode and the counter
electrode, respectively. Before all electrochemical measurements, the
Hg/HgO reference electrode was calibrated using a three-electrode
system, with two clean Pt foils serving as the counter electrode and
working electrode, respectively. Prior to calibration, high-purity H,
was continuously introduced into the electrolyte for one hour to
saturate the solution with hydrogen. Then, cyclic voltammetry (CV)
curves were recorded with a scan rate of 2 mV s at room temperature,
as shown in Supplementary Fig. 19.

Linear sweep voltammetry (LSV) was operated under a scanning
rate of 5mVs™. All the potentials in LSV were iR-compensated (com-
pensation level: 90%), and the resistance (R;) for iR-compensation was
tested at the open circuit potential (OCP), measured to be
0.60+0.01Q and 0.75+0.05Q in alkaline freshwater and seawater,
respectively. Mean values + S.D. were obtained by three independent
measurements. The in-situ electrochemical impedance spectroscopy
(EIS) was operated from 100 kHz to 0.01 Hz at a serious voltage with a
small amplitude (30 mV). The durability tests were performed by
chronopotentiometry (CP) at the current density of 1.0 A cm™. Cyclic
voltammetry (CV) was operated at the potential range of 0.30 to
0.40V vs. Hg/HgO with a series scanning rate of 20, 40, 60, 80, and
100 mV's™.. The electric double-layer capacitance (Cq) was calculated
by the current density difference (Aj/2) in the center of the potential
range under different scanning rates. ECSA was established by the
following equation:

ECSA=Cg4/C XA @

Where the specific capacity C, is 0.04 mF cm™ in 1M KOH electrolyte,
and A is the geometric area of working electrode soaking in the elec-
trolyte (1x1cm?).

All measured potentials vs. Hg/HgO were converted to reversible
hydrogen electrode (RHE) by the Nernst equation in addition to special
note:

E(V vs.RHE)=E (V vs.Hg/Hg0) + 0.098+0.0592xpH  (2)

Overall water splitting (OWS) measurements were tested under a
two-electrode system. The as-synthesized Fe-Ni,P/NiMoO, was used as
the anode for OER, while the MoNi, served as the cathode for HER. For
the performance comparison, the as-prepared commercial Pt/C and
RuO; catalysts were employed as cathode for HER and anode for OER,
respectively. LSV curves of OWS were measured in 1M KOH, 1M
KOH +0.5M NaCl, and 1M KOH + seawater electrolyte at a sweeping
rate of 5mV s™ with 90% iR-compensation. The durability of the cata-
lyst was tested via chronopotentiometry (CP) at a constant current
density of LOA cm™.

In situ Raman measurements

The in-situ Raman spectra were collected by a Renishaw inVia laser
Raman spectrometer with a laser excitation of 532 nm. The as-prepared
catalysts were used as the work electrodes, with an Ag/AgCl and a
graphite rod as the reference and counter electrodes, respectively. The
Ny-saturated 0.1 M KOH was employed as the electrolyte to slow down
the gas bubble production under OER potentials. The Raman spectra
were obtained on the multi-potential steps test, which was conducted
on a CHI 760E electrochemical workstation (Shanghai Chenhua
Instrument Co., Ltd), with the potential windows from 1.20 to
150V vs. RHE.
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In situ isotope-labeled DEMS measurements

Isotope-labeled DEMS measurements were performed on a QAS 100
device (Linglu Instruments, Shanghai). The H,'®*0 (**0 abundance: 98%)
was purchased from Beijing InnoChem Science & Technology Co., Ltd.
The porous polytetrafluoroethylene (PTFE) membrane supported
catalysts were used as the working electrode, with an Hg/HgO and a
graphite rod as the reference and counter electrodes, respectively. The
PTFE membrane (pore size <20 nm, porosity >50%) was provided by
Linglu Instruments. Firstly, the samples were labeled with '®0-isotopes
by the LSV activation for six times in the 0.2 - 0.8V vs. Hg/HgO
potential window in 1M KOH solution with H,'®0 (scan rate: 5mVs™).
Subsequently, the ®0-isotope labeled samples were carefully rinsed
with H,'°0 several times to remove the residual H,'®0. Finally, LSV tests
were performed for the labeled catalysts in 1M KOH with H,"®0 from
0.2 to 0.8V vs. Hg/HgO, and the produced oxygen with different
molecular weights during OER was detected in real time by mass
spectroscopy.

In situ ATR-SEIRAS measurements

The surface-enhanced infrared absorption spectroscopy (SEIRAS) with
attenuated total reflection (ATR) was employed to detect the inter-
mediates of the OER process. The electrochemical ATR-SEIRAS mea-
surements were used on the Thermo Nicolet 8700 spectrometer
equipped with the mercury-cadmium-telluride detector cooled by
liquid nitrogen. Utilizing the two-step wet chemical method, Au thin
film (-60nm) was deposited on the surface of the Si prism for IR
reflection enhancement. Before the chemical deposition of Au, the Si
prism was polished with Al,O5; and SiO, suspension, respectively, and
cleaned in DI water with ultrasonication. Then the Si prism was
immersed in a mixed solution of 98% H,SO, and 30% H,0, (volumetric
ratio = 7:3) for 30 min. After rinsing off the residual acid solution with
DI water, the Si prism was soaked in the quartz crucible containing 40%
NH4F aqueous solution and Au plating bath for 3 min, respectively, to
prepare Au film on the IR reflection surface. 10 mg catalyst powder was
dispersed in the 1 mL mixture solution comprised of 975 pL DI water
and isopropanol (volumetric ratio=1:1), and 25puL Nafion solution
under ultrasonication for 2h to obtain catalyst ink. 30 pL ink was
dropped and dried on the Au-coated prism as the working electrode.
The saturated Ag/AgCl electrode (reference electrode) and Pt foil
(counter electrode, 1x1cm?) were assembled into a spectro-
electrochemical cell with the Au-film prism. The N,-saturated 0.1M
KOH was employed as the electrolyte to slow down the gas bubble
production under OER potentials. The electrochemical ATR-SEIRAS
was obtained on the multi-potential steps test, which was conducted
on a CHI 760E electrochemical workstation (Shanghai Chenhua
Instrument Co., Ltd), with the open circuit potential and potential
windows from 1.20 to 1.50 V vs. RHE. The spectral resolution was 4 cm™
for all the measurements. The spectra were obtained via the built-in
processing program by equation:

A= —log(Rg/Reg) 3)

Where A is absorbance, Rg; is reflection under potentials range, and
Ry is reflection at open circuit potential.

AEMWE measurements

Anion exchange membrane (AEM) water electrolyzers were employed
to evaluate the practical performance of electrocatalysts. In detail, the
bipolar plates with serpentine flow channel (effective area: 1x1cm?)
were served as the current collectors, and gaskets (thickness: 0.8 mm)
were used to secure the anion exchange membrane. Commercial Ni
foam (thickness: 1 mm) simultaneously functioned as the gas diffusion
layer (GDL) and catalyst support for the cathode and anode. Com-
mercial PiperlON-A (thickness: 40 pum, size: 2 x 2 cm?) membrane was
employed as the AEM, and was pretreated by immersion in the 1M

KOH solution at room temperature for 2 h before utilization. The
membrane was then sandwiched between the cathode and anode to
form the membrane electrode assembly (MEA). Finally, the MEA was
assembled with gaskets and current collectors, and clamped under a
torque of 3.0 N m to ensure equal compression.

The AEMWE performance was evaluated using an FTP1060 D.C.
power supply (Shenzhen Faithtech Co., Ltd.) at room temperature.
Specifically, the j-V polarization curves were determined via the
constant-voltage method, with each point recorded once the current
had stabilized. During this process, a peristaltic pump was operated to
supply the 1M KOH + seawater solution at a flow rate of 40 mL min™.
The long-term stability measurements were performed at a constant
current of 1.0 A with a flow rate of 40 mL min™.

DFT calculations
In Density Functional Theory (DFT) calculations, structural optimiza-
tions were performed under the scheme of generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)
functional®, as embedded in the Vienna Ab-initio Simulation Package
(VASP)***, The projector augmented-wave (PAW) method was
employed to treat interactions between ion cores and valence
electrons*>**. The plane-wave cutoff energy was fixed to 450 eV. The
Van der Waals interactions were considered by grime’s DFT-D3
method**. The self-consistent calculations applied a convergence
energy threshold of 10°eV. The equilibrium geometries and lattice
constants were optimized with maximum stress on each atom within
0.02eV A™. During the relaxation, the Brillouin zone with a 3x2x1
Gamma-centered grid was used. The Climbing Image Nudged Elastic
Band (CI-NEB) method has been used to investigate the energy barrier
of 0-O coupling processes. Spin-polarized calculations were per-
formed for this calculation.

For each elementary step, the Gibbs reaction free energy AG is
defined as the difference between free energies of the initial and final
states and is given by the expression:

AG = AE + AEzp; — TAS )

where AE is the reaction energy of reactant and product molecules
adsorbed on catalyst surface, obtained from DFT calculations; AEpp
and AS are the change in zero-point energies and entropy due to the
reaction.

The ab initio molecular dynamics (AIMD) for 5 ps is performed
within the canonical (NVT) ensemble by Nosé-Hoover thermostats
with a time step of 1.0 fs at a finite temperature of 300 K. In order to
explicitly embody the electrochemical conditions in the model that are
closer to reality in the model, we implemented the potentiostatic
simulation by using CP-VASP, the chosen electrochemical conditions
are pH=14 and U=1.50 V vs. RHE. CP-VASP software can easily control
the surface electrode potential by removing or adding charges from
the system to obtain the grand canonical energy (GCE). The specific
implementation method can be referred to in the reported literature®.
According to the calculation method mentioned in this paper, the
absolute electrode potential of the standard hydrogen electrode (SHE)
is—4.15V.

Data availability
The source data generated in this study are provided in the Source
Data file. Source data are provided in this paper.
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