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For industrial water electrolysis, the development of active and stable catalysts
for the oxygen evolution reaction remains a challenge. Here, we report a
heterostructure catalyst composed of NiFe layered double hydroxide
nanosheets anchored on pyramidal Fe,(MoQO,); to activate lattice oxygen for
efficient and durable oxygen evolution. Our investigation reveals that oxygen
vacancies within the NiFe layered double hydroxide and the internal electrical
field at the material interface optimize the electronic states, allowing oxygen
atoms within the crystal lattice to participate directly in the reaction. The
resulting heterostructured NiFe LDH/FeMoO catalysts possess high oxygen
evolution reaction activity in 1 M KOH electrolyte with a low overpotential of
316 mV at 2 A cm™ and maintain long-term stability over 3,000 h. Furthermore,
integrating this anode into a solar-powered electrolyzer yields a high solar-to-
hydrogen efficiency of 20.15%. This work provides a promising strategy for
designing stable catalysts and advancing the integration of renewable energy
with water electrolysis to produce clean hydrogen at scale.

Anion exchange membrane water electrolysis (AEMWE) has emerged
as a promising technology for sustainable production of hydrogen,
combining the advantages of low-cost alkaline water electrolysis
(AWE) and the high current density capability of proton exchange
membrane water electrolysis (PEMWE)". However, its overall effi-
ciency is fundamentally constrained by the sluggish reaction kinetics
of the oxygen evolution reaction (OER) at the anode, which involves a
multi-step four-electron transfer process and requires high
overpotentials’. Conventional OER electrocatalysts acting through the
adsorbate evolution mechanism (AEM) are limited by a linear scaling
relationship between *OH and *OOH intermediates, requiring a theo-
retical overpotential of more than 0.37 V*®. In contrast, the lattice
oxygen mechanism (LOM), wherein lattice oxygen directly participates
in O-0 bond formation, bypasses this scaling constraint and enables
substantially enhanced intrinsic activity’°. Electrocatalysts designed
to activate the LOM thus offer a viable pathway to reduce OER

overpotentials and unlock the full performance potential of AEMWE
systems.

NiFe-based hydroxides, especially NiFe layered double hydroxide
(LDH), are promising OER electrocatalysts in alkaline conditions due to
their low cost, high intrinsic activity, and flexible structure'®". Recent
efforts have focused on activating the LOM in NiFe LDH catalysts in
order to overcome the activity limitations imposed by the conven-
tional AEM'*", Strategies such as heteroatom doping and hetero-
structure have been shown to be effective in modulating the covalence
of metal-oxygen and enabling lattice oxygen redox™'. However,
activation of the LOM often undermines long-term durability of cata-
lysts, as repeated lattice-oxygen redox and vacancy cycling progres-
sively destabilize the structure and degrade the catalytic
performance” ™. To address this issue, strategies have been reported
to either prevent the direct consumption of lattice oxygen or enable
the reversible regeneration to reinforce the structural integrity of
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electrocatalysts®®*. For instance, the introduction of oxygen vacan-
cies in the catalyst can further trigger the lattice oxygen-mediated
mechanism-oxygen vacancy site mechanism (LOM-OVSM), enabling
the cycling of reversible oxygen species®”. Coupling NiFe LDH with
Ni;Mo alloy has been introduced to act as an oxygen pump, con-
tinuously replenishing lattice oxygen and mitigating vacancy-induced
degradation®.

Beyond the structural instability induced by lattice-oxygen acti-
vation, the dissolution of Fe poses a severe challenge for NiFe-based
catalysts in AEMWE. In alkaline OER, Fe is leached predominantly as
ferrate (Fe0,%), a chemically irreversible process that extracts lattice
oxygen and disrupts the redox cycle, thereby further aggravating the
lattice-oxygen instability” . This ferrate formation is accelerated
under harsh industrial conditions, including high current densities
(22Acm™) and concentrated alkaline electrolytes (30 wt.% KOH),
which lead to the loss of active-site and rapid degradation of the
performance®. Currently, most LOM activation strategies focus on
increasing redox activity, but often overlook the chemical stability of
metallic components under these industrial operating conditions.
Therefore, the balance between high LOM-driven activity and robust
stability at high current densities remains a key challenge in the design
of OER electrocatalysts.

Here, we show a heterostructure electrocatalyst consisting of
Fe;(M00,); with a pyramid structure wrapped in amorphous NiFe LDH
nanosheets (named NiFe LDH/FeMoO) for use as an efficient and stable
OER. The NiFe LDH/FeMoO electrode produces oxygen with a low
overpotential of only 316 mV at 2A cm™ in 1M KOH. Remarkably, the
NiFe LDH/FeMoO electrode can operate stably at 2 A cm™ for 3000 h
with a low operating voltage degradation rate of only 4.5 uV h™. Using
NiFe LDH/FeMoO anode and Y-NiMo/MoO,_, cathode inan AEMWE, an
industrial-level performance of 2Acm™ at 2.0V can be achieved. A
photovoltaic (PV)-AEMWE system with high solar-to-hydrogen effi-
ciency (20.15%) under practical current densities has been further
demonstrated. This work provides fundamental insights into the
design of robust OER catalysts and offers a practical strategy for
advancing integrated solar-to-hydrogen conversion systems.

Results

Synthesis and characterization of the NiFe LDH/FeMoO
electrocatalyst

The NiFe LDH/FeMoO electrode was synthesized via a facile one-step
water bath process. Specifically, clean nickel foam (NF) was used as
substrate, immersed in a precursor solution containing sources of Ni,
Fe, and Mo for 6 h at 90 °C (Supplementary Fig. 1). In this hetero-
structure, NiFe LDH is amorphous due to a competitive growth
mechanism during the synthesis”. For comparison, NiFe LDH was
synthesized by removing the source of Mo from the precursor solution
under the same conditions (Supplementary Fig. 2). Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) elu-
cidate the microstructure of the NiFe LDH/FeMoO heterostructure.
The NiFe LDH/FeMoO heterostructure formed by incorporation of the
NiFe LDH nanosheets and FeMoO pyramid structure is evenly dis-
tributed on the NF substrate (Fig. 1a and Supplementary Fig. 3). In the
heterostructure, FeMoO serves as a support with a pyramidal edge
length of approximately 800 +25 nm, and NiFe LDH is characterized
by thin nanosheets with a rough surface (Supplementary Fig. 4). The
heterostructure configuration is adjustable according to the reaction
time (Supplementary Fig. 5). High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images and ele-
mental mapping (Fig. 1b, Supplementary Figs. 6 and 7) show a uniform
distribution of Ni, Fe, and O across the nanosheets, while Fe, Mo, and O
are concentrated in the pyramidal structure. These results confirm that
the encapsulation of the pyramidal FeMoO with NiFe LDH nanosheets
results in a well-defined heterostructure. The high-resolution TEM
(HRTEM) image shows the distinct lattice fringes with a spacing of

0.207 nm, corresponding to the (121) plane of FeMoO (Fig. 1c). The
adjacent amorphous regions are assigned to the NiFe LDH. As shown in
Supplementary Fig. 8, the selected area electron diffraction (SAED)
pattern of the nanosheet region displays broad and diffuse features.
This is consistent with the amorphous nature of NiFe LDH, where weak
rings are indexed to the NiFe LDH (110) and (012) planes. Figure 1d
shows the X-ray diffraction (XRD) patterns of NiFe LDH and NiFe LDH/
FeMoO. For the NiFe LDH/FeMoO heterostructure, three diffraction
peaks are observed at 10.7°, 27.0°, and 29.4°, corresponding to the
planes of (013), (028), and (051) for Fe;(MoO,); crystal, respectively.
The lack of detectable NiFe LDH diffraction peaks confirms its low
crystallinity as observed in HRTEM and SAED. Even after a longer
reaction time, only an increase in intensity of the diffraction peaks
attributable to FeMoO is observed (Supplementary Fig. 9). This is
probably due to the amorphous nature of NiFe LDH, which makes it
susceptible to ion diffusion limitations, whereas the crystalline struc-
ture of FeMoO allows for a continuous epitaxial growth. Their struc-
tural properties were further verified with Raman spectroscopy
(Supplementary Fig. 10).

The coordination and electronic structure of the NiFe LDH/
FeMoO electrocatalyst were characterized by X-ray absorption spec-
troscopy (XAS) and X-ray photoelectron spectroscopy (XPS). The
normalized Ni K-edge X-ray absorption near-edge structure (XANES)
spectra (Fig. 1e) show that the absorption edge energy of NiFe LDH and
NiFe LDH/FeMoO is higher than that of Ni foil (Ni°) and NiO (Ni*"),
indicating that the average oxidation state of Ni is greater than +2.
Moreover, a slight shift of the absorption edge of NiFe LDH/FeMoO in
comparison with NiFe LDH towards the higher energy region is con-
sistent with the XPS results (Supplementary Fig. 11a). This can be
attributed to the transfer of charge from NiFe LDH to FeMoO in the
heterostructure, which reduces the electron density around Ni and
increases its oxidation state. In the normalized Fe K-edge XANES
spectra (Fig. 1f), the absorption edge energy of NiFe LDH and NiFe
LDH/FeMoO is significantly higher than that of Fe foil (Fe°) and Fe,0;
(Fe*), implying that the average oxidation state of Fe is greater than
+3. Interestingly, in contrast to Ni, the Fe absorption edge of NiFe LDH/
FeMoO is shifted to a lower energy relative to NiFe LDH, consistent
with the negative shift in XPS Fe 2p binding energy (Supplementary
Fig. 11b). The opposite shifts observed for Ni and Fe indicate a charge
redistribution across the heterostructure interface, generating an
intrinsic electric field directed from NiFe LDH to FeMoO. The high-
resolution Mo 3d XPS spectra (Supplementary Fig. 11c) reveal two main
peaks at~-235.3 eV and ~232.2 eV, which can be assigned to the Mo 3ds/»
and Mo 3d5; levels of Mo®" ion in the MoO4> units, confirming the
presence of the Fe,(Mo0,); compound in the heterostructure®. The
coordination structure of the NiFe LDH/FeMoO heterostructure was
further investigated using Fourier-transformed extended X-ray
absorption fine structure (FT-EXAFS) spectroscopy. As depicted in
Fig. 1g, the Ni K-edge FT-EXAFS spectra show two prominent peaks for
NiFe LDH/FeMoO at 1.65 and 2.79 A, respectively, corresponding to the
Ni-O and Ni-M (M = Ni, Fe, Mo) coordination. Similarly, the Fe K-edge
FT-EXAFS analysis (Fig. 1h) reveals Fe-O and Fe-M coordination at 1.62
and 2.85A, respectively. Compared to NiFe LDH, NiFe LDH/FeMoO
heterostructure exhibits a decreased peak intensity of Ni-M and Fe-M
coordination. This observation explains the introduction of lattice
disorder during the formation of the heterostructure of amorphous
nature of NiFe LDH?. Meanwhile, the significant attenuation of peak
intensity of Ni-O and Fe-O coordination in NiFe LDH/FeMoO likely
originates from the generation of oxygen vacancy”. Oxygen vacancy
characteristics were systematically investigated through high-
resolution O 1s XPS. As shown in Fig. 1i, deconvolution of the O 1s
XPS signal reveals four distinct components corresponding to the
lattice oxygen (M-0, 529.6 eV), hydroxyl groups (M-OH, 531.0 eV),
oxygen vacancies (Ov, 532.0 eV), and adsorbed water molecules (O-O,
532.8 eV)*°. Quantitative analysis based on the peak area shows that the
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Fig. 1| Structure and morphology characterization of the NiFe LDH/FeMoO
heterostructure. a SEM image of NiFe LDH/FeMoO heterostructure. b Elemental
mapping of the NiFe LDH/FeMoO heterostructure. ¢ HRTEM image of NiFe LDH/
FeMoO heterostructure. The boundary between the NiFe LDH and FeMoO phases is
marked with a yellow line. d XRD patterns of NiFe LDH and NiFe LDH/FeMoO.

e Normalized Ni K edge XANES spectra of Ni foil, NiO, NiFe LDH, and NiFe LDH/

FeMoO. The inset shows magnified XANES spectra. f Normalized Fe K edge XANES
spectra of Fe foil, Fe;03, NiFe LDH, and NiFe LDH/FeMoO. The inset shows mag-
nified XANES spectra. g Ni K edge FT-EXAFS spectra for Ni foil, NiO, NiFe LDH, and
NiFe LDH/FeMoO. R represents the radial distance. h Fe K edge FT-EXAFS spectra
for Fe foil, Fe,03, NiFe LDH, and NiFe LDH/FeMoO. i High-resolution XPS spectra of
0 1s for NiFe LDH and NiFe LDH/FeMoO.

NiFe LDH/FeMoO heterostructure possesses a remarkably high oxygen
vacancy content of 27.9%, which is significantly higher than that of the
well-crystallized NiFe LDH (11.8%) (Supplementary Table 1). Electron
paramagnetic resonance (EPR) analysis also suggests an increase in the
concentration of oxygen vacancies in the NiFe LDH/FeMoO hetero-
structure (Supplementary Fig. 14)",

Electrocatalytic performance for oxygen evolution

The electrocatalytic OER performance of the NiFe LDH/FeMoO elec-
trode was systematically assessed in an alkaline solution (1M KOH)
using a standard three-electrode configuration. The reference elec-
trode was calibrated with a reversible hydrogen electrode (RHE).
Electrocatalysts such as NiFe LDH and commercial IrO, were also tes-
ted for comparison. Figure 2a displays the linear sweep voltammetry
(LSV) polarization curves of different electrocatalysts (90% iR com-
pensation). The polarization curves without iR compensation are
shown in Supplementary Fig. 16a. The NiFe LDH/FeMoO electrode

exhibits notable OER performance requiring a low overpotential of 289
at 1Acm™ and 316 mV at 2 A cm™, respectively (Fig. 2b). This is much
lower than for the NiFe LDH (335 and 399 mV) and the IrO, electrode
(444 and 577 mV). The NiFe LDH/FeMoO electrode requires a low
overpotential of 336 mV to achieve a high current density of 3Acm™.
Supplementary Table 2 compares the overpotentials at various current
densities of NiFe LDH/FeMoO with those of recently reported NiFe
LDH-based electrocatalysts.

The NiFe LDH/FeMoO electrode has a smaller Tafel slope
(48.9 mV dec™) than that of NiFe LDH (70.7 mV dec™), suggesting that
the former has a more rapid OER kinetics (Supplementary Fig. 16b).
This result also points out a possible change in the OER mechanism.
The performance of the catalyst at high current densities is influenced
by activity and mass transfer®’. The slope of the overpotential versus
current density was analyzed to determine the relative contribution of
these factors. As shown in Fig. 2¢c, the NiFe LDH/FeMoO hetero-
structure exhibits a moderate increase in An/Alogljl from 53.0 to
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Fig. 2| Electrochemical OER performance of catalysts. a Polarization curves with
90% iR compensation in 1M KOH at a scan rate of SmVs™ Rwas 1.1+0.1Q.

b Corresponding overpotentials at 1, 2, and 3 Acm™ of NiFe LDH/FeMoO, NiFe
LDH, and IrO,. ¢ An/Alogljl values for different current density ranges. d The
resistance of the interfacial charge transfer (R.,) at various potential for NiFe LDH
and NiFe LDH/FeMoO. e The turnover frequency (TOF) values of catalysts at an

overpotential of 300 mV (the black dotted line). f Polarization curve of NiFe LDH/
FeMoO in alkaline electrolytes with different pH. g Polarization curves with 90% iR
compensation of NiFe LDH/FeMoO in1M KOH and 1 M TMAOH, respectively. R was
1.1£0.1Q. The inset shows corresponding Tafel plot. h The 30,/*20, ratio over
four cyclic voltammetry (CV) cycles. i The stability test of NiFe LDH/FeMoO and
NiFe LDH at 2Acm™in 1M KOH.

113.6 mV dec™ over the current density range of 0.1-3Acm™, in stark
contrast to NiFe LDH (56.9 to 386.4 mV dec™). This indicates that the
NiFe LDH/FeMoO heterostructure enhances reaction kinetics and
facilitates rapid mass transfer at high current densities. The thin, rough
NiFe LDH nanosheets shorten the pathways for mass transfer, while the
pyramidal FeMoO protrusions prevent the formation of gas bubbles
and promote the recovery of electrolytes. This is further supported by
contact angle measurements (Supplementary Fig. 17).

The resistance of the interfacial charge transfer (R.,) of the OER
was determined by electrochemical impedance spectroscopy (EIS)
(Supplementary Figs. 18 and 19), and the results are listed in Supple-
mentary Tables 3 and 4. The NiFe LDH/FeMoO electrode shows a lower
R than that of NiFe LDH at all tested potentials (Fig. 2d). This
enhancement reflects the good interfacial charge-transfer kinetics of
NiFe LDH/FeMoO heterostructure. The electrochemical surface area
(ECSA) of the NiFe LDH/FeMoO electrode was estimated to be
58.7 cm™ with cyclic voltammetry (Supplementary Fig. 20), which is
higher than that of the flat NiFe LDH (48.8 cm™). The intrinsic activity
of electrocatalysts was also compared through the ECSA-normalized
polarization curves in Supplementary Fig. 21, showing that the NiFe

LDH/FeMoO electrode maintains the lowest overpotential for the OER.
In addition, the turnover frequency (TOF) of NiFe LDH and NiFe LDH/
FeMoO was assessed to allow a clear comparison of their catalytic
ability to the OER (Fig. 2e and Supplementary Fig. 22). At an over-
potential of 300 mV, the NiFe LDH/FeMoO achieves a TOF of 0.140s™,
which surpasses the NiFe LDH (0.056 s™).

The NiFe LDH/FeMoO heterostructure shows extraordinary OER
activity of lower overpotential and Tafel slope, suggesting a significant
change in the reaction kinetics. Figure 2f shows the OER polarization
curves of NiFe LDH/FeMoO in electrolytes with different pH levels,
suggesting a strong pH dependence for the OER activity of NiFe LDH/
FeMoO. Compared to the AEM pathway, the LOM pathway generates
superoxide (0,) and peroxide (0,%) anionic species, which serve as
compelling indicators to determine whether the OER mechanism fol-
lows the LOM pathway**. These species were probed using tetra-
methylammonium cations (TMA*), which have a strong interaction
with oxygen species. Figure 2g shows that the OER performance of the
NiFe LDH/FeMoO heterostructure is significantly reduced in 1M
TMAOH electrolyte, as shown by increased polarization voltage and
Tafel slope, whereas NiFe LDH is less affected (Supplementary Fig. 25).
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To further investigate the OER mechanisms in NiFe LDH and NiFe
LDH/FeMoO, differential electrochemical mass spectrometry (DEMS)
was employed to monitor the oxygen signals generated during the
OER process (Supplementary Fig. 26). In traditional AEM, ®O-labeled
catalysts should only produce 320, during OER in a H,'°O electrolyte.
Therefore, the release of 30, reflects the involvement of lattice
oxygen®*. The DEMS measurements showed a strong >*O, signal and a
weaker %0, signal, in addition to the normal *0, signal. This result
indicates that the ®O-labeled lattice oxygen is activated and partici-
pates in the formation of 00 and ®0"0 (Supplementary Fig. 27).
Figure 2h shows the *0,/*20, ratio over four cyclic voltammetry (CV)
cycles, which was used to quantify the contribution of the LOM*. The
30,/%20, ratio for NiFe LDH/FeMoO was approximately twice that for
NiFe LDH, providing direct evidence that lattice oxygen in NiFe LDH/
FeMoO participates more actively in the OER process via the LOM
pathway. Furthermore, the gradual decrease in the 30,/*?0, ratio in
NiFe LDH/FeMoO over multiple cycles indicates that the *0O-labeled
lattice oxygen was gradually consumed and replaced by O from the
electrolyte®.

Apart from activity, electrocatalyst durability is a critical para-
meter for industrial applications, particularly under large current
densities. As shown in Fig. 2i, the NiFe LDH/FeMoO heterostructure
exhibits long-term stability, with a degradation rate of merely
~4.5uVh™ for the operating voltage over 3000 h of continuous
operation at 2 A cm™2. Extrapolating this degradation rate suggests an
increase of only ~88 mV in overpotential after 2 years of continuous
operation. In contrast, NiFe LDH can only maintain stable perfor-
mance for approximately 300 h before undergoing a significant
performance decline. SEM and TEM images reveal that the specific
architecture of the heterostructure, consisting of thin NiFe LDH
nanosheets that wrap around the FeMoO pyramids, remains intact
even after prolonged testing (Supplementary Figs. 28 and 29). In
contrast, the NiFe LDH structure is susceptible to nanosheet
agglomeration and structural collapse. These results highlight the
industrial application potential of the NiFe LDH/FeMoO
heterostructure.

Mechanistic insights of activity enhancement

In-situ attenuated total reflection surface-enhanced infrared absorp-
tion spectroscopy (ATR-SEIRAS) was used to monitor the inter-
mediates and to elucidate the mechanism of the reaction during
oxygen evolution on NiFe LDH and NiFe LDH/FeMoO. The electro-
catalysts were drop-cast onto a gold-coated silicon prism and tested in
an electrochemical cell (Supplementary Figs. 30 and 31). ATR-SEIRAS
spectra of NiFe LDH and NiFe LDH/FeMoO electrocatalysts were col-
lected at different applied potentials (0.8-2.0 V), and the results are
shown in Fig. 3a and b. The observed absorption peaks at ~1640 cm™
correspond to the H-O-H bending mode (6y-o-n)of interfacial water
molecules at open circuit potential (OCP)*”. With the increase in
applied potential, a new absorption at -1110 cm™ is observed, which is
assigned to the *OOH intermediate®**°. This result supports the
involvement of an AEM pathway for the OER process. Meanwhile, an
absorption peak at -1230 cm™ corresponding to the *OO intermediate
is observed, indicating the LOM pathway for OER**%. The coverage of
*00 and *OOH intermediates gradually increases as the potential
increases, leading to a corresponding enhancement in peak intensity.
Notably, NiFe LDH exhibits a more pronounced *OOH peak, indicating
that the OER process predominantly follows the AEM pathway. In
contrast, the NiFe LDH/FeMoO heterostructure shows a significantly
stronger *00 signal than *OOH, suggesting greater involvement of the
LOM pathway™.

Density functional theory (DFT) calculations were performed to
provide insights into the catalytic enhancement of the NiFe LDH/
FeMoO heterostructure. A heterostructure model was constructed
with a top layer of NiFe LDH rich in oxygen-vacancies and a bottom

layer of Fe,(MoO4); (Supplementary Fig. 33a) according to the
experimental results. NiFe LDH without oxygen vacancy was also
constructed and assessed for comparison (Supplementary Fig. 33b).
Differential charge density of NiFe LDH/FeMoO heterostructure was
evaluated. Bader charge analysis was then performed along the Z axis,
which is defined as the direction perpendicular to the interface,
extending from the NiFe LDH layer toward the FeMoO substrate. A
pronounced charge redistribution is revealed at the interface between
NiFe LDH and FeMoO via differential charge density analysis (Fig. 3c).
Specifically, electrons are depleted in the NiFe LDH layer but accu-
mulated in the FeMoO layer. This electron density gradient suggests a
net charge migration from NiFe LDH to FeMoO, consistent with the
XANES measurements. This electron redistribution indicates the gen-
eration of an electric field within the heterostructure interface, thereby
forming a space charge region that modulates the electronic structure
of the catalyst.

The projected density of states (DOS) was analyzed to investigate
the changes in the electronic states of the NiFe LDH/FeMoO hetero-
structure. Supplementary Fig. 34 presents the DOS of NiFe LDH and
NiFe LDH/FeMoO heterostructure. A significant overlap between the d-
band of metal and the 2p band of oxygen for NiFe LDH/FeMoO, indi-
cating enhanced covalency between the metal centers and oxygen
ligands. This improved covalency promotes the electron delocaliza-
tion in the NiFe LDH/FeMoO heterostructure, which provides the basis
for the lattice oxygen participation in the OER process®. Moreover, the
partial density of states (PDOS) analysis shows that the O 2p band
center (&) shifts from -3.67 eV in NiFe LDH to -3.22 eV in the NiFe
LDH/FeMoO heterostructure (Fig. 3d). This upward shift can be
attributed to the abundant oxygen vacancies present in NiFe LDH,
which elevate the O 2p states closer to the Fermi level and facilitate
electron delocalization from oxygen centers. The increased proximity
between the O 2p band and the Fermi level enhances the electronic
coupling with adsorbed species under anodic potentials, thereby
accelerating lattice oxygen oxidation and promoting a shift in the OER
pathway toward the LOM*. According to molecular orbital theory, the
hybridization between O 2p and Ni 3d orbitals leads to the formation of
metal-oxygen (M-0) antibonding bands, which are split into an
unoccupied upper Hubbard band (UHB) and an occupied lower Hub-
bard band (LHB)***. The calculated positions of the LHB and UHB
centers, along with their corresponding energy gaps (U), for NiFe LDH
and NiFe LDH/FeMoO are summarized in Fig. 3e and Supplementary
Table 5. Notably, the NiFe LDH/FeMoO heterostructure exhibits a lar-
ger energy gap U value of 6.65 eV compared to 6.07 eV for NiFe LDH,
which can be ascribed to the intrinsic electric field at the hetero-
interface that depletes electron density within the NiFe LDH layer,
thereby reducing local dielectric screening*. The increased U value
induces a downward shift of the LHB, as illustrated in Fig. 3f, sig-
nificantly facilitating electron removal from oxygen sites under anodic
polarization®’. Importantly, the LHB center in NiFe LDH/FeMoO is
located below the O 2p band center (Fig. 3f). Consequently, the com-
bined effect of the downward shift of the LHB and the upward shift of
the O 2p band center reduces the overlap between the metal 3d and
oxygen 2p orbitals, thereby weakening the M-O bond strength. The
presence of weaker M-O bonds lowers the activation energy for lattice
oxygen release'>*s. Together, these insights demonstrate that the
cooperative regulation of oxygen vacancies and interfacial electric
fields fundamentally reprograms the electronic structure of catalyst,
thereby triggering the LOM pathway and enabling comparable OER
performance.

The Gibbs free energies for OER via the AEM and LOM were cal-
culated for the NiFe LDH/FeMoO heterostructure to validate the
reaction mechanism (Supplementary Figs. 35-37 and Supplementary
Table 6). As illustrated in Fig. 3g, the rate-determining step (RDS) for
OER via the AEM pathway on NiFe LDH/FeMoO involves the evolution
of *O to *OOH with a thermodynamic barrier of 0.58 eV. In contrast, the
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Fermi level. g Gibbs free energy diagrams of the adsorbate evolution mechanism
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mechanism (LOM-OVSM) pathway. h Schematic diagrams of the reaction
mechanism for NiFe LDH/FeMoO.

RDS for the LOM pathway shifts to the transformation of *O-OH to
*0-0, reducing the barrier to 0.46 eV. These results indicate that the
NiFe LDH/FeMoO heterostructure enhances OER kinetics by favoring
the LOM pathway. As illustrated in Fig. 3h, the OER process via the LOM
pathway begins with the adsorption of OH™ anions onto lattice oxygen
through nucleophilic attack. This leads to direct O-O coupling and the
formation of O,, which then desorbs from the electrocatalyst surface.
The generated oxygen vacancy is subsequently replenished by OH",
regenerating active sites for continuous catalysis.

Unraveling the mechanisms of stability improvement

According to the above reaction mechanism, strong adsorption affi-
nity for OH™ can effectively repair the oxygen vacancies generated
along the LOM pathway, thereby suppressing the propagation of lat-
tice defects and minimizing subsequent structural degradation. As
shown in Supplementary Fig. 39a, b, the broad absorption band
observed in the 2800-3800 cm™ range in the in-situ ATR-SEIRAS cor-
responds to the O-H stretching vibrations (vo-y) of interfacial water
molecules”. The intensity of the vo_, vibration increases progressively
with the applied potential, indicating increasing adsorption of water

molecules at the charged interface. Furthermore, the variation in the
intensity of this band under different applied potentials was compared
between NiFe LDH and NiFe LDH/FeMoO (Supplementary Fig. 39c).
The NiFe LDH/FeMoO heterostructure exhibits a significantly stronger
signal, indicating a higher surface coverage of *OH intermediates that
facilitates the regeneration of lattice oxygen®>*°. Laviron analysis was
further conducted to investigate the adsorption behavior of OH™ on
the electrocatalyst surfaces’™'. As shown in Supplementary Fig. 41,
steady-state redox currents associated with OH™ transfer exhibit a
linear correlation with the square root of the scan rate, indicating
diffusion-limited adsorption behavior™. The calculated rate constant
(ks) for NiFe LDH/FeMoO is 0.14 s, significantly higher than that of
NiFe LDH (0.11s™) (Fig. 4a). This supports stronger OH™ adsorption
affinity on the NiFe LDH/FeMoO surface.

In-situ Raman spectroscopy was performed to further understand
the evolution of the local structure of the catalyst during the OER
process, which was collected within the potential range from the OCP
to 1.41V for the NiFe LDH and NiFe LDH/FeMoO electrodes (Supple-
mentary Figs. 42 and 43). As shown in Fig. 4b, vibration peaks at 451
and 521 cm™, which are attributed to Ni-OH and Ni-O in NiFe LDH/
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FeMoO, were consistently observed until the applied potential reached
1.32 V. As the potential increased to 1.35 V, two peaks appeared at 476
and 557 cm™ corresponding to the £, bending and Ajg stretching
vibration modes of Ni-O in y-NiOOH****, A distinct peak at ~1060 cm™
was observed, which can be assigned to the vibrations of interlayer
carbonate species in the NiFe LDH*. In addition, the peaks at 780 cm™
and 904 cm’, originating from the asymmetric and symmetric
stretching modes of the Mo-O bonds in the MoO, units, were also
detected*®. With the applied potential increased from OCP to 1.41V,
the peak at 904 cm™ remained clearly discernible, indicating the good
structural stability of the pyramidal framework. In contrast, the peak at
780 cm™ gradually decreased in intensity and eventually disappeared.
This is likely due to the intrinsically weaker signal of FeMoO located
beneath the NiFe LDH overlayer, combined with signal interference
caused by gas bubble formation during electrolysis®.

In addition, as the voltage increased from the OCP to 1.41V, the
peaks of vibration corresponding to Mo-O bonding in FeMoO were
always clearly visible, indicating the notable structural stability of its
pyramid structure. Similarly, the nearly identical transformation pro-
cess has been observed for NiFe LDH (Fig. 4c). It should be noted that
the phase-transition potentials for NiFe LDH and NiFe LDH/FeMoO

were 1.29 and 1.35 V, respectively. These results suggest that the nickel
redox process of the NiFe LDH/FeMoO heterostructure is delayed by
the aid of lattice oxygen oxidation™. Although elevated metal oxida-
tion states are often observed in LOM-active catalysts, lattice-oxygen
participation does not necessarily require highly oxidized metal
centers™*®. In the NiFe LDH/FeMoO heterostructure, interfacial charge
redistribution and oxygen-vacancy-induced modulation of the O 2p
band enhance oxygen-hole character while suppressing excessive
oxidation of Ni and Fe sites. Therefore, compared to NiFe LDH, NiFe
LDH/FeMoO can be more easily stabilized during the OER process.
To further elucidate the underlying stabilization mechanism, a
chronopotentiometric test was conducted on NiFe LDH/FeMoO and
NiFe LDH in 10 M KOH under a high current density of 4 Acm™ to
accelerate the catalytic degradation. As shown in Supplementary
Fig. 45, NiFe LDH/FeMoO electrode maintained its initial performance
within 30 h, whereas the activity of NiFe LDH decreases to 96% of its
initial value. The electrolyte was then examined every 4 h and the
concentrations of Ni and Fe ions was measured by inductively coupled
plasma-optical emission spectroscopy (ICP-OES). As depicted in
Fig. 4d, in NiFe LDH/FeMoO, Fe experienced slight dissolution in the
early stage of the test and then remained stable at approximately
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0.03mgL?, whereas in NiFe LDH, the leaching of Fe gradually
increased to 0.29 mgL™ along with the declined activity. Ni shows
almost no dissolution in NiFe LDH/FeMoO and NiFe LDH (Fig. 4d),
because Ni-based compounds are thermodynamically relatively stable
under OER conditions*. To determine the form in which Fe elements
are dissolved in the electrolyte from the catalyst, the electrolyte was
examined with an ultraviolet-visible (UV-Vis) spectrophotometer after
a 30-h chronopotentiometric test®®. As shown in Fig. 4€, a signal peak
at approximately 500 nm appears in the case of NiFe LDH, which
corresponds to the d-d electron transition of the highly oxidized
FeO,> . In contrast, no such signal was observed for NiFe LDH/
FeMoO, indicating the suppression of Fe over-oxidation. This is
attributed to the formation of fast electron transport channels by the
intrinsic electric field at the heterostructure interface, which effec-
tively prevents the excessive oxidation and dissolution of iron species.
Collectively, the good stability of NiFe LDH under industrial conditions
can be primarily ascribed to three synergistic effects (Fig. 4f). Firstly,
the pyramidal FeMoO framework provides robust mechanical support
for NiFe LDH nanosheets, mitigating bubble-induced detachment and
enhancing electrolyte diffusion kinetics. Secondly, the enhanced OH"
chemisorption facilitates rapid replenishment of lattice oxygen
vacancies, maintaining structural integrity during prolonged OER
operation. Thirdly, the built-in electric field at the heterostructure
interface accelerates charge transfer, suppressing over-oxidation and
subsequent dissolution of active metal species.

Performance in AEMWE and integrated PV-AEMWE systems

To further assess the practical feasibility of the catalysts, we con-
structed an AEMWE cell utilizing a self-supported NiFe LDH/FeMoO
anode and a Y-NiMo/MoO,-,** cathode, as illustrated in Fig. 5a. A
conventional AEMWE was also prepared using commercial catalysts of
IrO, and Pt/C loaded onto NF as anode and cathode for comparison. As
shown in Fig. 5b, the electrolyzer based on NiFe LDH/FeMoO|INiMo/
MoO,_, requires 1.7 V to reach a current density of 1Acm™ and 2.0V
for 2 A cm™ at 60 °C, respectively, which was supplemented with a3 M
KOH solution at a flow rate of 380 mL min™. In contrast, the IrO,||Pt/C
electrolyzer requires a 1.9 V to reach a current density of 1A cm™. This
performance, summarized in Supplementary Table 7, surpasses most
state-of-the-art AEMWESs. In addition, the NiFe LDH/FeMoO||Y-NiMo/
MoO,_, electrolyzer demonstrates durability over a period of 100 h at
a current density of 1 A cm™ with minimal voltage fluctuations (Fig. 5¢).
In contrast, the IrO,||Pt/C electrolyzer exhibits a rapid decline in per-
formance under the same testing conditions.

The integration of solar cell with electrolyzer has emerged as a
promising strategy for achieving solar-water-splitting and cost-
effective production of renewable hydrogen. As illustrated in Fig. 5d,
a solar-water-splitting system was constructed using a monolithic
perovskite/Si tandem solar cell (TSC) with high output voltage as the
power source for an electrolyzer. The device exhibited notable pho-
tovoltaic characteristics with a Voc of ~-1.82V and a PCE exceeding
23.6% (Supplementary Figs. 46 and 47, and Supplementary Table 8)*.
The predicted operating point of the integrated solar water splitting
system, defined as the intersection of the j-V curves of the tandem solar
cell and the electrolysis cell, yields a current density of 16.6 mA cm™ at
143V, corresponding to a solar-to-hydrogen (STH) efficiency of 20.41%
(Fig. 5e). More importantly, this intersection point is very close to the
maximum power point of the perovskite/Si tandem solar cell
(16.19 mA cm™ at 1.486 V), indicating that the energy loss during the
conversion of electrical energy to chemical energy in this system is
relatively small. In addition, the gas evolution of the PV-AEMWE system
was measured by online gas chromatography (Supplementary
Fig. 47a). As shown in Supplementary Fig. 47b, the yields of H, and O,
in 30 h are close to a ratio of 2:1, being 9.16 and 4.64 mmol, respec-
tively. Figure 5f presents the water splitting current generated by the
PV-AEMWE system and the corresponding STH efficiency under

continuous AML5G illumination. Encouragingly, the PV-AEMWE sys-
tem exhibited an comparable STH efficiency of 20.15% under practical
operation and maintained 97.1% of its initial current density after
continuous operation for over 140 h, confirming its good durability
(Supplementary Fig. 47d). Compared with recently reported
photovoltaic-electrochemical (PV-EC) water-splitting devices, the
present system exhibits notable performance in terms of both STH
efficiency and operational stability (Supplementary Table 9). Addi-
tionally, the PV-EC systems based on perovskite/Si tandem cells con-
sistently outperform single-junction Si or perovskite devices in terms
of STH efficiency, highlighting the great potential of tandem per-
ovskite photovoltaics to further increase photocurrent output and
push the efficiency of integrated solar water splitting towards its the-
oretical limit.

Discussion

A NiFe LDH/FeMoO heterostructure has been designed and synthe-
sized for the efficient and stable OER catalyst in alkaline electrolytes. A
one-step water bath method allows the formation of amorphous NiFe
LDH nanosheets encapsulating pyramid FeMoO, which introduces
abundant oxygen vacancies and intrinsic electric field. The hetero-
structure catalyst achieves a high current density of 2Acm™ at a low
overpotential of 316 mV in 1M KOH. Mechanistic investigations, sup-
ported by in-situ spectroscopy and DFT calculations, confirm that the
LOM pathway dominates OER, which can be assigned to the upshifted
O 2p band center and downshifted Ni 3d lower Hubbard band, redu-
cing the reaction energy barrier. Benefiting from the stable support of
the pyramid in the heterostructure and the effective suppression of
iron dissolution by the intrinsic electric field, notable stability
exceeding 3000 h under high current density is ensured. Additionally,
the practical feasibility of NiFe LDH/FeMoO as the anode was validated
in an AEMWE system employing Y-NiMo/MoO,_, as the cathode. The
AEMWE system achieves a high current density of 2 A cm™atjust 2.0 V.
We further demonstrated a PV-AEMWE system with a solar-to-
hydrogen theoretical efficiency of 20.4% by integrating perovskite/Si
tandem solar cell. This work offers a universal route to design OER
catalysts combining lattice-oxygen activation with industrial-scale
durability for sustainable hydrogen production.

Methods

Materials

Nickel nitrate (Ni(NOs),-6H,0, >299%), chloroauric acid (HAuCl4xH,0,
Au >47.5%), and iridium oxide (IrO,, Ir >84.5%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Ferric nitrate
(Fe(NO3)3-9H,0, 98%), yttrium nitrate (Y(NOs)3, 99.99%), ammonium
fluoride (NH4F, 99%), and potassium hydroxide (KOH, 95%) were
purchased from Shanghai Macklin Biochemical Technology Co., Ltd.
Ammonium molybdate tetrahydrate ((NH4)¢M07054-4H,0, 99%), pla-
tinum on carbon (Pt/C, 20%), urea (CH4N,0, 99%), Nafion 117 (5%), and
nickel foam (NF, 99.9%) were purchased from Beijing InnoChem Sci-
ence & Technology Co., Ltd. Sodium sulfite (Na,SO3, 297%), sodium
thiosulfate (Na,S,05, 98.5%), hydrochloric acid (HCI, 36-38%) were
purchased from Sinopharm Chemical Reagent Co.Ltd. All chemicals
were used as received without purification.

Synthesis of NiFe LDH/FeMoO and NiFe LDH

Firstly, 500 mL precursor solutions were prepared with deionized
water as solvent, containing nickel nitrate (2.9079 g), ferric nitrate,
ammonium molybdate, urea (9.0090g), and ammonium fluoride
(1.3890 g). To regulate the Fe content, ferric nitrate concentrations
were set to 2, 4, 6, and 8 mM while keeping other solute concentrations
constant. Similarly, ammonium molybdate concentrations were
adjusted to 13, 14, 15, and 16 mM to tune the Mo content under the
same conditions. Nickel foam (NF, thickness: 1.5 mm, 5x5cm?) was
pre-treated by ultrasonic cleaning in 3 M hydrochloric acid for 15 min
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to remove surface impurities, followed by sequential ultrasonic rinsing
in deionized water and absolute ethanol (15 min each). Subsequently,
150 mL of the precursor solution was transferred into a polytetra-
fluoroethylene beaker containing the cleaned NF, and the hydro-
thermal reaction was conducted at 90 °C for 6 h. After reaction, the as-
synthesized NiFe LDH/FeMoO were collected, thoroughly rinsed with
deionized water and absolute ethanol, and dried in a vacuum oven at
60 °C for 12 h. For comparison, NiFe LDH catalysts were synthesized
via the same protocol but with the molybdenum source omitted from
the precursor solution.

Preparation of Y-NiMo/MoO,_,

The preparation of Y-NiMo/MoO,_, was adapted from our group’s
previous work®. Specifically, 0.6979 g of Ni(NO3),-6H,0, 0.0184 g of
Y(NOs)3:6H,0, and 0.7415 g of (NH;)sMo0,0,4-4H,0 were dissolved in
deionized water and stirred until homogeneous. The solution was then
transferred to a Teflon-lined stainless-steel autoclave, along with a
piece of cleaned NF, followed by hydrothermal reaction at 150 °C for
6 h to form Y-NiMoO,. Subsequently, the as-prepared Y-NiMoO, pre-
cursor was subjected to reduction in a tube furnace under an Ar/H,
atmosphere at 500 °C for 30 min, yielding Y-NiMo/MoO,—y.

Preparation of IrO, and Pt/C catalysts on NF

The mass loading of NiFe LDH/FeMoO on NF was approximately
2.2mgcm?, calculated from the weight increase after the hydro-
thermal reaction. For reference, IrO, and Pt/C catalysts were deposited
on NF via the drop-casting method. Briefly, 22 mg commercial IrO,
catalyst was dispersed in a mixture of 90 pL 5wt% Nafion, 260 pL
ethanol, and 650 pL deionized water to form a homogeneous slurry. A
100 plL aliquot of this slurry was drop-cast onto cleaned NF and air-
dried at room temperature. The commercial Pt/C catalyst was loaded
on NF following the same procedure as IrO,.

Characterization

Scanning electron microscopy (SEM) was conducted on a JEOL-JSM
IT800. Transmission electron microscopy (TEM) was performed on a
JEOL-JEM 2100 F coupled with energy-dispersive spectroscopy (EDS).
X-ray diffraction (XRD) was performed using a PANalytical X'pert PRO
with Cu Ka radiation. Raman spectra acquired using a Horiba
iHR320 spectrometer with a 532 nm He-Ne laser. X-ray absorption fine
structure (XAFS) spectra were acquired at the Shanghai Synchrotron
Radiation Facility (beamline BL14W1, China), with transmission mode
employed for Ni, Fe, and Mo K-edges. X-ray photoelectron spectro-
scopy (XPS) was analyzed by a Thermo Fisher-ESCALAB 250Xi. Elec-
tron paramagnetic resonance (EPR) spectroscopy was recorded on a
Bruker A300 instrument at —150 °C under a microwave frequency of
9.83 GHz.

Electrochemical measurements

All electrochemical measurements were conducted using a three-
electrode configuration on an Autolab PGSTA302N workstation cou-
pled with a BOOSTER1O0A current amplifier. The working electrode was
the catalyst to be tested with a testing area of 1cm?, the reference
electrode was a Hg/HgO (1M KOH, pH =13.9 + 0.1) electrode, and the
counter electrode was a platinum plate. Calibration of the Hg/HgO
reference electrode against the Reversible Hydrogen Electrode (RHE)
was performed using a platinum wire in an electrolyte saturated with
high-purity hydrogen. 56.11 g of KOH was weighed and transferred into
a 1000 mL volumetric flask, followed by dilution to the graduation
mark with deionized water. The obtained electrolyte (1M KOH) was
then transferred to a polytetrafluoroethylene (PTFE) bottle for storage.
The experiments were performed under ambient conditions with the
temperature maintained at 25 °C (room temperature). Before the lin-
ear sweep voltammetry (LSV) test, the working electrode was sub-
jected to 30 cycles of CV activation treatment. The scanning range was
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from 0.8 to 1.1V at a scan rate of 50 mVs™. The polarization curves
were measured using a slow-scan mode at 5mVs™. The obtained
potential data were corrected by 90% iR compensation and calibrated
to the RHE scale in accordance with the Nernst equation, as expressed
by: Erne = Eng/ngo + 0.0591 x pH + 0.098. Electrochemical impedance
spectroscopy (EIS) analysis was carried out at different potentials
ranging from 1.48 to 1.58 V vs. RHE. The frequency scanning range
covered from 0.1 Hz to 100 kHz with an AC amplitude of 10 mV. The
solution resistance is determinable through EIS analysis. The electro-
chemically active surface area (ECSA) was estimated via the double-
layer capacitance (Cy4) method. Specifically, CV scans were recorded in
the non-Faradaic region (0.924-1.024 V vs. RHE) at various rates, where
Cq was determined from the slope of the charging current vs. scan
rate. ECSA was calculated as ECSA = Cy/Cs, assuming a specific capa-
citance of Cs=60 pF cm™. The turnover frequency (TOF) using the
formula: TOF = (j x A)/(4 X F x n), where j is the anodic current density
from polarization curves, A is the electrode area, F is the Faraday
constant, and n is the number of active sites. The n value was deter-
mined by integrating the charge from CV curves in 1M PBS (pH=7+
0.1) at 50 mVs™. Faradaic efficiency (nf) was evaluated by chron-
oamperometry at a constant current density of 16.5mAcm™ in 1M
KOH for 30 h, with H, and O, products quantified by gas chromato-
graphy. The Faradaic efficiency of gaseous products is calculated
according to the following equation: g = a X n X F/Q x100%, where a is
the electron transfer number, n represents the mole number of the
product, F is the Faraday constant (96485 C mol™), and Q denotes the
total accumulated charge (C) during the testing process. TOF and
Faradaic efficiency measurements were only performed once.

Fabrication and testing of AEMWE and PV-AEMWE systems

The anion exchange membrane water electrolysis (AEMWE) system is
mainly composed of bipolar plate current collectors, catalytic elec-
trodes, and an anion exchange membrane assembly. Specifically, the
anion exchange membrane (FAA-3-30, 6 x 6 cm?) is immersed in a 1M
KOH solution for 24 h to activate the functional groups. This process
enables the quaternary ammonium groups within the membrane to
form stable coordination with hydroxide ions, significantly enhancing
its ion-conduction efficiency. For the catalytic electrodes, NiFe LDH/
FeMoO grown on an NF substrate and Y-NiMo/MoO,-, electrocatalysts
are used as the cathode and anode, respectively. Without the need for
a hot-pressing assembly process, the activated membrane material and
the catalytic electrodes are physically stacked in a sandwich structure
to construct a NiFe LDH/FeMoO||Y-NiMo/MoO,-, composite electro-
lysis system. For comparison, an IrQ,||Pt/C electrolytic cell is also
assembled using noble-metal catalysts. The system stabilization
treatment is carried out in a constant-current mode, with a direct
current of 10 mAcm™ applied for a certain period. The electro-
chemical performance test is conducted in a 3M KOH electrolyte
system maintained at 60+ 0.5°C. The polarization curves were
recorded using a potentiostat (Keysight E36154A) without iR
compensation.

The fabrication of monolithic perovskite/silicon tandem solar cell
is referenced to our group’s previous work®’. Then, the perovskite/
silicon tandem solar cell was connected as a power source to the NiFe
LDH anode and the Y-NiMo/MoO,., cathode to construct a
photovoltaic-electrochemical (PV-EC) electrolysis system. The active
area of the tandem solar cell was 4.0 cm?, which matched the effective
electrode area of the AEMWE (-4.0 cm?). The performance of the PV-EC
system was measured under an irradiance of 100 mW cm™ on the
surface of the solar cell, which was provided by a xenon light source
solar simulator (Oriel, 9119) equipped with an AM 1.5G filter. The solar-
to-hydrogen (STH) conversion efficiency of the photovoltaic:AEMWE
system is determined by the following equation: STH= BX’%;X”F,
where jq, is the operating current, 7 is the Faradaic efﬁCIency, sc IS
the solar cell area, and Py, is the incident irradiation power.

Operando DEMS measurement

The DEMS experiment was conducted using an isotope labeling
method in a typical three-electrode electrochemical cell, utilizing a
QAS 100 system (Shanghai, Linglu Instruments). The electrolyte and
the vacuum system were isolated from each other by a porous poly-
tetrafluoroethylene (PTFE) membrane featuring a maximum pore size
of 20 nm. Firstly, the Ni(OH),, NiFe LDH, and NiFe LD/FeMoO catalysts
were labeled with the ®0 isotope. Specifically, CV was performed in a
1M KOH electrolyte prepared with H,'®0, within the voltage range of
1.1-1.7V vs. RHE at a scan rate of 5mVs™. The mass signals of gas
products with different molecular weights were recorded in real time.
Then, the electrode was washed with H,'°0 to completely remove any
residual H,'®0. Finally, four consecutive CV cycles were performed in a
1M KOH electrolyte prepared with H,'0, within the voltage range of
1.1-1.8V vs. RHE at a scan rate of 5SmVs™, and the mass signals of the
gas products were recorded again.

In-situ ATR-SEIRAS measurement

All spectral measurements were acquired using a Fourier-transform
infrared (FTIR) spectrometer (Nicolet iSS0R, Thermo Fisher Scientific)
equipped with a liquid-nitrogen-cooled MCT detector, with a spectral
resolution of 4 cm™. Gold-coated silicon prisms were prepared via a
wet-chemical method: 0.045 g of HAuCl, was dissolved in 10.5 mL of
Milli-Q water, followed by the addition of 0.015 g of NaOH. Separately,
0.02 g of NH4Cl, 0.141 g of Na,S05, and 0.093 g of Na,S,03-5H,0 were
dissolved in 4.5 mL of deionized water. The two solutions were then
mixed to form the gold-plating solution. Cleaned silicon prisms were
immersed in a 40% ammonium fluoride solution for 90 s, followed by
immersion in a mixture of 4 mL gold-plating solution and 0.034 mL
hydrofluoric acid at 60 °C for 5 min to yield gold-coated prisms. The
catalyst inks were prepared by dispersing 1 mg of catalyst in a mixture
of 800 uL of deionized water, 190 uL of isopropanol, and 10 uL of
Nafion. The mixture was sonicated for 30 min to obtain a uniformly
dispersed ink solution. The ink was then dropped onto gold-coated
prisms, dried under an infrared lamp, and the catalyst loading was
determined to be 200 pg. The gold-coated prisms were mounted as
working electrodes in a three-electrode electrochemical cell with an
Ag/AgCl electrode serving as the reference electrode and a platinum
wire serving as the counter electrode. The electrochemical cell was
operated in chronoamperometric mode using a workstation, and
Fourier-transform infrared (FTIR) spectra were recorded in real time at
open-circuit potential, as well as under applied potentials ranging from
0.8 to 2.0V versus RHE. Spectra were collected at 0.1V intervals with
an acquisition time of 45 s for each measurement.

In-situ Raman spectroscopy measurement

In-situ Raman spectroscopy for monitoring dynamic surface recon-
struction was performed using a confocal Raman spectrometer (Hor-
iba iHR320) with a 532 nm laser wavelength. The laser power was set at
25mW, and the acquisition range covered 200-1000 cm™. The as-
prepared catalyst served as the working electrode, a platinum wire as
the counter electrode, and an Ag/AgCl electrode as the reference
electrode, with 1M KOH solution used as the electrolyte. Raman sig-
nals were recorded at open-circuit potential (OCP) and applied
potentials ranging from 1.02 to 1.41V vs. RHE. All spectral data were
subjected to baseline correction and background subtraction.

DFT calculation

All density functional theory (DFT) calculations were performed using
the Vienna Ab Initio Package (VASP) within the generalized gradient
approximation (GGA) with the PBE functional®*®. The projected
augmented wave (PAW) method was employed to describe the ionic
cores, and valence electrons were treated using a plane wave basis set
with a kinetic energy cutoff of 500 eV®’. Partial occupancies of the
Kohn-Sham orbitals were allowed using the Gaussian smearing method
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and a width of 0.05eV. The electronic energy was considered self-
consistent when the energy change was smaller than 107 eV. A geo-
metry optimization was considered convergent when the force change
was smaller than 0.05 eV A™'. Grimme’s DFT-D3 methodology was used
to describe the dispersion interactions®®. The Hubbard U had been
considered in structures. And An on-site Hubbard term U-/ was added
to address the open-shell d-electrons (4.7 eV, SeV, and 4.6 eV) for Fe,
Ni, and Mo. Ab initio molecular dynamics (AIMD) simulation was car-
ried out to study disorder structures. During geometry optimization,
the cut-off energy was set as 450 eV for structures, respectively. The
PBE-D3 dispersion term was introduced to correct the van der Waals
interactions®®. AIMD simulations were run for 10 ps as equilibration
with time steps of 1fs, performing a constant temperature of 400 K
in the Nosé-Hoover isokinetic ensemble. Surface slabs for NiFe LDH
and the NiFe LDH/FeMoO heterostructure were built with a 20 A
vacuum. The NiFe LDH slab was cleaved along the (001) plane, and
Fe,(Mo0Q,); was cleaved along its (013) plane. The heterostructure
was formed by placing the NiFe LDH slab atop the Fe;(M0oO,)s sur-
face, aligning lattice vectors and relaxing the interfacial spacing to
2.5A. Full atomic relaxation was applied to the top NiFe LDH layers
and the bottom Fe,(M00O,); layers. The Brillouin zone was sampled
by a Monkhorst-Pack (MP) k-point grid of 3x3x1 for structure
optimizations. The VESTA 3 software was used to visualize optimized
structures’. The free energy of a gas-phase molecule or an adsorbate
on the surface was calculated by the equation G=E + ZPE - TS, where
E is the total energy, ZPE is the zero-point energy, T is the tempera-
ture in kelvin (298.15K is set here), and S is the entropy. The OER via
the AEM pathway involves four fundamental steps: formation of *OH,
transformation to *O, subsequent oxidation to *OOH, and finally
desorption of 0,”. Free energy of each step can be calculated by
considering the standard states of H,O and H,, in order to describe
the transfer of OH™ and e”. The theoretical overpotential () can be
determined by the potential-limiting step, which is identified as the
maximum free energy increment among the four intermediate
transitions. Alternatively, the LOM pathway considers the direct
participation of lattice oxygen (O)) in the oxygen evolution process.
This five-stage mechanism involves the oxidation of lattice sites to
*OH, *O,, *O,0H, and *0,0, leading to the subsequent coupling and
evolution of 0,”. The energy barrier for these transitions can be
evaluated by comparing the total energy of the respective surface
state, in which the overpotential is defined by the step exhibiting the
highest thermodynamic barrier.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information files. All other data are
available from the corresponding author upon request. The source
data generated in this study have been deposited in the figshare
database under accession code https://doi.org/10.6084/m9.figshare.
3051875972 Source data are provided with this paper.
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