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The traditional view of sulfides as stable active centers has hindered the development of a clear structure—
activity relationship and the rational design of high-performance oxygen evolution reaction (OER) catalysts.
In this study, we focus on regulating sulfide reconstruction and have synthesized a Fe—NizS4/Cr,Os pre-
catalyst. Under the combined influence of the built-in electric field (BIEF) at the heterogeneous interface
and Fe doping, both the sulfide reconstruction process and the electronic structure of the reconstructed
product, namely Fe—-NiOOH, were effectively tuned. The enhanced BIEF induced by Fe doping
generated electron-rich regions on the sulfide surface, stabilizing the reconstruction process. Fe doping
into the sulfide induced the incorporation of Fe into NiOOH, modulating the electronic states near the
Fermi level of the metal-oxygen bond and subsequently activating the lattice oxygen mediated
mechanism (LOM) of Fe—NiOOH, which serves as the true active center. Additionally, the BIEF optimized
OH™ diffusion dynamics and the energy consumption of hydroxyl deprotonation, reducing the energy
barrier of the rate-limiting step of the LOM process, further enhancing OER activity. Remarkably, Fe—
NizS4/Cr,O3 demonstrated excellent OER activity and commercial viability. This work offers a new
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1. Introduction

The slow kinetics of the oxygen evolution reaction (OER) remain
a critical challenge for the development of energy conversion
and storage systems, such as water electrolysis for hydrogen
production, regenerative fuel cells, and rechargeable metal-air
batteries.”” Consequently, the development of high-
performance OER electrocatalysts to optimize reaction
kinetics is essential.®* Although non-precious metal sulfides
offer advantages over commercial precious metal catalysts, such
as abundant raw materials, low cost, and high structural
stability, they still exhibit lower catalytic activity.** Based on the
assumption that the catalytic reaction interface is stable during
the OER process, with the metal active sites on the sulfide
surface acting as the primary active centers, under the guidance
of the adsorbate evolution mechanism (AEM), modification
strategies such as defect engineering, heterostructure
construction, and morphology regulation can optimize the
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adsorption of oxygen-containing intermediates on metal sites
(OH* — O* — OOH* — 0,), thereby enhancing the OER
activity of sulfides.®®

However, in recent years, with the ongoing advancement of
research, it has been gradually revealed that sulfides used as
electrocatalytic anode catalysts exhibit thermodynamic insta-
bility at high anodic potentials, leading to structural evolution
(reconstruction) during the OER process.® This has led to a shift
in perspective, where sulfides are considered as “pre-catalysts”,
with the true catalytically active centers being the oxygen-
containing species at higher metal oxidation states, such as
metal oxyhydroxide (MOOH), amorphous metal-sulfur-oxide
layers, and metal hydroxides, which are generated through
surface reconstruction of the pre-catalysts.'®** Under the influ-
ence of its unique high metal oxidation states and the interac-
tions with the pre-catalyst, these oxygen-containing species
typically exhibit excellent OER activity, resulting in catalytic
performance that far exceeds that of the pre-catalyst.**?

Thus, focusing solely on regulating the adsorption energies
of oxygen-containing intermediates based on the traditional
AEM overlooks the dynamic reconstruction behavior of sulfides
during catalytic processes.”'* Furthermore, the constraints
imposed by the scaling relationship of the AEM prevent the
regulation of adsorption energies of different intermediates
without mutual interference, which makes the 370 mV OER
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limiting overpotential predicted using AEM theory insufficient
to explain the enhanced OER performance of sulfides reported
in the literature.”> Consequently, the traditional view of sulfides
as stable active centers has impeded the development of
a robust structure-activity relationship and the rational design
of high-performance OER catalysts. Our research focuses on the
regulation of the true catalytically active centers: the recon-
struction products of sulfides. While much research has
concentrated on understanding and characterizing the recon-
struction process, there has been limited focus on controlling
the reconstruction process and its products. The inherent
properties of the pre-catalyst (including its electronic structure,
chemical composition, crystallinity, and defects) and reaction
conditions (such as applied voltage, pH, and electrolyte
concentration) can all impact the reconstruction behavior.**®

Based on this, by combining built-in electric field (BIEF)
construction and doping strategies, we effectively tuned both
the degree of reconstruction of the rationally designed pre-
catalyst Fe-Ni;S,/Cr,0; and the electronic structure of the
true active site, Fe-doped nickel oxyhydroxide (Fe-NiOOH),
formed during the reconstruction (Scheme 1). Due to the
influence of the enhanced BIEF from Fe doping on the asym-
metric charge distribution at the heterogeneous interface of Fe—
Ni;S,4/Cr,03, the reconstruction of the electron-rich component
Fe-Ni;S, is stabilized, and the ion precipitation in the reaction
process is reduced. Notably, the doping of Fe in the sulfide
induces Fe atoms to be doped into the reconstructed product
NiOOH, modulating the electronic states near the metal-oxygen
bond Fermi level of Fe-NiOOH, thereby activating lattice oxygen
and triggering the lattice oxygen mediated mechanism (LOM).
This mechanism overcomes the limitations imposed by the
scaling relationship of the traditional AEM. The Fe-Ni3S,/Cr,03
catalyst exhibited an overpotential of 282 mV at a current
density of 10 mA cm ™2 in both 1 M KOH and simulated seawater
electrolytes, and the assembled commercial electrochemical
stack operated stably for 40 h. Moreover, the BIEF at the het-
erointerface further optimizes the diffusion kinetics of OH™ and
hydroxyl (OH*) deprotonation in the LOM process, further
boosting OER activity. This work presents a new approach to the
activity regulation of transition metal non-oxide materials,
focusing on the active control of the reconstruction process and
products.
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Scheme 1 Schematic diagram of the reconstruction degree and
products regulated by the Fe doping-enhanced BIEF.
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2. Materials and methods

Cr,0; nanoparticles are obtained by calcining Cr(OH); hydrate.
Under magnetic stirring, 150 mL of 0.3 M NaOH is gradually
added dropwise to 100 mL of 0.1 M Cr(NO;);-9H,O solution.
The solid is then collected by centrifugation, followed by
multiple washings with deionized water and ethanol. The
resulting solid is dried to obtain Cr(OH);. Next, Cr(OH); is
calcined in air at 650 °C for 2 h with a heating rate of 2 °C min "
to produce Cr,0;. Finally, the Cr,0; and sulfide composite was
prepared using a hydrothermal method.

In this step, 300 mg of the prepared Cr,O; was dispersed in
40 mL of a solution containing 0.3 mmol of FeSO,-7H,0,
2.7 mmol of NiCl,-6H,0, 15 mmol of urea, 4 mmol Na,S,0;-
-5H,0, 20 mL H,O0, and 20 mL ethylene glycol using ultra-
sonication. The dispersion was transferred to a 100 mL Teflon-
lined stainless-steel autoclave and reacted at 180 °C for 15 h.
After the reaction, the mixture was washed and filtered, and the
obtained solid was vacuum-dried to yield the Fe-Ni;S,/Cr,0;
composite.

Using the same preparation method, Fe-Ni;S, was synthe-
sized without adding Cr,0;, Ni3S,/Cr,0; was synthesized
without adding FeSO,-7H,0O, and Ni3S, was synthesized
without adding Cr,0; and Fe(SO,);-7H,0. The aforementioned
reagents were all procured from Sinopharm Group Reagent Co.
Ltd, China.

3. Results and discussion

An Fe-Ni;S,/Cr,0; pre-catalyst co-modified using Fe doping and
the BIEF was prepared by a simple two-step method (Fig. 1a).
First, Cr(OH); was synthesized via a precipitation reaction
between Cr salts and an alkali, followed by calcination to obtain
Cr,0; nanoparticles (Fig. S1f). Next, a solvothermal reaction
was conducted using Fe salts, Ni salts, a sulfur source, and urea
to prepare the Fe-Ni;S,/Cr,O; heterojunction, with Cr,0;
nanoparticles encapsulated by Fe-Ni3S,. This unique encapsu-
lated morphology was confirmed by TEM images (Fig. 1b and c).
To investigate the effects of doping and the BIEF on the cata-
lyst's structure and performance, the same method was used to
prepare Ni;S,/Cr,0; heterojunctions without Fe doping, as well
as single-component Ni;S, and Fe-Ni;S, without Cr,O;. The
crystal structures of Fe-Ni;S,/Cr,03, Ni3S,/Cr,05, and the single
components were verified by X-ray diffraction (XRD) patterns
shown in Fig. 1d. Notably, the enlarged XRD patterns reveal
that, compared to single-component Ni;S,, the diffraction
peaks of Fe-Ni;S,/Cr,03, Ni3S,/Cr,03, and Fe-Ni;S, shifted to
varying extents. This shift was attributed to Fe atom doping and
the successful formation of the heterojunction, which rules out
the possibility of a simple mechanical composite between Fe—
Ni3S, and Cr,0; formed via the hydrothermal method (Fig. S27).
The crystal structure of Fe-Ni3S,/Cr,O; was further confirmed
by selected area electron diffraction (SAED), high-resolution
TEM (HRTEM), and corresponding Fourier transform images
(Fig. 1e and f). Scanning tunneling microscopy (STM) and
elemental mapping revealed the uniform distribution of various
elements in the Fe-Ni3S,/Cr,0; composite (Fig. 1g).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the synthesis of Fe—NizS4/Cr,Os. (b and c) TEM image of Fe—NizS4/Cr,Os3. (d) XRD patterns of NizS4, NizS4/

Cr,03, Fe—NizS4, and Fe—NizS4/Cr,Os. (e) SAED pattern, (f) HRTEM image and corresponding Fourier transform images of Fe—NizS4/Cr,0s3. (g)
HAADF-STEM image and corresponding elemental mapping images of Fe—NizS4/Cr,0s.

Then we investigated the impact of heterojunction
construction and Fe doping on the electronic structure of the
pre-catalyst. In the Fe 2p X-ray photoelectron spectroscopy (XPS)
spectrum of Fe-Ni;S,/Cr,0; (Fig. 2a), the deconvolution peaks

corresponding to Fe-S bonds, Fe*", and Fe®" shifted to lower

© 2025 The Author(s). Published by the Royal Society of Chemistry

binding energies compared to those of Fe-Ni;S,. Similarly, in
the Ni 2p XPS spectra of Fe-NizS,/Cr,O; and Ni;S,/Cr,0;
(Fig. 2b), the deconvolution peaks for Ni** and Ni** also shifted
to lower binding energies compared to those of Fe-Ni;S,, with
those of Fe-Ni;S,/Cr,0; exhibiting the greatest shift. A shift of

Chem. Sci., 2025, 16, 7467-7476 | 7469
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Fig. 2 High-resolution XPS patterns of (a) Fe 2p, (b) Ni 2p, and (c) S 2p. UPS spectra of (d) NizS4, (€) Fe—NizS4, and (f) Cr,Os. (g) Energy band
diagram of NizS4, Fe—NizS4, and Cr,Os. (h) Schematic diagram of heterojunction formation of Fe—NizS4/Cr,Os.

XPS peaks to lower binding energies generally indicates
a reduction in the binding energy of electrons on atomic
orbitals, implying electron gains by the atoms. These shifts in
the Fe 2p and Ni 2p XPS peaks suggest that the heterojunction
construction induces electron enrichment in the sulfides of Fe—
NizS,/Cr,0;. Furthermore, the S 2p XPS spectra of Fe-Ni;S,/
Cr,03, Fe-Ni;S,, and Ni3S,/Cr,0; (Fig. 2¢) show deviations in
the deconvolution peaks for S 2p;/, and S 2p,,, indicating that
doping and heterostructure construction affect the strength of
the metal-sulfur bonds in the sulfides.

To further elucidate the electronic structure regulation, we
characterized the energy band structure of the single compo-
nent of the pre-catalyst. Mott-Schottky testing revealed that
single component Fe-Ni;S,, NizS,, and Cr,O; were all n-type
semiconductors, and thus Fe-Ni;S,/Cr,0O; and Ni;S,/Cr,0; are
n-n junctions (Fig. S31). Solid ultraviolet-visible (UV-vis) testing
showed that the band gaps of Fe-Ni;S,, Ni;S;, and Cr,0; are
2.69 eV, 3.92 eV, and 3.18 €V, respectively, suggesting that Fe
doping reduces the band gap of the sulfides and enhances their
conductivity (Fig. S4t). Subsequently, UPS measurements
revealed that the work function (@) of Fe-Ni;S,, Ni;S, and Cr,03

7470 | Chem. Sci, 2025, 16, 7467-7476

is 5.72 eV, 5.11 eV and 5.09 eV, respectively, along with valence
band parameters (Fig. 2d-f). Finally, the energy band structure
diagram of the catalyst shown in Fig. 2g was obtained.

The difference in @ between the sulfides and Cr,0; drives the
directional movement of electrons at the heterojunction inter-
face until the Fermi levels of the two semiconductors are
equalized, resulting in the spontaneous formation of a BIEF."”**
Since the @ values of Fe-Ni;S, and Ni;S, are both lower than
that of Cr,0j;, the BIEF is directed from Cr,0O; to the sulfides,
leading to charge transfer at the sulfide-Cr,0O; interface. This
generates electron-rich regions on the sulfide surface and
electron-deficient regions on the Cr,0; surface, which explains
the shift in the XPS deconvolution peaks of Fe and Ni in Fe-
Ni;S,/Cr,0; compared to those of Fe-NizS,. Moreover, Fe
doping increases the @ difference between the sulfides and
Cr,03;, indicating a stronger BIEF in Fe-Ni;S,/Cr,0; than that in
Ni;S,/Cr,0;. Fe doping can effectively enhance the BIEF inten-
sity between sulfides and Cr,03, and the increase of the BIEF
intensity will bring about more severe effects on the electron
distribution at the heterogeneous interface (Fig. 2h).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The Fe doping enhanced BIEF effectively regulates the elec-
tronic structure of the sulfides. To assess the catalytic perfor-
mance, we evaluated the electrochemical properties of the
catalyst in a three-electrode system. First, we investigated the
OER activity of the catalyst in a 1 M KOH electrolyte. The linear
sweep voltammetry (LSV) results (Fig. 3a) and Tafel plots
(Fig. 3b) demonstrate that Fe-Ni;S,/Cr,03 exhibits optimal OER
performance, showing an overpotential of only 282 mV at
a current density of 10 mA cm 2 and a Tafel slope of 72 mV
de . Additionally, Fe-Ni3S,/Cr,O; demonstrates a larger
double-layer capacitance (Cq;) in the non-faradaic region, indi-
cating a larger electrochemically active surface area (Fig. 3c and
S57). The Nyquist plot at 1.55 V shows that Fe-Ni;S,/Cr,0; has
the lowest charge transfer resistance (R.), further demon-
strating its excellent reaction kinetics (Fig. 3d). It can be
observed that the activity of Fe-Ni3S,/Cr,0; is much higher than
that of Fe-Ni3S, and Cr,03, and the activity of Ni;S,/Cr,0; is
much higher than that of Ni;S, and Cr,0;, which have almost
no OER activity (Fig. 3e). This indicates that the construction of
the BIEF will significantly enhance the activity of sulfides and
chromium oxide. Moreover, the activity of Fe-NizS,/Cr,0;3 is

View Article Online

Chemical Science

better than that of undoped Ni;S,/Cr,03, showing the optimi-
zation of activity by Fe doping. When compared to similar
reports in the literature, Fe-Ni;S,/Cr,O; still demonstrates
highly competitive OER activity (Fig. 3f and Table S1t). In
stability tests, both multi-current chronopotentiometry (CP)
(Fig. 3g) and a 100 h long-term stability test at a current density
of 10 mA em ™2 (Fig. 3h) revealed that Fe-Ni;S,/Cr,0; exhibited
excellent reaction stability.

Given the scarcity of freshwater resources, we further eval-
uated the catalyst's performance in a simulated seawater elec-
trolyte (Fig. S6 and S7t).2**' Fe-Ni;S,/Cr,0; exhibited the same
low overpotential of 282 mV and Tafel slope of 72 mV dec " at
10 mA cm 2 for OER in the simulated seawater electrolyte,
significantly outperforming the referenced samples. Addition-
ally, Fe-Ni3S,/Cr,O; showed superior Cq and R values
compared to the references. Notably, the OER activity of Fe-
Ni;S,/Cr,05 in simulated seawater was almost unaffected, while
the activity of the comparison samples decreased significantly.
To this end, we investigated the corrosion effect of CI™ on
catalysts in simulated seawater mitigation through corrosion
polarization curve tests. A higher corrosion potential (E.or;) and
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Fig.3 OER activity in 1 M KOH solution. (a) LSV polarization curves, (b) Tafel plots, (c) Cq values, and (d) Nyquist plots at 1.5 V versus RHE of NizSy,
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more negative corrosion current (I.o) typically indicate better
corrosion resistance. The results showed that, although the E.,
of Fe-Ni;S,/Cr,0; was intermediate between those of Ni;S,, Fe-
Ni;S,, Ni;zS,/Cr,0O;, and Cr,0;, its I, was the smallest,
demonstrating its superior resistance to Cl= corrosion in
seawater electrolysis. Fe-Ni3S,/Cr,O; also exhibited excellent
OER stability in simulated seawater, as evidenced by multi-
current CP tests and 100 h CP tests. Finally, to evaluate the
practical application potential of the catalyst, we used Fe-Ni3S,/
Cr,0; as the anode membrane electrode, commercial Pt/C as
the cathode membrane electrode, and a proton exchange
membrane as the separator to assemble a commercial-scale
alkaline electrolyzer (AE) stack (Fig. S8at). LSV testing and
a 40 h stability test in 1 M KOH electrolyte confirmed the
excellent commercial potential of the catalyst (Fig. S8b and cf).

To uncover the origin of the excellent catalytic activity of Fe—
Ni;S,/Cr,03, we investigated the influence of the Fe doping
enhanced BIEF on the reconstruction behavior of the pre-
catalyst and the formation of active sites during reconstruc-
tion. A 20 h chronoamperometry test at 1.6 V ensured sufficient
reconstruction of the pre-catalyst (Fig. S91). The reconstructed

Fe?* b
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pre-catalysts (denoted as Fe-Ni3S,/Cr,O5-A, Fe-Ni3S;-A, and
Ni3S,/Cr,05-A) were analyzed by XPS (Fig. 4a-d). Shifts in the
binding energies of Fe, Ni, O, and S were observed, indicating
the formation of new active species due to anodic reconstruc-
tion. Notably, the XPS spectra of S exhibited significant changes,
with the disappearance of the S 2p;, and S 2p,,, peaks after
reconstruction, suggesting that no metal-sulfur bonds
remained in the newly formed active species following sulfuri-
zation. Additionally, changes in metal oxidation states and
oxygen-containing bonds were analyzed by fitting the relevant
XPS peaks. As shown in Fig. 4g, after the chronoamperometry
test, the proportion of high-valence metals and S-O electronic
states significantly increased in Fe-Ni;S,/Cr,0;, Fe-Ni;S,, and
Ni;S,/Cr,03, indicating the formation of high-valence metal
MOOH species and amorphous S-O metal species on the
surface, signifying obvious reconstruction. In addition, we note
that the proportion of high-valence metals and S-O electronic
states in Fe-Ni;S,/Cr,03-A is lower than those of Fe-Ni;S,-A and
Ni;S,/Cr,05-A. This is because the sulfide component of Fe-
Ni;S,/Cr,0; possesses more electrons than the sulfide in Ni;S,/
Cr,0; and single component Fe-Ni;S, under the influence of
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the Fe doping enhanced BIEF. The electron-rich state of the
sulfide from Fe-Ni;S,/Cr,0; prevents the structural oxidation at
high anode potential, which results in the inhibition of the
reconstruction behavior in the OER.

This was further confirmed by inductively coupled plasma
(ICP) analysis. As is well known, the reconstruction of sulfides,
especially the formation of active MOOH species, is typically
accompanied by the leaching of S ions. The amount of S
leaching in the electrolyte after the OER is the lowest, which
also indicates the inhibited reconstruction of sulfide in Fe-
Ni3S,/Cr,0; (Fig. S107). In addition, the reduced Fe and Ni
leaching from Fe-Ni;S,/Cr,0; highlights the catalyst's
improved structural stability during reconstruction. The sup-
pressed reconstruction of sulfides in Fe-Ni;S,/Cr,O; helps
prevent conductivity loss and mitigate the weakening of syner-
gistic effects between the true active sites and the pre-catalyst.

The Bode phase diagrams of Fe-Ni;S,/Cr,03, NizS,/Cr,03,
and Fe-Ni;S, all show a peak signal in the high frequency
region, which indicates that the reconstruction occurs (Fig. 4e
and f and S117).>>** Additionally, the slightly lower reconstruc-
tion peak signal in Fe-Ni;S,/Cr,0; further suggests that the Fe
doping enhanced BIEF inhibits the reconstruction of the sulfide
component. In situ Raman spectroscopy (Fig. 4h, i and S127)
also revealed the active species formed after reconstruction of
the pre-catalyst. Characteristic peaks at 479 cm ™" and 558 cm ™,
corresponding to MOOH e, bending and A, stretching vibra-
tions, were observed in Fe-Ni;S,/Cr,03;, Fe-Ni;S,, and NizS,/
Cr,0;3, confirming that the reconstruction products were
predominantly MOOH.>*** Based on the elemental composition
of the pre-catalyst, we concluded that the reconstruction prod-
ucts of Fe-Ni;S,/Cr,0; and Fe-Ni;S, were Fe-NiOOH, while the
reconstruction product of Ni;S,/Cr,O3; was NiOOH. The pres-
ence of Fe-NiOOH peaks within a narrow voltage range in Fe-
Ni;S,4/Cr,0; further supports the conclusion that the enhanced
BIEF suppresses the degree of reconstruction. In conclusion,
the Fe-doping enhanced BIEF interferes with the reconstruction
behavior of Fe-Ni;S,/Cr,03, suppresses the excessive recon-
struction of the sulfide component, and improves the catalyst's
structural stability. Moreover, it successfully modifies the true
active sites, leading to the formation of Fe-doped NiOOH active
species on the catalyst surface, which enhances OER activity.

The reaction mechanism of the OER catalyst directly influ-
ences its catalytic activity. Therefore, we further explored the
OER mechanism of Fe-NiOOH, which is the true catalytic center
of Fe-Ni;S,/Cr,0; restructures under the Fe-doped enhanced
BIEF. We first evaluated the OER activity and pH dependence of
the catalyst in KOH electrolytes with varying pH values
(Fig. S137). As shown in Fig. 5a, Fe-Ni;S,/Cr,0; and Fe-Ni;S,
exhibited significant fluctuations in the reaction currents at the
rated OER operating voltage, indicating strong pH dependence.
This is because the O as the redox center in the LOM can
tolerate a certain degree of charge accumulation in the reaction
process, and the non-concerted proton-electron transfer
decoupling in the process of OH* deprotonation makes the
OH* deprotonation sensitive to the pH of the electrolyte, which
leads to the dependence of the active pH of the OER.>® The
marked pH dependence of Fe-Ni3S,/Cr,0; and Fe-NizS,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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confirms that their true active center Fe-NiOOH triggers the
LOM. In contrast, the conventional AEM, where metals act as
the redox center and involve concerted electron and proton
transfer during OH* deprotonation, shows negligible pH
dependence in the catalyst's activity. Thus, the true active center
NiOOH of Ni3S,/Cr,05; and Ni;S, follows the AEM.

TMAOH intermediate trapping experiments can further
confirm the activation of the LOM in Fe-Ni;S,/Cr,0; and Fe—
Ni;S,, where Fe-NiOOH is the true active site. In LOM-based
catalysts, oxygen from the catalyst lattice couples with surface-
adsorbed oxygen to form a unique peroxo-like negative
species (0,%7). The tetra-methylammonium cation (TMA®) can
trap O,>” via strong electrostatic interactions, inhibiting the
further release of 0,.””** As shown in Fig. 5b and S14,} the OER
activity of Fe-Ni;S,/Cr,0; and Fe-Ni;S, was significantly sup-
pressed upon TMAOH addition, while that of Ni;S,/Cr,O3; and
Ni;S, remained nearly unaffected. This also indicates the trig-
gering of the LOM at the true active site Fe-NiOOH from Fe-
Ni;S,/Cr,0; and Fe-Ni;S,. Due to the influence of Fe doping on
the electronic structure of the pre-catalyst and the reconstructed
product, the triggered LOM of Fe-NiOOH (the true catalytic
activity center after Fe-Ni;S,/Cr,O; and Fe-NisS, reconstruc-
tion) avoids the formation of high binding energy OOH* from
the AEM of NiOOH (the true catalytic activity center of NisS,/
Cr,0; and Ni;S, after reconstruction), thereby breaking the
limitation of the scaling relationship and significantly
enhancing the OER activity.

Based on electrochemical performance testing results, we
found that although both Fe-Ni;S,/Cr,0; and Fe-Ni,S, activate
the LOM, the OER activity of Fe-Ni;S,/Cr,0; far exceeds that of
single-component Fe-Ni;S,. Research indicates that the OER
mechanism switches from the AEM to the LOM, where the
electron transfer in the OH* deprotonation process changes
from delocalized metal orbitals to higher energy localized
oxygen non-bonding states. As a result, OH* deprotonation
becomes the rate-determining step of the LOM, thereby influ-
encing OER activity. To reveal the impact of the BIEF on the
reaction mechanism, we conducted methanol molecular probe
experiments.

The nucleophilic reagent methanol can capture the electro-
philic species OH*, creating strong competition for OH*
adsorption between the methanol oxidation reaction and the
OER. Therefore, methanol, used as a probe, can detect the
adsorption ability of OH*.>® Fig. 5c shows that the current
density of Fe-Ni;S,/Cr,0; changed less than that of Fe-Ni;S,
after adding methanol, indicating that Fe-Ni;S,/Cr,O; has
a lower OH* adsorption energy. This is attributed to the BIEF at
the heterogeneous interface of Fe-Ni;S,/Cr,0;, which also
regulates the electronic structure of FeOOH. The reduced
adsorption energy of OH* thermodynamically favors the
subsequent OH* deprotonation, thereby accelerating LOM.

Additionally, we also studied the effect of the Fe doping-
enhanced BIEF on the catalyst's surface microenvironment.
The minimal differential capacitance of the dilute electrolyte
can determine the catalyst's potential of zero charge (PZC),
which is defined as the potential at which no excess charge
exists on the electrode surface (Fig. 5d, e and S15t).*° PZC is
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(a) Current densities of Cr,O3, NizS4, NizS4/Cr,O3, Fe—NizS,, and Fe—NizS4/Cr,O3 at 1.6 V vs. RHE as a function of pH value. (b) Polarization

curves for NizS4/Cr,Os, Fe—NizS,4, and Fe—NizS4/Cr,O3in 1.0 M KOH with and without TMAOH. (c) Polarization curves for NizS4/Cr,Os, Fe—NizSy4,
and Fe—NizS4/Cr,0z in 1.0 M KOH with and without CH3OH. Under different concentrations of KOH solutions, the differential capacitance (Cgy)
curves of (d) Fe—NizS4/Cr,03, (e) Fe—NizSy. (f) PZC of NizS4/Cr,Os3, Fe—NizS4, and Fe—NizS4/Cr,O3in 20, 40, 80, and 100 mM KOH solutions. (g) K
of NizS4/Cr,O3z and Fe—NizS4/Cr,Os. (h) Variations of anodic peak current densities for NizS4/Cr,Oz and Fe—NizS,4/Cr,Os electrodes as a function
of the square root of scan rates. (i) Schematic energy bands relative to the Fermi level in consideration of Mott—Hubbard splitting.

typically used to assess whether specific adsorption occurs and
to evaluate the adsorption capacity.** By gradually adding small
amounts of KOH to the KCI solution, we obtained the PZC curve
shown in Fig. 5f, which reflects the change in the PZC with
varying amounts of KOH addition. As KOH concentration
increased, the PZC values of Fe-Ni;S,/Cr,0O;, Fe-NizS, and
Ni;S,/Cr,0; became more negative, indicating specific OH™
adsorption on the catalyst's interphase (IPH) according to the
Esin-Markov effect. Notably, Fe-Ni;S,/Cr,O; showed a more
pronounced shift in PZC with increasing KOH, suggesting that
the Fe doping enhanced BIEF strengthens the catalyst's OH™
adsorption, enriching OH™ on the surface.

Further CV analysis at different scan rates (Fig. S161) was
performed to assess OH ™ diffusion behavior on the electrode
surface. The redox constant (K;) was determined using the
Laviron method, revealing that Fe-NisS,/Cr,O; exhibited
a higher K than Ni;S,/Cr,0;, indicating faster OH™ diffusion
from the electrolyte to the electrode surface (Fig. 5g).*>**

7474 | Chem. Sci, 2025, 16, 7467-7476

Additionally, the diffusion coefficient of OH™ on Fe-Ni;S,/Cr,03
was calculated to be 1.33 times that of Ni;S,/Cr,O; using the
Randles-Sevcik equation, supporting the conclusion that the Fe
doping-enhanced BIEF accelerates OH  diffusion kinetics
(Fig. 5h).** These accelerated OH~ diffusion dynamics,
combined with enhanced OH* deprotonation at the Fe-Ni;S,/
Cr,0; interface, optimize the OER activity of Fe-NiOOH via the
LOM.

Using orbital hybridization theory, we explore how the Fe
doping enhanced BIEF activates and optimizes the LOM of Fe-
NiOOH, which is crucial for designing efficient OER catalysts
(Fig. 5i).° The electronic states near the Fermi level are critical
for determining the OER mechanism of a catalyst. The hybrid-
ization between the O 2p orbitals and Fe, Ni 3d orbitals, driven
by differences in atomic electronegativity, results in the
formation of bonding (M-O) and antibonding (M-O)* bands.*
In the antibonding (M-O)* band, electrons are further localized
by strong d-d Coulomb interactions, splitting into an empty

© 2025 The Author(s). Published by the Royal Society of Chemistry
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upper Hubbard band and a filled lower Hubbard band (LHB).
The bonding M-O orbitals primarily exhibit oxygen-like char-
acteristics, while the LHB in the antibonding orbitals exhibits
metallic characteristics.*® Oxygen and sulfur, being highly
electronegative, cause significant charge transfer between metal
and non-metal atoms.”” Therefore, as a typical Mott-Hubbard
insulator, the M-S or M-O electronic states near the Fermi level
of Ni3S,/Cr,0; and its reconstructed product NiOOH serve as
the LHB. Thermodynamically, the metal acts as the primary
redox center, with electron transfer occurring between the metal
and the surface-adsorbed oxygen intermediates, following the
AEM.

In Fe-NiOOH formed by the reconstruction of Fe-Ni,;S, or
Fe-Ni;S,/Cr,03, Fe doping optimizes the electronic states of Ni
atoms, reduces the electronegativity difference between Ni and
O atoms, lowers the energy required for charge transfer between
atoms, and simultaneously enhances the d-d Coulomb inter-
action between electrons in the anti-bonding band. This allows
the LHB to penetrate into the O 2p band, generating non-
bonding oxygen states near the Fermi level.”*” This activates
the redox behavior of oxygen atoms in the lattice, making
electron transfer between lattice oxygen and oxygen interme-
diates possible during the OER process, thereby triggering the
LOM. The coupling of lattice oxygen with adsorbed oxygen
generates O,>”, avoiding the formation of the high-energy
OOH* species in the AEM, breaking the scaling relationship
limit, and accelerating the OER.**?*° Furthermore, under the
influence of the Fe doping enhanced BIEF at the heterogeneous
interface, the surface of Fe-NiOOH formed from Fe-Ni;S,/Cr,05
creates a localized high-efficiency electronic region. This further
optimizes the hybridization between the metal and oxygen
atomic orbitals, enhancing the covalency of metal-oxygen
bonds and increasing the concentration of non-bonding oxygen
states. The optimized metal d-band and oxygen p-band reduce
energy consumption during the deprotonation process, thereby
significantly enhancing OER activity.

4. Conclusion

In summary, we have significantly enhanced the OER activity of
Fe-NiOOH, a reconstruction product of Fe-Ni;S,/Cr,0;,
through doping modification and the construction of BIEF. In
a 1 M KOH electrolyte, the catalyst exhibits an overpotential of
282 mV at a current density of 10 mA cm™ > and maintains stable
performance for 100 h. Additionally, the catalyst demonstrates
excellent resistance to oxidation and corrosion from Cl™ ions in
simulated seawater, preserving high OER activity. It also oper-
ates efficiently and stably for 40 h in a commercially scaled
alkaline electrolyzer. Various characterization techniques have
revealed the source of the exceptional catalytic performance.
pH-dependence and TMAOH intermediate trapping experi-
ments indicate that Fe doping optimized Fe-NiOOH metal-
oxygen orbital hybridization activates the LOM. The activated
lattice oxygen participates in the coupling of adsorbed oxygen,
bypassing the formation of the high energy OOH* species
typically generated in the traditional AEM. Band structure
characterization and ICP testing indicate that the Fe doping

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhanced BIEF stabilizes the reconstruction of Fe-Ni;S, with an
electron-rich region at the heterogeneous interface, helping
mitigate the decline in structural stability caused by ion leach-
ing during the reaction process. Moreover, surface microenvi-
ronment characterization and methanol probe experiments
demonstrate that the BIEF facilitates the OH™ diffusion
dynamics and HO* deprotonation process, which is the rate-
limiting step in the LOM, further enhancing OER activity.
This study highlights the effective structural regulation of the
pre-catalyst reconstruction product using multiple modification
strategies and establishes a structure-activity relationship
between the pre-catalyst and OER performance.
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