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Repulsing Cl™ to reduce its negative effects during seawater electrolysis is a promising strategy to guard
against the corrosion of high-valence metal sites. Herein, we synthesized Fe,P/Ni,P by a facile Br-
induced partial in situ phase transition strategy. This Fe,P/Ni,P possessed intensified built-in electric field

(BEF) due to large work function difference (A®), demonstrating outstanding OER and HER activity in

alkaline freshwater/seawater solution and exhibiting a low cell voltage for an anion exchange membrane
water electrolyzer (AEMWE) system. Both experiments and theoretical results verify that the interfacial
charge redistribution induced by the enhanced BEF optimizes the adsorption strength for the
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intermediates. Moreover, the appropriate phosphorus—oxygen anion self-transformation can protect the

NiOOH active species from corrosion by repulsing Cl™ in alkaline seawater. This work not only proposes
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1. Introduction

Electrolysis of water powered by renewable energy constitutes
a sustainable strategy for the production of transportable and
green hydrogen (H,)."? Apart from considering the expense of
electrolyzers and the intermittence of renewable electricity,
a supply of freshwater may be a practical problem for deploying
large-scale electrocatalytic H, production.** If saline water,
particularly seawater—which constitutes nearly 96.5% of
Earth's total water resources—could serve as an ideal feedstock
for electrocatalytic H, production, it would help alleviate the
shortage of freshwater resources. While the transformation of
seawater to H, is an intriguing prospect, chloride ions (Cl7) and
their derivatives (such as Cl, or HCIO/CIO ™) can significantly
accelerate the corrosion or deactivation of electrocatalysts. This
occurs through surface adsorption or coordination mecha-
nisms, especially during the anodic oxygen evolution reaction
(OER) associated with seawater splitting.>® Moreover, the stan-
dard thermodynamic voltage of OER is 0.48 V lower than that of
the chlorine oxidation reaction (CIOR) at pH > 7.5. This means
that superior water splitting performance can significantly
suppress Cl~ transformation into Cl, or HCIO/CIO™. Even if the
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a fresh perception of the water/seawater splitting mechanism but also provides new design principles to
defend active sites in seawater-to-H, conversion systems.

electrode shows excellent activity in inhibiting ClI™ oxidation,
Cl” ions themselves can etch electron-poor transition metals,
leading to metal leaching and a deterioration in performance.”®
Therefore, the exploration and construction of catalysts that
suppress the loss of reaction sites to maintain high seawater
splitting activity and optimize adsorption behaviors for inter-
mediates to safeguard the electrode against Cl™ attack are of
paramount importance.

The exquisite construction of a built-in electric field (BEF)
between two hetero substances with a difference in Fermi level,
would be a promising way to manipulate the electronic state of
active sites and stabilize the surficial dynamical adsorption
balance.>*® For example, a Co LDH/Cu3P composite can accel-
erate charge transport and improve active sites due to an
enhanced built-in potential (Eg;)."* Zhang et al. have constructed
N-NisP,/CoP nanowires with a strong BEF for hydrazine-
assisted H, production.'” Very recently, Xu et al. demonstrated
that the enhanced BEF at the Fe,P/NiCoP interface facilitates
the surface transformation of NiCoP into NiCoOOH active
species, exhibiting high freshwater and seawater oxidation
activity.” Essentially, the constructed BEF can facilitate the
division of positive and negative charges, inducing their sepa-
ration in opposite directions at the heterointerface to accelerate
regional charge polarization."* Consequently, manipulating the
features of the BEF can achieve an asymmetric distribution of
charge that is promising for realizing the stable adsorption of
intermediates on the heterointerface or active sites.* However,
while coupling transition metal phosphides (TMPs) with other
components (nitrides or sulfides), charge carriers would
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experience severe localization due to the overlap of the electron
cloud across the heterointerface, where the electrons are
completely delocalized via the metal whereas the protons are
still confined and greatly weaken the BEF.'*'” Fortunately, by
manipulating the difference in the work function (A®) between
TMP and other substances, the charge transfer direction across
the heterointerface can be controlled.” Based on the above
discussion, it is rational and promising to simultaneously
regulate the adsorption behaviors for intermediates by exqui-
sitely designing the appropriate components with suitable work
functions to control and modulate the BEF. Moreover, revealing
the relationship between BEF and A® and its effect on catalytic
activity and selectivity is important.

Herein, for the first time, we have exquisitely designed and
manipulated the Br-induced partial in situ phase transition
from Fe,P/NisP, to Fe,P/Ni,P under the phosphorization
process, which strongly influences the A®. Specifically, Fe,P/
Ni,P, with a large A® (0.5 eV) compared with Fe,P/NisP, (0.3 eV),
demonstrates an enhanced BEF, as confirmed by various elec-
trochemical tests. Furthermore, in situ/ex situ spectroscopic
investigations confirm that the enhanced BEF plays an impor-
tant role in subtly tailoring the intermediates and phosphate
absorption strength, which is essential for water and seawater
splitting. As a result, the Fe,P/Ni,P catalyst reveals remarkable
OER and HER activity with low overpotentials of 196 mV and
108 mV for freshwater and 229, 203 mV for seawater, respec-
tively, and can be used in an anion exchange membrane water
electrolyzer (AEMWE) with low cell voltage. This work paves the
way for synthesizing bifunctional water-splitting electro-
catalysts by exquisitely designing and modulating the interfa-
cial BEF.

2. Experimental section
2.1 Synthesis of NiFe LDH

First, 0.582 g of Ni(NO3),-6H,0, 0.404 g of Fe(NOs);-9H,0, and
0.841 g of C¢H;,N, were weighed and fully dissolved in a Teflon
autoclave with 45 mL of ethanol solution, and stirred for 2 h.
After reaction for 12 h at 120 °C, a brown product (NiFe LDH)
was obtained by centrifugation with ethanol and dried at 60 °C
all night.

2.2 Synthesis of Fe,P/Ni,P

The as-prepared NiFe LDH precursors, a small amount of hex-
abromobenzene (HBB) and 300 mg of NaH,PO,-H,0 were
placed in three separate positions in a ceramic boat inside
a tube furnace, where NaH,PO,-H,0O was at the midstream of
the gas flow, NiFe LDH was placed on the downstream side, and
one piece of HBB flake (pressurized at 14 MPa at room
temperature) was located upstream. Then the temperature was
raised to 350 °C for 2 h. After cooling down to room tempera-
ture, a black product consisting of thick Fe,P/Ni,P nanosheets
was obtained. For the synthesis of Fe,P/NisP,, the same
synthetic method was adopted as for the Fe,P/Ni,P sample
without the addition of HBB flake.
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2.3 Material characterizations and electrochemical methods

The material characterizations and electrochemical methods
are documented in detail in the ESL.}

3. Results and discussion
3.1 Material synthesis and characterization

In general, thermodynamic stability can be altered when
materials are doped with heteroatoms. Bromine, being more
electronegative than phosphorus, was chosen as a candidate to
induce the formation of a P-poor phase. The relatively large size
of Br favors the creation of phosphorus vacancies due to the
strain field it generates.'>*® As schematically illustrated in Fig. 1,
an Fe,P/Ni,P catalyst could be successfully synthesized by a two-
step route. Firstly, NiFe LDH nanosheets with a large surface
area were obtained via an appropriate solvothermal pathway.
Next, the NiFe LDH was completely transformed into Fe,P/NisP,
(the ratio of P/Ni = 0.8) via a thermal phosphorization process
at 350 °C. However, Fe,P/NisP, adopts the bulk nanosheet
structure, which may be attributed to the introduction of
molten NaH,PO, salt gas with high viscosity, causing the NiFe
LDH to agglomerate easily. In addition, during the process of
synthesizing Fe,P/Ni,P, a small amount of Br atoms and more P
atoms first form an Fe,P/Nis;P,Br,_, intermediate. Subse-
quently, the remaining P atoms struggle with Br and consume
each other. Eventually Br atoms are completely replaced by P
atoms, causing a partial phase transition, thus forming a P-
poor-phase Fe,P/Ni,P (P/Ni = 0.5) catalyst.

The morphology of the as-prepared catalysts was character-
ized via scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). As illustrated in Fig. 2a and S1,} the
NiFe LDH exhibits a nanosheet morphology. After being sub-
jected to a phosphorylation process, both with and without Br
atoms, the synthesized Fe,P/Ni,P and Fe,P/NisP, catalysts
display a bulk nanosheet structure, attributed to the introduc-
tion of molten NaH,PO, salt gas with high viscosity, causing the
NiFe LDH to agglomerate easily (Fig. 2b and c). Moreover, the
high-resolution TEM (HRTEM) images in Fig. 2d-f and S2a-cf
show that both Fe,P/Ni,P and Fe,P/NisP, contain common clear
lattice fringes with an approximate spacing of 0.17 nm (Fig. 2e,
e-1, S2¢ and c-11) that are indexed to the (300) crystal plane of
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Fig.1 Schematic illustration of the formation of Fe,P/NisP4 and Fe,P/
Ni,P.
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Fig. 2 TEM images of (a) NiFe LDH, (b) Fe,P/Ni>P and (c) Fe,P/Ni,P.
(d—f) High-resolution TEM images of Fe,P/NiyP, integrated pixel
intensities (e-1 and f-1) of Fe,P and Ni,P (taken from the green dotted
rectangles in (e) and (f)). (g) SAED pattern of Fe,P/Ni,P. (h) Elemental
mapping images of Fe,P/Ni,P.

Fe,P. While, two clear lattice fringes with approximate spacings
of 0.2 (Fig. 2f and f-1) and 0.22 nm (Fig. S2b and b-1}) are
indexed to the (201) and (210) crystal planes of Ni,P and NisP, in
the Fe,P/Ni,P and Fe,P/NisP, catalysts, respectively, confirming
the successful fabrication of the Fe,P/Ni,P and Fe,P/NisP,
structures.”** These results can be further confirmed via
selected area electron diffraction (SAED) patterns (Fig. 2g and
S2dt). Moreover, the EDS analysis of the as-synthesized Fe,P/
Ni,P proved that Ni, Fe, and P were the main elemental
components with Ni:Fe:P:Br mass ratios of 1:1.04:2.73:
0 (Fig. S3t), which may be ascribed to a small amount of Br
atoms and more P atoms first forming an Fe,P/NisP,Br, ,
intermediate, and the remaining P atoms struggle with Br
atoms and consume each other. Eventually, the Br is replaced by
P, causing a phase transition. This result strongly proves that
the Br atoms play a brief intervention role in synthesizing Fe,P/
Ni,P. The element mapping images of the Fe,P/Ni,P and Fe,P/
NisP, catalysts also confirmed the uniform dispersion of the
elements of Fe, Ni and P (Fig. 2h and S2ff).

To verify this portion-limited phase-transition mechanism,
X-ray diffraction (XRD) patterns of NiFe LDH, Fe,P/NisP, and
Fe,P/Ni,P were recorded first. As shown in Fig. S4,1 four
prominent peaks can be observed at approximately 33.5°, 34.4°,
59.9° 61.3°, attributed to the (110), (012), (101) and (113) crystal
planes of NiFe LDH (JCPDS no. 40-0215), respectively.>” Notably,
the peaks located at 40.3°, 44.2°, 47.3°, 54.1° and 54.6°
belonging to the (111), (201), (210), (300) and (211) crystal pla-
nesof Fe,P (JCPDS no. 51-0943), respecitvely, which can be
observed in both Fe,P/NisP, and Fe,P/Ni,P samples,”® while
peaks located at approximately 31.5°, 36.1°, 40.6°, 41.4°, 43.9°,
45.1°, 47.8°, 53.9° and 56.4° belong to the (201), (104), (210),
(211), (212), (204), (213), (220) and (310) crystalline planes of
NisP, (JCPDS no. 18-0883), respectively.>® However, after a brief
intervention by the Br atoms, the Nis;P, phase disappears and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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new peaks located at 40.8°, 44.6°, 47.3°, 54.2°, 54.9° and 74.7°
correspondly ascribed to the (111) (201), (210), (300), (211) and
(400) crystal planes of Ni,P (JCPDS no. 03-0953) can be found
(Fig. 3a).” The above results confirm the successful synthesis of
Fe,P/NisP, and Fe,P/Ni,P, and also strongly verify the phase
transition from NisP, to Ni,P. Moreover, to reveal the structural
characteristics and bonding properties of Fe,P/NisP, and Fe,P/
Ni,P, the Fourier transform infrared (FT-IR) spectra were
measured. As illustrated in Fig. 3b, two dominant absorption
bands of M-P at 920 and 1024 cm ™' can be observed, and one
broad band at 551 cm ™" is ascribed to bending vibration of the
vy (O-P-O) bond.*®*° Furthermore, to reveal the role of the
portion-limited phase transition in tuning the electronic
structure, electron paramagnetic resonance (EPR) spectra of
Fe,P/NisP, and Fe,P/Ni,P were documented (Fig. 3c). The rela-
tively large size of Br favors the formation of abundant P
vacancies due to the strain field. Fe,P/Ni,P displays a pair of
prominent signals, suggesting the existence of abundant
unpaired electrons derived from dangling bonds in the portion-
limited phase-transition structure compared with Fe,P/NisP,,
also confirming that it may form an Fe,P/NisP,Br,_, interme-
diate first and then phase change into Fe,P/Ni,P, or directly
form Fe,P/Ni,PBr,_, and Fe,P/NisP,Br,_,. However, the XRD
proves the phase transition from NisP, to Ni,P, and EDS
demonstrates that there are no Br atoms. Thus, it is directly
proved that Fe,P/Nis;P,Br, , is formed first and then converted
into Fe,P/Ni,P, instead of directly forming Fe,P/Ni,PBr;_, and
Fe,P/NisP,Br, ,."*?**" In fact, numerous dangling bonds offer
more accessible active sites for electrochemical water split-
ting.*> Accordingly, X-ray photoelectron spectroscopy (XPS) was
employed to reveal the chemical composition and bonding
configuration of Fe,P/NisP, and Fe,P/Ni,P. The XPS full spectra
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Fig. 3 (a) XRD patterns of Fe,P/NisP4 and Fe,P/Ni,P. (b) FT-IR spectra
of Fe,P/NisP and Fe,P/Ni,P. (c) EPR spectra of Fe,P/NisP and Fe,P/
Ni>P. High-resolution XPS spectra of (d) Fe 2p, (e) Ni 2p and (f) P 2p in
Fe,P/NisP4 and Fe,P/NiyP. (g) UPS spectra of NisP,4, Fe,P and NiyP. (h)
Energy-band alignment diagram of NisP4 and Ni,P with respect to
Fe,P. (i) Schematic diagram of the BEF based on the interfaces
between Fe,P and Ni»P.
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(Fig. S5at) reveal the coexistence of Fe, Ni and P elements,
which correspond to the above elemental mapping.** As shown
in the high-resolution Fe 2p spectrum (Fig. 3d), for Fe,P/Ni,P,
the prominent peak at 705.9 eV belongs to Fe-P, while three
peak doublets located at (710.6 and 723.5 €V), (713.2 and 726.7
eV), and (717.2 and 730.6 eV), consistent with Fe*", Fe**, and
satellite signals, respectively. The peaks of Fe 2p display a slight
positive shift compared with Fe,P/NisP,, demonstrating greater
electron transfer from Fe to the P atom.** Likewise, three pairs
of peaks corresponding to satellite peaks (861.1, 879.9 eV), Ni-O
(855.9, 874.3 eV), and Ni-P (852.7, 870.1 eV) are also observed in
the high-resolution Ni 2p spectra (Fig. 3e), which exhibit
a remarkable positive shift (about 1.0 eV), implying a reduction
in charge density around the metal atom.'®* Meanwhile, for P 2p
orbitals, the peaks located at 129.1, 130.0 and 133.6 eV in Fig. 3f
are ascribed to P 2p;z., P 2py, and the P-O bonding state,
respectively.®® Compared with Fe,P/NisP,, the peaks of Fe,P/
Ni,P exhibit a slight negative shift (about 0.42 eV), indicating
more accumulated electrons on P due to the Br and P
consuming each other and thus introducing abundant P
vacancies.*® These shifts confirm the abundant electron transfer
from the Ni atom to the P atom compared with the Fe atom. In
order to balance the charge, the Fe atom spontaneously trans-
fers partial electrons to the Ni atom, which further confirms the
electron transfers from Fe,P to Ni,P, thus signifying the
formation of a BEF with electron-rich Ni atoms and electron-
poor Fe atoms, optimizing the adsorption energy of the inter-
mediate in the water-splitting process.

Generally, the charge transfer direction is closely correlated
with the difference A¢® in the semiconductor hetero-
structure.*”*® Ultraviolet photoelectron spectroscopy (UPS) was
undertaken to analyze the values for Fe,P, NisP, and Ni,P. As
illustrated in Fig. 3g and Table S1,f the @ value of Ni,P is
increased by 0.8 eV compared with NisP,, suggesting that a brief
intervention by the Br atom can decrease the Fermi level.
Accordingly, the measured ¢ values of NisP,, Fe,P and Ni,P are
5.92, 6.22, and 6.72 eV, respectively (Fig. 3h). Compared with
a relatively small A® of 0.3 eV at the Fe,P/Nis;P, heterogeneous
interface, the Fe,P/Ni,P interface possesses a relatively large AP
of 0.5 eV. Moreover, the Mott-Schottky (M-S) plots of NisP,,
Fe,P and Ni,P were calculated to construct energy diagrams. As
shown in Fig. S5b-d,T NisP,, Fe,P and Ni,P possess a positive
slope, indicating that these catalysts are n-type semiconductors,
and the flat band potentials (Egg) of NisP,, Fe,P and Ni,P can be
tested to be 0.64, 0.59 and 0.66 (vs. Hg/HgO), respectively; thus,
the conduction band potential (Ecg) values of NisP,, Fe,P and
Ni,P can be calculated as 0.64, 0.59 and 0.66 V vs. NHE (Expg =
Engiigo + 0.098 V).*** Furthermore, the valence band (Evg)
maximum values were measured as 3.96, 2.47 and 3.67 eV for
Ni;P,, Fe,P and Ni,P, respectively. Therefore, the band gap (E,)
values of NisP,, Fe,P and Ni,P were calculated as 3.32 eV,
1.88 eV and 1.5 eV by using the formula: Eyg = Ecg + E; the
smaller E, of Ni,P (1.5 eV) confirms the faster charger transfer
across the Fermi level.** Based on the above results, the inter-
facial electronic structure in the Fe,P/Ni,P heterojunction can
be modified, and the large discrepancy in @ forms an n-n het-
erojunction, where A® would drive the charge migration from
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high level to low until the heterojunction interface recovers
balance.*” Therefore, the charge in Fe,P will flow into Ni,P,
forming a positively charged donor. Concurrently, a BEF is
formed with the orientation pointing from Fe,P to Ni,P (Fig. 3i).
Generally, the largest A® indicates the presence of the strongest
BEF between the two semiconductors. A BEF with electron flow
in a single direction can effectively adjust the charge redistri-
bution and can concurrently induce an electron-rich Ni,P zone
and an electron-poor Fe,P zone, thus promoting the adsorption
process for intermediates and PO,>~ .43

3.2 OER and HER in freshwater

The electrochemical performance of the as-prepared catalysts
was documented by a standard three-electrode system in 1 M
KOH solution. For comparison, RuO, and Pt/C catalysts were
employed as reference HER and OER catalysts, respectively.
Linear sweep voltammetry (LSV) curves in Fig. 4a show that the
Fe,P/Ni,P catalyst displays superior electrocatalytic perfor-
mance for OER and HER compared with Fe,P/NisP, and NiFe
LDH. Concretely, it requires ultra-small overpotentials of 196
and 224 mV to achieve 7,, and 7,, for OER (Fig. 4b), which are
superior to those of Fe,P/NisP, (237 and 258 mV), NiFe LDH
(272 and 307 mV), and RuO, (327 and 389 mV). Additionally,
Fe,P/Ni,P shows the highest HER activity, requiring over-
potentials of only 108 and 151 mV to attain 7, and 7y, also
being superior to Fe,P/NisP, (204 and 250 mV) and NiFe LDH
(422 and 475 mV). These results confirm that the introduction
of Br induces a phase change and constructs a stronger BEF due
to the larger A®. This, in turn, substantially enhances the OER
and HER activities,** also outperforming the majority of re-
ported electrocatalysts (Tables S2 and S3+t). The Tafel slope is
usually used to reveal OER and HER kinetics, and a low Tafel
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Fig.4 (a) Electrocatalytic OER and HER performance of Fe,P/Ni,P and

the references in 1.0 M KOH solution. (b) Overpotentials of as-
prepared samples at 10 and 20 mA cm ™2 for OER and HER. (c and d)
Corresponding Tafel plots of Fe,P/Ni,P for OER and HER. (f) Polari-
zation curves for OER and HER after 1000 cycles. (e and g) Chro-
nopotentiometric (CP) curves and multi-step chronopotentiometry
tests results of Fe,P/Ni,P for OER and HER.
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slope means favorable reaction kinetics. As shown in Fig. 4c and
d, the Tafel slopes of the Fe,P/Ni,P catalyst are determined to be
89.1 and 121.5 mV dec™ " for OER and HER, respectively, which
are smaller than those of Fe,P/NisP, (91.2 and 134.4 mV dec ™)
and NiFe LDH (96.3 and 148.1 mV dec™ "), indicating a Volmer-
Heyrovsky water-splitting procedure. Moreover, the electro-
chemically active surface area (ECSA) was probed by using
double-layer capacitance (Cyq;) to understand the surface prop-
erties of the samples. Fig. S6 and S71 show that the Cq, for Fe,P/
NisP,-Ov are calculated to be 1.0 and 13.9 mF cm ™2 for OER and
HER, respectively, suggesting a greater electrochemically active
surface area. Furthermore, the electrochemical stability of Fe,P/
Ni,P for OER and HER was assessed via a cyclic voltammetry
(CV) test. The LSV curve of Fe,P/Ni,P after 1000 CV cycles
coincides well with the initial curve, indicating its outstanding
cyclability (Fig. 4f). To estimate the intrinsic OER and HER
activity, Fig. S8 documents the turnover frequency (TOF) values
of Fe,P/Ni,P and referenced samples, where Fe,P/Ni,P demon-
strates higher TOF values for OER (0.029 s~ ') and HER (0.195
s 1.6 The superb long-term stability was evaluated using
chronoamperometry measurements, in which the electro-
chemical OER and HER activities of Fe,P/Ni,P were conducted
smoothly for more than 135 h without a remarkable change
(Fig. 4e and g), demonstrating its high stability and good
corrosion resistance properties in anodic and cathodic condi-
tions. Multi-current curves of Fe,P/Ni,P were tested by changing
the current density from 10 to 50 mA cm > for OER and from
—10 to —50 mA cm ? for HER per 1000 s. The high mass
transport capability and stability can be further confirmed by
the instantaneous potential response of each step when
different currents are applied, suggesting the superb durability
and fast charge/mass transport in the Fe,P/Ni,P sample.

3.3 OER and HER in alkaline seawater

With the shortage of fresh water resources in the world,
seawater electrolysis and sustainable hydrogen energy have
attracted increasing attention. One of the dominant challenges
in seawater splitting is the chlorine evolution reaction (CER) on
the anode, which is driven by the existence of Cl™ ions. This
reaction competes with the OER and leads to the formation of
insoluble precipitates, such as calcium hydroxide, on the cata-
lyst surface.”® To verify the selective inhibition of CER and
shielding from impurities in seawater, the OER and HER
performance of the samples were also measured in alkaline
seawater solution. As shown in Fig. 5a-d, the Fe,P/Ni,P catalyst
requires a smaller OER 7, of only 229 mV with faster kinetics of
55.1 mV dec* compared to Fe,P/NisP, (260 mV, 60.0 mV
dec ™), NiFe LDH (277 mV, 62.0 mV dec ') and RuO, (345 mV,
134.6 mV dec™ '), outperforming some reported electrocatalysts
(Table S61). The activity of Fe,P/Ni,P is almost unaffected
compared with freshwater due to the construction of a stronger
BEF and the appearance of the surface of PO,*~ that effectively
suppresses Cl~ oxidation, indicating its highly selective inhi-
bition and shielding from impurities.* In addition, Fe,P/Ni,P
exhibits better HER activity, which requires overpotentials of
only 203 and 247 mV to attain 1, and 75, respectively, smaller
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Fig.5 (a) Electrocatalytic OER and HER performance of Fe,P/Ni,P and
references in alkaline seawater solution. (b) Overpotential of the as-
prepared samples at 10 and 20 mA cm™~2 for OER and HER. (c and d)
Corresponding Tafel plots of Fe,P/Ni,P for OER and HER. (f) Polari-
zation curves for OER and HER after 1000 cycles. (e and g) CP curves
and multi-step chronopotentiometry tests results of Fe,P/Ni,P for
OER and HER.

than those of Fe,P/NisP, (293 and 339 mV), and NiFe LDH (448
and 496 mV). Fig. 5d demonstrates that the Tafel slop of Fe,P/
Ni,P is 127 mV dec™?, which is lower than that of other as-
prepared samples, indicating faster kinetics for HER. Fe,P/
Ni,P displays apparent Cyq, values of 0.71 and 13.4 mF cm > for
OER and HER beyond those of Fe,P/NisP, (0.29 and 6.2 mF
cm %) and NiFe LDH (0.48 and 1.5 mF cm™ %), which can be
ascribed to the abundant exposed active sites of the nanosheets
(Fig. S9 and S107). The TOF values of Fe,P/Ni,P, Fe,P/NisP, and
NiFe LDH follow the same trend as the apparent electro-
chemical activities in alkaline seawater solution (Fig. S117).
Furthermore, the cycling stability of the Fe,P/Ni,P sample was
further evaluated through continuous CV test, in which the LSV
curves after 1000 cycles almost coincide with the initial curve,
indicating its remarkable cyclability. Additionally, as shown in
Fig. 5e and g, the CP test demonstrates that Fe,P/Ni,P main-
tains stable operation without remarkable current degradation
for 70 and 140 h for OER and HER. The figures also display
consecutive multi-step CP tests for Fe,P/Ni,P, where the instant
response in potential almost remains steady at each step. These
results confirm that Fe,P/Ni,P exhibits exceptional OER/HER
performance and enduring stability in harsh conditions. This
is ascribed to the stronger BEF, and the existence of negatively
charged anionic (PO,*>7) layers that can repel Cl~ and thus
protect the electrode from corrosion.

3.4 Mechanism discussion

Operando electrochemical impedance spectroscopy (EIS) was
documented to gain a better understanding of the OER kinetics
in the different catalyst surfaces.” As illustrated in Fig. 6a and d,
the Nyquist plots of Fe,P/Ni,P and Fe,P/NisP, under different
applied potentials obtained, indicating

were various

Chem. Sci., 2025, 16, 329-337 | 333


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06673a

Open Access Article. Published on 27 November 2024. Downloaded on 2/7/2026 6:43:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

v c CPE, R,
a5y ; —ljmz/—\_‘—“\‘ —
, | bt R,

0 o H

Surface Oidation 3" 2

N ] N,

oer
R, JActive -

=5

[

g
eV
Low frequency_High frequency

1 2 3 4
Log [frequency (Hz)]

Fo PP,

v

¢ sutce ignioh s 4

oeR \

st LY ———
Low frequency High frequency . e

0 40 80 -1 L 1 2 3 4
z(@) Log [frequency (Hz)]

120 160 200 12 13 14 15 16

Potential (V vs.RHE)
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Fezp/Ni5P4.

electrochemical reaction properties. The equivalent circuits of
two continuous electrochemical processes were employed for
data fitting (Fig. 6¢), and the best fitting parameters are shown
in Tables S4 and S5.f The high-frequency (HF) region is
considered to be the oxidation processes occurring within the
electrode, whereas the low-frequency (LF) region is concerned
with the asymmetric distribution of interface charges caused by
the oxidized materials (Fig. 6b and e).'® R, and R, embody the
oxidation resistance of the catalysts under electrochemical
operation in the HF and LF zones, respectively. When the
potential shifts from 1.2 to 1.6 V vs. RHE, after 1.4 V (Fe,P/Ni,P)
and 1.45 V (Fe,P/NisP,) in the HF region, the catalyst recon-
struction concludes, R; becomes remarkably smaller and the
OER occurs in the LF interface, indicating that Fe,P/NisP,
undergoes a severe surface electrooxidation process. Moreover,
the phase angle of the LF region symbolizing the OER decreases
earlier for Fe,P/Ni,P (at 1.35 V) than for Fe,P/NisP, (at 1.4 V),
suggesting that Fe,P/Ni,P is more susceptible to polarization.
The changes in R, and R, with potentials in Fig. 6f indicate that
Fe,P/Ni,P undergoes an accelerated rate of electrooxidation
compared with Fe,P/NisP,, and the OER process is faster.”**
In situ Raman techniques were conducted to explore the
origin of the activity enhancement of the as-prepared black
products of Fe,P/NisP, and Fe,P/Ni,P catalysts (Fig. 7a and b).
As shown in Fig. 7c-f, the spectra of Fe,P/NisP, and Fe,P/Ni,P
exhibit a prominent pair of peaks at 476 cm * (eg bending
vibration) and 554 em™' (A,, Ni'"-O stretching vibration) cor-
responding to characteristic peaks in the OER-active phase of y-
NiOOH that appear at potentials of 1.5 and 1.4 V vs. RHE,
respectively. No characteristic peaks assigned to FeOOH appeatr,
suggesting Ni,P undergoes a surface reconstruction process and
is transformed into the Ni-OOH active species during the OER
test, while Fe,P is still robust (white/black dotted oval frame in
Fig. 7c¢).>* Moreover, a weak band located in the range of 1000-
1100 cm ™! can be observed in Fe,P/Ni,P, which can be ascribed
to PO,>".%° The fitted band intensities of Fe,P/Ni,P are stronger
than those of Fe,P/Nis;P, (Fig. 7d), implying an accelerated
partial phase transformation to disordered NiOOH. Further-
more, FT-IR spectra of Fe,P/Ni,P were recorded to further
confirm the phase transition before and after the OER test.
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Fig. 7 (a) Schematic diagram of the possible evolution of catalyst. (b)

The in situ Raman measurement device. (c) The image of Fe,P/Ni,P in
the in situ Raman test process. (d and e) In situ Raman spectra of Fe,P/
NisP4 and Fe,P/Ni,P with different operating potentials (vs. RHE). (f)
Comparison of the ratios of band intensity (/476//554). (g) FT-IR spectra
of Fe,P/Ni,P before and after test.

Fig. 7g shows that the dominant absorption bands belonging to
M-P and v, (O-P-O) become weaker after OER operation. Three
new absorption peaks appear at 630 cm™* (Ni~O-H), 1150 cm ™
(PO4*7) and 1230 cm ™' (NiOOH) after the reaction.”>*® These
above results suggest that Fe,P/Ni,P will interact with OH™ to
form Fe,P/Ni(OH), first, and will then be further oxidized and
evolve to Fe,P/NiOOH during the OER process (Fe,P/Ni(OH), +
OH™ — Fe,P/NiOOH + H,0 + e"). The in situ Raman and FT-IR
confirm the existence of NiOOH and the formation and
adsorption of PO,*>~ on the electrode surface, where the nega-
tively charged PO,>" layer can protect the active species NIOOH
from corrosion by repulsing Cl~ (Fig. 7a).” After the OER test,
Fe,P/Ni,P shows negligible change in the XRD pattern, except
that the peak intensity becomes weaker than that before the
test, indicating that the electrode undergoes surface recon-
struction and partial transformation into the corresponding
amorphous NiOOH (Fig. S127). It is particularly important to
note that Fe,P/NisP, displays a potential loss of 42 mV, whereas
the loss of activity of Fe,P/Ni,P can be ignored under 50
mA cm ™2 for 30 h, showing that the PO,>~ of the electrode
surface plays a crucial role in maintaining OER active sites
(Fig. S1371). In addition, partial Fe elements were dissolved from
Fe,P/Ni,P in the initial period of the stability test (from 0 to 20
h), but the loss of Fe element had not remarkably increased
after 20 h, showing that Fe leaching had increasingly stopped,
attaining a dynamic balance process. However, the Ni element
could not be detected in seawater electrolyte after 30 h of
continuous operation, confirming that the formed negatively
charged PO,>" layer at the electrode surface can protect the
NiOOH active species from corrosion and dissolution by
repulsing Cl~ ions (Fig. S147). Fe,P/NisP, shows a negative zeta

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential (—17.86 eV), while Fe,P/Ni,P exhibits higher surface
electronegativity (—18.93 eV), indicating the adsorption of
a PO, protective layer on the surface of catalyst (Fig. S157).
Furthermore, the active chlorine concentration in alkaline
seawater solution was investigated and detected using the
colorimetric method and UV/Vis spectroscopy (Fig. S16-S187).
The hypochlorite content did not increase after 30 h of CP
testing, suggesting that the Cl™ evolution was significantly
inhibited.*® Corrosion polarization plots (Fig. S191) demon-
strate a higher potential and a smaller j for Fe,P/Ni,P than for
Fe,P/NisP,, indicating that Fe,P/Ni,P with the strongest BEF
can facilitate the adsorption of intermediates, thus showing
stronger resistance against chloride corrosion.” As a result, the
Fe,P/NisP, catalysts with weaker BEF dissolve successively,
while Fe,P/Ni,P is very robust (Fig. S207).

To emphasize the tremendous potential of Fe,P/Ni,P for
practical application, a lab-scale AEMWE device was built
(Fig. 8a). The overall water-splitting (OWS) performance of the
Fe,P/Ni,P catalyst in the AEMWE system was documented using
LSV in 1 M KOH electrolyte. As shown in Fig. 8b, the Fe,P/Ni,P
catalyst requires only a voltage of 1.63 V to achieve 7,4, which is
superior to other recently reported bifunctional electrocatalysts
(Fig. 8c and Table S7t). Moreover, in Fig. 8d, the Fe,P/Ni,P
catalyst demonstrates good stability over 80 h in the AEMWE
system, indicating highly promising potential for practical
application. Previous tests have demonstrated that the Fe,P/
Ni,P catalyst exhibits excellent activity in alkaline HER, OER,
and OWS, suggesting the superior all-around catalytic activity of
the target catalyst. The mechanisms of improved OER and HER
performance for Fe,P/Ni,P can be summarized, as schemati-
cally illustrated in Fig. 8e. The large A® will drive spontaneous
electron transfer from Fe,P to Ni,P in heterogeneous Fe,P/Ni,P,
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Fig. 8 (a) The AEMWE device. (b) Polarization curves of AEM water
electrolyzer with Fe,P/NiyP. (c) Comparison of Fe,P/NiP with re-
ported bifunctional electrocatalysts at 10 mA cm™2. (d) Stability of
Fe,P/Ni P//Fe,P/NioP at 10 mA cm™2 in AEMWE. (e) Schematic illus-
tration of OER and HER mechanisms for Fe,P/Ni,P bifunctional
electrocatalyst.
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and concurrently a strong interfacial BEF with an asymmetric
charge distribution is constructed.*”** During the water-
splitting process, water molecules are first adsorbed on the
catalyst surface and dissociated into intermediates (Volmer
step). The negative-charge-rich Ni,P region prefers to absorb
hydrogen intermediates, and subsequently generates hydrogen
molecules by combining with two electrons. Meanwhile, the
oxygen species are attracted by the positive-charge-enriched
Ni,P side for catalyzing OER, which facilitates the shedding of
hydrogen protons by decreasing the free energy in Fe,P/Ni,P.
Therefore, significant bifunctionality for OWS activity is devel-
oped. For comparison, the adsorption of hydrogen protons by
Ni,P and Fe,P is either too strong or too weak for HER, while the
high energy barrier for the shedding of hydrogen protons for
OER is attributed to the conventional charge distribution.

4. Conclusions

We have exquisitely designed and manipulated a Br-induced
partial in situ phase transition from Fe,P/NisP, to Fe,P/Ni,P
under the phosphorization process, which leads to a strong BEF
due to the large A® difference. As a result, the Fe,P/Ni,P catalyst
demonstrates remarkable OER and HER activity with low
overpotentials of 196, 108 mV for freshwater and 229, 203 mV
for seawater, respectively. Experiments and in situ/ex situ spec-
troscopic investigations confirm that the enhanced BEF plays
an important role in subtly engineering absorption strength for
reaction intermediates and phosphate intermediates due to an
asymmetric charge distribution at the Fe,P/Ni,P interface. In
particular, the existence of high-valence NiOOH and the co-
existence of adsorbed PO,*>~ at the electrode surface confirm
that the negatively charged PO,*>~ layer can protect the NIOOH
active species from corrosion by repulsing Cl™. Moreover, Fe,P/
Ni,P also exhibits a low cell voltage for an AEMWE system. This
work paves the way for synthesizing bifunctional seawater/
water-splitting electrocatalysts by exquisitely designing and
modulating the interfacial BEF.
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