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bifunctional high-entropy phosphide for overall
seawater splitting at industrial-level current density
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Seawater electrolysis is considered as a promising pathway to substitute freshwater electrolysis for large-scale

sustainable and clean hydrogen production. However, conventional electrocatalyst materials often suffer from

severe corrosion and performance degradation in high-salinity environments mainly due to the presence of

aggressive chloride ions. Besides, the chloride ion-induced competitive anodic chlorine evolution reaction also

needs to be avoided since it can lead to low electrolysis efficiency. The application of high-entropy materials

(HEMs) offers a potential solution to these challenges. The unique compositional complexity endows HEMs

with remarkable properties including significantly enhanced resistance to corrosion and improved catalytic

activity, allowing them to exhibit excellent stability and efficiency in the seawater electrolysis process. Herein, a

metal–organic framework-derived high-entropy NiCoFeMnCu phosphide/carbon ((NiCoFeMnCu)2P/C) com-

posite with a three-dimensional structure was in situ prepared on a nickel foam (NF) substrate for achieving

highly active and stable seawater splitting. As a result, the ultralow overpotentials of 88/195 mV (hydrogen evol-

ution reaction (HER)/oxygen evolution reaction (OER)) in alkaline freshwater and 100/223 mV (HER/OER) in

alkaline seawater at 10 mA cm−2 were obtained, revealing its exceptional bifunctional performances.

Furthermore, a two-electrode electrolyzer assembled by using (NiCoFeMnCu)2P/C/NF demonstrated continu-

ous stable operation for 480 h at an industrial-level current density (1 A cm−2) without obvious activity decay,

and almost no hypochlorite species were detected in the alkaline seawater electrolyte, confirming its robust

chloride resistance and high selectivity. Therefore, this (NiCoFeMnCu)2P/C electrocatalyst should be a promis-

ing bifunctional electrocatalyst for overall seawater splitting.

Green foundation
1. This work directly leverages abundant seawater as sustainable feedstock for sustainable green hydrogen production, avoiding freshwater consumption and
geographical limitations.
2. The MOF-derived high-entropy (NiCoFeMnCu)2P/C catalyst uniquely integrates multi-metal synergy for intrinsic activity, a protective conductive carbon matrix inhi-
biting chloride penetration and enhancing charge transfer as well as in situ reconstructed MOOH layers acting as active sites and providing a corrosion-resistant
shield. This synergy critically reconciles activity–selectivity–stability trade-offs, minimizing undesirable hypochlorite production and catalyst degradation.
3. Future research will be dedicated to (i) further improving cathodic HER performance, (ii) deeper exploration of the reaction mechanism, and (iii) employ-
ing neutral seawater as the electrolyte to investigate its electrolysis performance for reducing the need for additional strong alkali, thus making the process
more environmentally friendly and economically viable.
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Introduction

Water electrolysis powered by renewable electricity stands as
the most attractive and extensively studied zero-carbon hydro-
gen production pathway.1–4 However, conventional freshwater
electrolysis suffers from severe scalability constraints due to
dwindling freshwater resources.5,6 In comparison, the ocean
covers approximately 71% of the Earth’s surface and is the
largest source of hydrogen on the planet.7 Leveraging Earth’s
rich seawater reserves to achieve direct seawater splitting for
hydrogen generation offers an abundant and sustainable
alternative.8,9 Nevertheless, the complex composition of
natural seawater, which contains not only corrosive chloride
ions (Cl−, ≈0.5 M) but also dissolved impurities (e.g., Ca2+ and
Mg2+), imposes multifaceted challenges for electrocatalyst
design under practical operational conditions.10 These com-
ponents trigger three primary degradation pathways: (i) chlor-
ide-induced corrosion leading to metal dissolution that accel-
erates catalytic activity degradation; (ii) undesired reaction
dominance, particularly the chloride evolution reaction (CER,
Cl− + 2OH− → ClO− + H2O + 2e−), which kinetically competes
with the oxygen evolution reaction (OER) due to a potential
difference of only about 480 mV, reducing faradaic efficiency
(FE); and (iii) catalyst deactivation through the formation of in-
soluble precipitates (Mg(OH)2 and Ca(OH)2), which block
active sites and increase ohmic resistance.11,12

Correspondingly, realizing practical seawater electrolysis
demands electrocatalysts engineered with triple functionality
including corrosion resistance, abundant reactive sites and
selective ion oxidation.

Recent research highlights high-entropy materials (HEMs)
as a paradigm-shifting design strategy for electrocatalysts in
the field of energy storage and conversion.13,14 The high-
entropy configuration endows catalysts with two critical pro-
perties crucial for seawater electrolysis. The first is enhanced
structural stability via the sluggish diffusion effect.
Specifically, the multi-principal-element composition induces
a complex and varied atomic environment, significantly
increasing energy barriers for elemental diffusion and degra-
dation. This effect stabilizes the catalyst against dissolution,
agglomeration, and chloride corrosion, which is conducive to
long-term operation in seawater electrolyte.15,16 Second, the
multi-principal-element composition can achieve synergistic
modulation of the electronic structure to accelerate reaction
kinetics. The complex chemical environment created by the
mixing of multiple elements allows fine-tuning of the elec-
tronic structure of active sites, potentially optimizing the
adsorption/desorption behavior of reaction intermediates.17,18

Such properties ideally align with the operational demands of
seawater electrolysis catalysts. Despite these merits, synthesiz-
ing HEMs with precise compositional control and high surface
area remains challenging.

Metal–organic frameworks (MOFs) usually exhibit high
specific surface areas, tunable porosity, and abundant active
sites that offer ideal sacrificial templates to engineer high-
entropy derivatives while preserving structural advantages.19

Furthermore, pyrolysis of MOFs often generates a carbon layer
on their surfaces,20 which not only enhances conductivity but
also acts as a protective layer against chloride corrosion in
aggressive seawater electrolyte. In particular, it is reported that
MOF-derived transition metal phosphides (TMPs) could serve
as promising bifunctional electrocatalysts while synergistically
integrating enhanced electrical conductivity with accelerated
charge transfer.21,22 Moreover, the P atom with a negative
charge always serves as a proton acceptor and plays a signifi-
cant role in weakening the metal–hydride bond strength.23,24

Therefore, in contrast to pure metals with considerably strong
adsorption, the moderate bonding between P and the reaction
intermediates is more conducive to hydrogen desorption.25

Indeed, using MOFs as precursors also enables the synthesis
of compounds such as transition metal oxides (TMOs), sul-
fides (TMSs), and nitrides (TMNs), which often possess their
own respective catalytic advantages.26,27 The persistent prefer-
ence for TMPs can be primarily explained as follows. First,
TMPs often exhibit metal-like physicochemical properties with
high electrical conductivity, thus demonstrating excellent cata-
lytic activity.28 Although TMOs generally possess very good
stability, they often suffer from poor electrical conductivity and
low intrinsic activity.29 Second, introducing P element can sig-
nificantly improve the stability of transition metal-based elec-
trocatalysts and reduce metal dissolution thermodynamically,
which is due to the strong covalent M–P bonding that prevents
sample degradation.30,31 Meanwhile, TMSs and TMNs are
often hampered by poor stability although they frequently
demonstrate considerable catalytic activity.32,33 In addition,
Bodhankar et al.34 summarized that, although TMPs do not
exhibit top-tier performance in any single catalytic metric, they
demonstrate a balanced and competitive performance across
all key indicators with no significant weaknesses, making
them the most versatile and ideal candidate materials.

For the design of high-entropy catalysts, element selection is
a crucial step. Compared with other transition metal elements,
Ni and Co possess many advantages such as good conductivity,
abundant active sites, high active surface area and low cost that
make them ideal electrocatalysts for water splitting, typically
exhibiting excellent electrocatalytic activity.35,36 Therefore, these
two elements can be initially selected as the foundational com-
ponents for constructing high-entropy materials. Fe is a well-
known electronic structure modulator for Ni/Co-based catalysts.
Its incorporation can optimize the adsorption energy of oxygen
intermediates (e.g., *O and *OH), thereby enhancing OER kine-
tics.37 Mn is a transition metal element that can exist in multiple
stable valence states, such as +4, +3, and even +2, in compounds;
therefore, it can effectively modulate the electronic structure.38,39

Additionally, it has been reported that Mn can enhance the cata-
lyst’s selectivity toward OH− and improve the catalyst’s corrosion
resistance in seawater electrolyte.40 Cu is always selected mainly
for its good electrical conductivity to further accelerate OER and
HER kinetics during seawater electrolysis.41

Herein, we bridge these frontiers by developing a MOF-
derived high-entropy phosphide (HEP) as a bifunctional elec-
trocatalyst for efficient and stable overall seawater splitting.
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This electrocatalyst integrates five transition metals (Ni, Co, Fe,
Mn, and Cu) within a single-phase phosphide architecture,
leveraging compositional synergy to optimize catalytic activity
for both the HER and the OER. By first synthesizing a multi-
metallic MOF precursor through a hydrothermal method fol-
lowed by a controlled phosphating process, a high-entropy
phosphide/carbon structure ((NiCoFeMnCu)2P/C) with high-
density active sites and chloride-resistant surfaces is achieved.
Crucially, the high-entropy effect promotes the stabilization of
the phosphide lattice against phase segregation during the
operation. When applied to seawater electrolysis, it achieves a
functional trade-off among catalytic activity, reaction selecti-
vity, and operational stability. Electrochemical evaluations
confirm its exceptional bifunctionality with ultralow overpo-
tentials of 88/100 mV (HER) and 195/223 mV (OER) at 10 mA
cm−2 in alkaline water/seawater electrolysis. It also sustains
480 hours of continuous operation with negligible decay in
alkaline seawater electrolyte at an industrial-level current
density of 1 A cm−2. Besides, characterization of the spent cata-
lyst confirms the reconstruction of a HEP with the formation
of metal oxyhydroxides on the electrocatalyst surface, which
serve as active sites while resisting chloride corrosion. This
strategy establishes a versatile platform for designing high-
entropy-stabilized electrocatalysts toward sustainable hydrogen
production from complex feedstocks.

Experimental section
Chemicals

Nickel(II) chloride hexahydrate (NiCl2·6H2O, ≥98.0%), cobalt(II)
chloride hexahydrate (CoCl2·6H2O, ≥99.0%), manganese(II)
chloride tetrahydrate (MnCl2·4H2O, ≥99.0%), iron(II) chloride
tetrahydrate (FeCl2·4H2O, ≥99.0%), copper(II) chloride dihy-
drate (CuCl2·2H2O, ≥99.0%), hydrochloric acid (HCl, 35–37%),
N,N-diethyl-1,4-phenylenediamine (DPD, ≥95.0%), potassium
hydroxide (KOH, ≥85.0%), N,N-dimethylformamide (DMF,
≥99.5%) and ethanol (C2H5OH, ≥99.5%) were purchased from
Wako, Japan. Sodium hypophosphite (NaH2PO2, ≥99%) was
obtained from Sigma-Aldrich. Terephthalic acid (>99.0%) was
ordered from TCI, Japan. The nickel foam (NF) used in this
work was provided by MTI, Japan, and the detailed technical
parameters including thickness, PPI (pores per inch), and
bulk density are 1.5 mm, 110 and 0.23 g cm−3, respectively.
The seawater was fetched from the Sea of Japan, Aomori
(Fig. S1).

Synthesis of the (NiCoFeMnCu)2P/C electrocatalyst on NF

First, the MOF precursor was synthesized in situ on a NF sub-
strate via a one-step solvothermal process. Generally, 0.5 mmol
of NiCl2·6H2O, 0.5 mmol of CoCl2·6H2O, 0.5 mmol of
FeCl2·4H2O, 0.5 mmol of MnCl2·4H2O, 0.5 mmol of
CuCl2·2H2O and 3 mmol of organic ligand (terephthalic acid)
are dissolved in a mixed solvent of DMF (25 mL), distilled
water (2 mL) and ethanol (2 mL). The obtained mixed homo-
geneous solution after stirring for 30 min was transferred into

an autoclave and placed into an oven for heating at 120 °C for
12 h. After cooling to room temperature and washing with
ethanol 3 times, a multi-metallic MOF coating on NF was
obtained. Thereafter, 1 g of NaH2PO2 and the dried MOF pre-
cursor/NF were placed individually in two porcelain boats,
which were fed into a tube furnace at the upstream and down-
stream sides, respectively. Phosphating was conducted at
350 °C for 2 h under an Ar atmosphere at a heating rate of 5 °C
min−1. Finally, the furnace was cooled to room temperature to
obtain the (NiCoFeMnCu)2P/C/NF electrode.

Control sample preparation

To verify the high catalytic activity of the HEP, control samples
including Ni2P/C/NF, (NiCo)2P/C/NF, (NiCoFe)2P/C/NF, and
(NiCoFeMn)2P/C/NF electrodes were also prepared. The prepa-
ration processes were the same as that of (NiCoFeMnCu)2P/C/
NF, except without the addition of the corresponding metal
chlorides for the absent metals.

Electrocatalyst characterization

The whole morphology of the as-synthesized electrocatalysts
was observed through a scanning electron microscope (SEM,
JEOL JSM-7000F, AV: 10 kV). The nanostructure and elemental
mapping were recorded using a transmission electron micro-
scope (TEM, JEOL JEM-2100, AV: 200 kV) equipped with an
energy-dispersive X-ray spectrometer (EDS). Inductively
coupled plasma optical emission spectrometry (ICP-OES) was
employed to quantify the exact atomic ratio of those metal
elements in the electrocatalyst. To verify whether it is a single
phase, the crystal structure of the electrocatalyst was deter-
mined using an X-ray powder diffraction instrument (XRD,
Rigaku SmartLab diffractometer) with Cu-Kα as the radiation
source (scanning range of 2θ: 10°–90°). X-ray photoelectron
spectroscopy (XPS) was conducted to reveal the valence states
of the main elements of the as-prepared sample using a VG
Scientific ESCALab250i-XL instrument (excitation source:
monochromated Al Kα). Raman spectroscopy was performed
to further confirm the chemical structure using a Jasco
NRS-5500 laser Raman spectrophotometer with an excitation
wavelength of 532 nm.

Electrochemical performance evaluation

All electrochemical tests were conducted on a Squidstat Plus
potentiostat equipped with a three-electrode system, in which
the as-prepared electrode was used as the working electrode
while a standard Hg/HgO electrode (E° = 0.098 V) and a carbon
rod acted as the reference and counter electrodes, respectively.
Before linear sweep voltammetry (LSV), the electrode was first
activated through cyclic voltammetry (CV) in the range of 0–1.5
V vs. Hg/HgO for 20 cycles to obtain a stable curve. After that,
the OER polarization curve was obtained from LSV under
reverse scan in the potential range of 1.5–0 V vs. Hg/HgO.
Similarly, CV activation for the HER test was performed in the
range of −0.5 to −1.5 V, and the potential of LSV was also
scanned from −0.5 to −1.5 V. Electrochemical impedance spec-
troscopy (EIS), which can be employed to reveal the interfacial
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charge transfer, was performed in the frequency range of
10 mHz–10 kHz at a constant potential of 0.6 V. CV tests at
different scan rates of 20, 40, 60, 80 and 100 mV s−1 were
carried out in the non-faradaic range of 0.05–0.15 V to deter-
mine the double-layer capacitance (Cdl). Then, the obtained
Cdl values were incorporated into the following equation to cal-
culate the electrochemical surface area (ECSA):

ECSA ¼ Cdl=Cs

where Cs is the specific capacitance of a flat surface (40 μF
cm−2).42 In this work, all measured potentials were converted
to the reversible hydrogen electrode (RHE) scale using the
equation E(vs. RHE) = E(vs. Hg/HgO) + 0.059 pH + 0.098 with
70% iR compensation (a higher percentage of compensation
will cause excessive noise in the test curve) through the
manual correction method and the final potential was calcu-
lated as E(vs. RHE) = E(vs. Hg/HgO) + 0.059 pH + 0.059–70%
iRs.

Results and discussion
Morphological and structural characterization

The electrode fabrication process is schematically illustrated
in Fig. 1, which is composed of two steps. First, five kinds of
metal chlorides and terephthalic acid are self-assembled to
form a multi-metallic MOF precursor on NF through a solvo-
thermal method. Then, the obtained MOF precursor/NF elec-
trode and NaH2PO2 powders are separately placed downstream
and upstream in a tube furnace for phosphating. As the temp-
erature gradually increases, NaH2PO2 decomposes to produce
PH3 for phosphating the precursor while the organic ligands

convert into carbon in the high-entropy phosphide matrix. As
such, the (NiCoFeMnCu)2P/C/NF electrode is obtained.

The SEM images (Fig. 2a and b) show that the as-syn-
thesized (NiCoFeMnCu)2P/C, featuring an irregular nanosheet
morphology, is uniformly grown and fully covers NF, which is
similar to the as-synthesized monometallic to tetrametallic
phosphides (Fig. S2–S5). To estimate whether it is a high-
entropy material, the critical factor, i.e., the crystal structure,
was determined. The XRD pattern of the MOF precursor was
first recorded and shows good consistency with MIL-101
(Fig. S6).43 As shown in Fig. 2c, the diffraction peaks of the as-
synthesized high-entropy catalyst appeared in the range of 40°
to 90° and are in good agreement with those of Ni2P
(JCPDS#03-0953). In addition, there is a wide peak located
around 20° that should be attributed to amorphous carbon,44

which manifests that carbon was generated in the high-
entropy catalyst during the pyrolysis process due to the exist-
ence of organic ligands. The XRD patterns of the other control
samples as depicted in Fig. S7 and Table S1 were also found to
exhibit a single phase of Ni2P. The atomic ratios of all metallic
elements in HEP/C are further confirmed by ICP-OES analysis
to be in the defined range of 5%–35%, which is also a critical
factor for any HEMs (Fig. S8). Then, the recorded Raman
spectra as shown in Fig. 2d were analyzed to investigate the
structures of the MOF precursor and HEP/C. As for the MOF
precursor, three vibrational peaks are observed at ca. 861, 814,
and 633 cm−1, which are attributed to the C–H stretching
region of the benzene ring of the ligands.45 Besides, two peaks
appeared at ca. 1612 and 1421 cm−1 corresponding to the in-
and out-of-phase stretching regions of the carboxylate groups,
respectively.46 However, these characteristic peaks derived
from the organic ligands (i.e., terephthalic acid) all disappear

Fig. 1 Schematic illustration of (NiCoFeMnCu)2P/C/NF electrode preparation.
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after phosphating, and instead two prominent peaks of D and
G bands located at ∼1370 and ∼1600 cm−1 are observed
(Fig. 2d). These characteristics should be derived from graphi-
tic (or, at least, sp2-based) carbons, which further indicate the
conversion of organic ligands into carbon.47 The above results
preliminarily demonstrate that the as-synthesized electrocata-
lyst should be a HEP/C composite.

The TEM image in Fig. 2e clearly shows the nanostructure
of HEP/C. It can be seen that the nanosheets are composed of
small nanoparticles with a diameter of about 8.4 nm (Fig. 2f),
coated with a carbon layer. Moreover, there are irregular
spaces among these nanoparticles, which are conducive to
electrolyte transport and gas release. By enlarging the nano-
particles at the edges, an amorphous carbon layer with a thick-
ness of ∼1.5 nm can be observed, and the clear lattice fringe
inside shows a spacing of 0.249 nm, which corresponds to the
(111) plane of Ni2P (Fig. 2g). The simulated thermal view
(Fig. 2h) further makes the distinction between the amorphous
and crystalline areas clearer, which confirms that the nano-
structure consists of an amorphous carbon layer surrounding

the crystalline high-entropy phosphide nanoparticle. Other
regions are also examined to further observe the lattice
fringes, with measured interplanar spacings of 0.217 and
0.250 nm, matching well with the (201) and (111) crystal
planes, respectively (Fig. 2i and j). Meanwhile, the selected-
area electron diffraction (SAED) pattern demonstrates a series
of diffraction rings matching well with the (111), (201), (210)
and (300) planes of Ni2P (Fig. 2k). The energy dispersive X-ray
spectroscopy (EDX) elemental mapping (Fig. 2l) demonstrates
the uniform distribution of all elements in the as-prepared
electrocatalyst. By integrating all the above characterization
results, it can be verified that the HEP/C composite structure
has been successfully synthesized.

Surface chemical valence states

The surface elemental compositions and their valence states of
the as-synthesized MOF precursor and HEP/C were investi-
gated by XPS analysis (Fig. S9 and Fig. 3). From the wide-scan
XPS spectrum (Fig. 3a), the corresponding characteristic peaks
belonging to Ni 2p, Fe 2p, Co 2p, Mn 2p, Cu 2p, P 2p and C 1s

Fig. 2 Morphological and structural characterization of the as-synthesized high-entropy catalyst. (a and b) SEM images; (c) XRD patterns; (d) Raman
spectrum; (e) TEM image; (f ) particle size distribution histogram; (g) HRTEM image and (h) simulated thermal view; (i and j) HRTEM images; (k) FFT
pattern and (l) EDX mappings of HEP/C nanosheets.
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are all detected, which are consistent with the elemental
mapping analysis results. A discernible O 1s peak in the XPS
spectrum is attributed to inevitable surface oxidation of the
phosphide catalyst upon air exposure.48,49 The high-resolution
XPS spectra of these elements were further obtained to investi-
gate their surface chemical valence states. As demonstrated in
Fig. 3b, the high-resolution XPS spectrum of Ni 2p is roughly
separated into 2p1/2 and 2p3/2 spin–orbit doublets and two
shake-up satellites, whereas the two spin–orbit doublets are
deconvoluted into three pairs of peaks, which correspond to
three valence states of Ni. Specifically, the first pair located at
853.53/870.88 eV should be assigned to Ni0, and the adjacent
second pair and the third pair are associated with Ni2+ (856.65/
874.09 eV) and Ni3+ (857.70/875.63 eV), respectively.50 The
fitted high-resolution Co 2p XPS spectrum displayed in Fig. 3c
includes two pairs of doublets situated at 781.99/797.73 eV

and 784.05/799.79 eV, which are attributed to Co3+ and Co2+,
respectively, also with a Co LMM Auger peak at 779.33 eV.51 It
is worth noting that Co3+ sites are known to play a crucial role
in promoting the formation of HOO* intermediates during the
OER process, thereby enhancing the reaction rate.52 Two
remaining peaks situated at 789.50 and 880.52 eV are referred
to as satellites. As for the Fe 2p spectrum (Fig. 3d), the pair of
peaks at lower binding energies (ca. 710.78/724.24 eV) corres-
ponds to Fe2+, while the pair at 713.25/727.02 eV is related to
Fe3+ with four satellites observed at 715.56, 729.36, 719.06 and
731.86 eV.53,54 The high-resolution XPS spectrum of Mn 2p
after peak differentiation in Fig. 3e indicates the coexistence of
three valence states of Mn species on the HEP/C catalyst
surface, with binding energies of 638.96/649.91, 641.94/653.74
and 643.79/655.43 eV, respectively, correlating with Mn2+,
Mn3+ and Mn4+. Here, the appearance of high-valent Mn4+ was

Fig. 3 XPS analysis of (NiCoFeMnCu)2P. (a) Wide-scan XPS spectra and high-resolution XPS spectra for (b) Ni 2p, (c) Co 2p, (d) Fe 2p, (e) Mn 2p, (f )
Cu 2p, (g) P 2p, (h) C 1s and (i) O 1s.
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reported to help improve electrical conductivity and energy
conversion efficiency.55 Fig. 3f displays the high-resolution XPS
spectrum of Cu 2p composed of two spin–orbit doublets, in
which the deconvoluted peaks located at 932.59/952.27 and
933.42/953.69 eV are the characteristic peaks of Cu+ and Cu2+,
respectively.56 The XPS spectrum of P (Fig. 3g) shows two
peaks at 129.62 and 130.67 eV, which are related to P 2p1/2 and
2p3/2 associated with the metal–P bond (M–P) formation.
Besides, the appearance of P–O at 134.55 eV indicates that the
catalyst should be partially oxidized upon exposure to air.57

Here, it can be seen that all metallic elements exhibit varying
oxidation states, suggesting that electron transfer has taken
place between them and P atoms. As shown in Fig. 3h, the XPS
spectrum of C 1s exhibits three peaks at 284.80, 286.35 and
288.22 eV, corresponding to C–C, C–O and O–CvO, respect-
ively,58 which is because those benzene species and carboxyl
groups from the organic ligand are converted to carbon
species during the phosphating process. The O 1s spectrum

(Fig. 3i) is also fitted, and the peak located at 531.64 eV is
assigned to M–O–P, further confirming partial surface oxi-
dation and is consistent with the XPS spectrum of P 2p.21

Catalytic performance in alkaline water/seawater electrolysis

After characterization of the morphology and structure of the
as-prepared high-entropy phosphide electrocatalyst, an electro-
chemical test was further performed to evaluate its catalytic
performance in 1 M KOH freshwater-based electrolyte. As
demonstrated in Fig. 4a, it can be clearly observed that the
high-entropy (NiCoFeMnCu)2P/C/NF electrode exhibits signifi-
cantly boosted OER performance compared with the control
samples from the LSV curves. The overpotential required to
achieve a current density of 10 mA cm−2 is only 195 mV, which
is considerably lower than those of Ni2P/C/NF (264 mV),
(NiCo)2P/C/NF (287 mV), (NiCoFe)2P/C/NF (247 mV) and
(NiCoFeMn)2P/C/NF (202 mV), as summarized in the histo-

Fig. 4 Electrochemical performance investigation of (NiCoFeMnCu)2P/C and its counterparts. (a) Polarization curves for the OER, (b) summarized
overpotentials at 10 and 100 mA cm−2, (c) corresponding Tafel plots, and (d) Tafel slopes vs. average current density of different electrodes. (e)
Performance comparison of (NiCoFeMnCu)2P/C with recently reported high-entropy catalysts in 1 M KOH. (f ) Nyquist plots, (g) double-layer capaci-
tance plots and (h) CP curve at 1 A cm−2 in 1 M KOH without iR correction and corresponding activity decay ratios.
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gram (Fig. 4b). Moreover, a low overpotential of 244 mV is
achieved even when the current density is increased to 100 mA
cm−2, while the corresponding overpotentials of these control
samples already exceed 300 mV, indicating the excellent OER
activity of the high-entropy electrocatalyst. Tafel slopes as an
indicator of OER kinetics were further explored, extracted and
fitted from the polarization curves (Fig. 4c). From the unary to
quaternary metal phosphide electrocatalyst-based electrodes,
the Tafel slopes are 85.45, 96.54, 62.34 and 51.43 mV dec−1. In
comparison, the Tafel slope of (NiCoFeMnCu)2P/C/NF is dra-
matically reduced to 34.64 mV dec−1, demonstrating its faster
reaction kinetics than its counterparts. Besides, the Tafel
slopes at different average current densities were also deter-
mined (Fig. 4d). It can be seen that all Tafel slopes generally
increase with the increase of current density, and that of high-
entropy (NiCoFeMnCu)2P/C/NF still remains the lowest. Here,
one point that needs to be clarified is that although at first the
Tafel slope of (NiCo)2P/C/NF is higher than that of the Ni2P/NF
electrode, this situation starts reversing as the current density
increases, indicating the important role of Co in promoting
the OER kinetics. With such a low overpotential and a very
small Tafel slope, the OER activity of the as-prepared
(NiCoFeMnCu)2P/C/NF electrode is not only greater than those
of the control samples synthesized in this work, but also better
than those of most of the reported high-entropy electrocata-
lysts, as shown in Fig. 4e and Table S2. EIS curves were further
collected to reflect the resistance of charge transfer between
the electrode surface and the reactants in the electrolyte for
evaluating the electrode surface reactivity and transfer charac-
teristics (Fig. 4f). The determined Rct value of
(NiCoFeMnCu)2P/C/NF is only 0.67 Ω, lower than those of
(NiCoFeMn)2P/C/NF (0.93 Ω), (NiCoFe)2P/C/NF (1.16 Ω),
(NiCo)2P/C/NF (3.92 Ω) and Ni2P/C/NF (3.05 Ω), indicating that
the electrons are able to move more quickly across the high-
entropy electrocatalyst covered electrode and electrolyte inter-
face, thereby increasing the reaction rate and efficiency of the
electrode. In addition, the high-entropy (NiCoFeMnCu)2P/C/NF
exhibits the highest Cdl value (12.98 mF cm−2), which means
that it should also possess a larger ECSA and can provide more
active sites for the OER (Fig. 4g and S12). The ECSA was calcu-
lated based on the formula in the Experimental section to
obtain the ECSA-normalized polarization curves, which are
further employed to compare the intrinsic activities of
different electrocatalysts (Fig. S13). It can be found that the
intrinsic activity of high-entropy (NiCoFeMnCu)2P/C is still
superior to those of its counterparts, which manifests that the
construction of a high-entropy system is conducive to improv-
ing the intrinsic activity of the electrocatalyst. In addition to
catalytic activity, stability, especially at high current density, is
also a very important indicator for the evaluation of electroca-
talyst performance because it is related to industrial practic-
ability. Fig. 4h demonstrates the chrono-potentiometric (CP)
curve at an industrial-level current density of 1 A cm−2. One
can see that no obvious potential fluctuation occurs even after
100 h of continuous OER operation. The corresponding activity
decay ratio was also calculated per 100 min in order to more

intuitively assess the stability. As a result, the ratio is always
less than 10%, indicating excellent long-term stability at high
current density.

Based on the above electrochemical results, a preliminary
inference can be further made regarding the specific roles of
individual elements. Starting with Ni, it can be observed that
pure Ni2P already exhibits relatively good activity, indicating
that Ni phosphate itself possesses excellent OER catalytic
activity. The introduction of Co led to a slight decrease in per-
formance, while as the current density increased, the activity
of (NiCo)2P gradually approached that of Ni2P, and its Tafel
slope became lower. This demonstrates that the introduction
of Co still modulated the electronic structure and accelerated
the reaction kinetics at high current densities. In contrast, the
incorporation of Fe significantly enhanced the catalytic
activity, validating its role as an electronic structure modulator
for NiCo-based catalysts. Its incorporation can optimize the
adsorption energy of oxygen intermediates, thereby enhancing
OER kinetics. Compared with (NiCoFe)2P, the performance of
(NiCoFeMn)2P improved obviously, manifesting the critical
role of Mn in electron modulation and the improved electrical
conductivity associated with Mn4+. After the introduction of
Cu, a minor reduction in the overpotential at 10 mA cm−2 and
a significant decrease in the Tafel slope can be observed. This
is primarily because the introduction of highly conductive Cu
effectively facilitated electron transport within the catalyst
layer and to the active sites, which is directly evidenced by the
decrease in Rct in EIS results. The improved electron supply
kinetics alleviated the limitation imposed by electron transfer
in the RDS, thereby leading to a markedly lower Tafel slope.

Meanwhile, the HER performance of the
(NiCoFeMnCu)2P/C/NF electrode was also investigated. It is
found that the needed overpotential is only 88 mV at 10 mA
cm−2, which is significantly lower than those of its counter-
parts (Fig. S14a), indicating that this electrocatalyst can also be
used for the HER. It can be observed that compared to its OER
activity, the catalytic performance for the HER is not as remark-
able. The probable reason may be that the same sites for the
OER may be less optimally tuned for hydrogen intermediate
(H*) binding energetics required for ideal HER activity. In
addition, the Tafel slope derived from the corresponding polar-
ization curve of high-entropy (NiCoFeMnCu)2P is 115.77 mV
dec−1, which is very close to 120 mV dec−1 (Fig. S14b). Hence,
it can be deduced that the Volmer step acts as the RDS during
the HER in this work.59 Thus, the binding between the as-syn-
thesized high-entropy catalyst and H may be too weak, resulting
in less satisfactory HER activity. Nonetheless, the HER perform-
ance remains not so inferior compared to those of reported
high-entropy catalysts (Table S2). Regarding future improve-
ments in HER activity, it can be considered from the perspec-
tive of further optimizing the composition ratio to further fine-
tune the adsorption and desorption behavior of HER inter-
mediates, thereby enhancing hydrogen evolution performance.

Considering the outstanding OER and HER catalytic per-
formance of the high-entropy (NiCoFeMnCu)2P/C in alkaline
freshwater electrolyte, its activity was further evaluated in sea-
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water-based electrolyte. It can be found that the LSV curves
show almost negligible differences in alkaline simulated sea-
water (1 M KOH + 0.5 M NaCl) and the overpotentials still
remain as low as 213 and 88 mV at 10 mA cm−2 for the OER
and HER, respectively, compared with those in 1 M KOH, indi-
cating that the OER and HER activities of this electrocatalyst
are not interfered with by the chloride ions (Fig. 5a and b).
Moreover, the achieved current density of (NiCoFeMnCu)2P/C/
NF in alkaline simulated seawater is even higher than that in
alkaline freshwater as the applied potential increases, which
could result from the stronger conductivity of the alkaline
simulated seawater electrolyte originating from the higher ion
concentrations. In contrast, when the electrolyte is changed to
alkaline natural seawater, a more obvious activity decrease can
be observed in the OER and HER, which could be due to the
hydroxide precipitation covering the electrocatalyst surface
that blocked the active sites. Nonetheless, the overpotentials
are still only 223 and 100 mV to achieve 10 mA cm−2 in the
OER and HER, respectively, lower than those of reported high-
entropy materials in alkaline seawater electrolyte (Table S3). As

mentioned in the background introduction, the existing chlor-
ide ions could induce the anodic competitive CER and elec-
trode corrosion, which are the two main obstacles for seawater
splitting. Subsequently, the corrosion resistance and the
selectivity were further investigated. The Tafel corrosion curves
were first recorded to determine the corrosion potential and
current density for assessing the corrosion resistances of the
as-prepared electrodes, and the corresponding curves and
values are demonstrated in Fig. S15 and Fig. 5d. The smallest
corrosion current density and higher corrosion potential value
together manifest that the high-entropy (NiCoFeMnCu)2P/C/
NF has higher corrosion resistance. The stable CP curves
remain stable for at least 100 h under ampere-level current
density in both alkaline simulated and natural seawater elec-
trolytes (Fig. 5e and f), further demonstrating its exceptional
stability and corrosion resistance. Herein, its excellent stability
and corrosion resistance can be attributed to the intrinsic
structural stability provided by the high-entropy sluggish
diffusion effect. The sluggish diffusion effect, recognized as
one of the four core effects in HEMs, refers to the significantly

Fig. 5 Electrochemical performance in different electrolytes of (NiCoFeMnCu)2P/C. Polarization curves for (a) the OER and (b) the HER of the
(NiCoFeMnCu)2P/C/NF electrode in different electrolytes and (c) summarized overpotentials at 10 and 100 mA cm−2. (d) Corrosion currents and
potentials of different catalysts. CP curves in (e) 1 M KOH + 0.5 M NaCl and (f ) 1 M KOH + seawater at 1 A cm−2. (g) FEs in 1 M KOH + seawater. (h)
Polarization curves of the (NiCoFeMnCu)2P/C/NF∥(NiCoFeMnCu)2P/C/NF cell in 1 M KOH and 1 M KOH + seawater. (i) CP curve of the
(NiCoFeMnCu)2P/C/NF∥(NiCoFeMnCu)2P/C/NF cell in 1 M KOH + seawater at 1 A cm−2.
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reduced atomic diffusion rates within their structures due to
multiple constraining factors.13,60 Owing to the presence of
numerous constituent elements, atomic movement in these
materials is hindered by lattice defects, interactions with sur-
rounding atoms, and inter-element effects, which collectively
increase the energy barrier for atom diffusion and surface
degradation.61 As a result, HEMs often exhibit superior struc-
tural stability and corrosion resistance. This makes it difficult
for chloride ions to penetrate or destroy the material’s surface
structure, thereby improving its durability in seawater
electrolytes.62,63 In addition, N,N-diethyl-1,4-phenylene-
diamine (DPD) was employed as an indicator to verify the
generation of hypochlorite species during the electrolysis
process through UV-Vis measurements (the detailed testing
process can be found in the SI). As displayed in Fig. S16, the
UV-vis spectrum of the electrolyte after long-term stability
testing only demonstrates weak adsorption peaks at ∼551 nm
with an intensity even lower than 0.1 ppm of ClO−, which
jointly indicates negligible hypochlorite species formation,
confirming the high OER selectivity of high-entropy
(NiCoFeMnCu)2P/C. The FE was also calculated based on the
equation as shown in the Experimental section, where the
actual produced amount of oxygen was obtained through the
drainage method. Based on the determined results, the corres-
ponding FE at each point was calculated (Fig. 5g), and the
average FE is around 98.30%, indicating high OER selectivity
of the high-entropy phosphate electrocatalyst. In view of the
impressive bifunctional catalytic activity, (NiCoFeMnCu)2P/C
was also applied for overall water/seawater splitting, achieving
a current density of 10 mA cm−2 at 1.53 and 1.58 V, respectively
(Fig. 5h). Specifically, the two-electrode cell exhibits excellent
long-term stability, sustaining continuous overall seawater
electrolysis for up to 480 h even at an industrial-level current
density of 1 A cm−2 (Fig. 5i). Thus, this electrocatalyst should
be a promising candidate for practical overall seawater
splitting.

Structural evolution investigation and mechanism elucidation

Post-stability structural characterization was also conducted to
investigate the structural evolution and possible reaction
mechanism. Morphological characterization first reveals that
the catalyst retains its intact nanosheet morphology after the
stability test (Fig. S17). According to the results of TEM obser-
vation (Fig. 6a), it can be seen that the catalyst retains its high-
entropy nanoparticles/carbon composite morphology. In
addition, the lattice fringes observed by HRTEM are measured
with the lattice spacings of 0.204, 0.205 and 0.236 nm that
correspond to the (111), (111) and (201) crystal planes, respect-
ively (Fig. 6b), which are consistent with the initial as-syn-
thesized electrocatalyst. The existence of all constituent
elements is also proved by EDX elemental maps of the spent
electrocatalyst (Fig. S18). Moreover, the high-resolution XPS
spectra of all constituent elements were also explored to eluci-
date the surface chemical state transformations. From the
comparison of Ni 2p XPS spectra before and after the long-
term OER (Fig. 6c), one can see that the characteristic peaks of

Ni0 completely disappear with only XPS peaks of Ni2+ and Ni3+

remaining, indicating that Ni0 has been fully oxidized during
long-term usage. The high-resolution XPS spectrum of Co 2p
can still be divided into those of Co3+ and Co2+ (Fig. 6d) while
the proportion of Co3+ increases from 51.01 to 64.18%, which
signifies partial oxidation. As for the Fe 2p XPS spectrum
(Fig. 6e), although Fe still persists in the forms of Fe2+ and
Fe3+, it is obvious that Fe3+ becomes dominant in the spent
electrocatalyst (ca. 50.84%) when compared with that in the
pristine high-entropy electrocatalyst (ca. 26.40%). The Mn 2p
XPS spectrum after the stability test demonstrates main peaks
corresponding to Mn2+, Mn3+ and Mn4+ species (Fig. 6f), but a
higher ratio of Mn4+ is observed in contrast to the pristine one.
In addition, the proportion of Mn2+ is observed to increase;
therefore, it can be deduced that Mn probably only plays a role
in electron modulation. Based on the Cu 2p XPS spectrum
(Fig. 6g), the proportions of Cu+ and Cu2+ exhibit no signifi-
cant changes, meaning that the surface Cu is barely affected.
The corresponding ratios of different elements with various
valence states are also summarized in Table S4, collectively
indicating that the surface oxidation selectively occurs on
certain metal sites (i.e., Fe, Co and Ni). Overall, the increases
in the valence states of the metal elements on the high-
entropy phosphide surface after the long-term testing indicate
electrode surface oxidation. This speculation is further corro-
borated by the disappearance of the M–P peak in the P 2p XPS
spectrum (Fig. 6h). Additionally, a characteristic XPS peak of
the M–OH group newly emerges in the O 1s spectrum (Fig. 6i),
further jointly verifying the formation of metal (oxy)hydroxide
(MOOH) on the catalyst surface. The reconstructed layer is not
only widely recognized as the active site but also can serve as a
protective barrier that repels Cl− and prevents its approach to
the reactive centers,64,65 thereby providing further explanation
for the catalyst’s exceptional selectivity and stability.

Subsequently, further investigation and discussion of the
OER mechanism were conducted. Initially, the pH dependence
was investigated by recording polarization curves in electrolytes
with different pH levels. Based on these results, the proton
reaction order (ρRHE = ∂log( j )/∂pH) can be calculated. The mag-
nitude of ρRHE provides initial insights into the reaction mecha-
nism. When the OER involves proton-coupled electron transfer,
its kinetics are largely independent of the solution pH, result-
ing in a low proton reaction order. Conversely, if the OER pro-
ceeds through non-synergistic proton electron transfer, its kine-
tics strongly depend on pH, which would lead to a high ρRHE.66

The experimental results showed significant changes in cata-
lytic activity with varying pH, along with a notably high ρRHE

(0.94) close to 1.0 (Fig. S19a and b). This suggests that the OER
mechanism most likely follows the lattice oxygen oxidation
mechanism (LOM) rather than the conventional adsorbate evol-
ution mechanism (AEM).67,68 Moreover, unlike the AEM, the
LOM generates O2

2− species during the OER. Therefore, detect-
ing O2

2− is crucial for verifying the OER pathway. To further
confirm the reaction mechanism, we introduced tetramethyl-
ammonium cations (TMA+), which can strongly interact with
O2

2− species and inhibit OER kinetics, thus serving as a probe
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for such intermediates.69 As shown in Fig. S19c and d, the OER
activity of HEP/C is significantly lower in 1.0 M TMAOH electro-
lyte than that in 1.0 M KOH electrolyte (Δη100 = 0.08 V and
ΔTafel = 17.03 mV dec−1). This indicates a strong interaction
between TMA+ and O2

2−, confirming that HEP/C follows the
LOM pathway during the OER.

Conclusions

This work establishes MOF-derived HEP/C as a transformative
electrocatalytic platform for sustainable hydrogen production via
seawater electrolysis. The high-entropy catalyst, integrating five
transition metals, achieves exceptional bifunctionality with ultra-
low overpotentials of 88/195 mV (HER/OER) in alkaline fresh-

water and 100/223 mV in seawater at 10 mA cm−2. Furthermore,
the HEP/C based electrode assembled into a two-electrode elec-
trolyzer demonstrates low driven voltages of 1.53 and 1.58 V at
10 mA cm−2 for overall freshwater and seawater splitting,
respectively. Robust chloride resistance is also evidenced by con-
tinuous stable operation for 480 hours without obvious activity
decay, and the near absence of hypochlorite species in the elec-
trolyte confirms the high selectivity. The HEP/C catalytic system
reconciles critical activity–selectivity–stability trade-offs through
the integration of: (i) the intrinsic activity of TMP-integrated
high-entropy induced multi-metal synergy; (ii) the generated
conductive carbon matrix that enhances charge transfer while
inhibiting chloride penetration; and (iii) in situ reconstructed
MOOH layers that serve as active sites and provide a protective
shield for the catalyst against corrosion. Ultimately, the entropy

Fig. 6 Post-characterization of spent (NiCoFeMnCu)2P/C. (a) TEM image, (b) HRTEM image, and high-resolution XPS spectra for (c) Ni 2p, (d) Co 2p,
(e) Fe 2p, (f ) Mn 2p, (g) Cu 2p, (h) P 2p and (i) O 1s.
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engineering of HEP/C electrocatalysts paves a practical way
toward large-scale hydrogen production economies through sea-
water electrolysis. This work highlights the great potential of
MOF-derived HEPs as promising bifunctional electrocatalysts for
efficient seawater splitting.
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