
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

20
26

 9
:5

8:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Microwave quasi
aKey Laboratory of Eco-chemical Engineeri

Science and Technology Cooperation Base

Manufacturing, College of Chemistry

University of Science & Technology, 53 Zh

E-mail: splswzx@qust.edu.cn; inorchemwl@
bCollege of Science, Nanjing Forestry Univer
cKey Laboratory of Photoelectric Conversion

Institute of Bioenergy and Bioprocess Techn

266101 Qingdao, China
dFaculty of Materials Science and Engineer

Technology, Kunming 650093, China
eSchool of Mathematics and Physics, Qing

Qingdao 266061, China
fCentre for Atomaterials and Nanomanufa

University, Melbourne, VIC 3000, Australia.

† Electronic supplementary informa
https://doi.org/10.1039/d5sc02930a

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2025, 16, 13306

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd April 2025
Accepted 12th June 2025

DOI: 10.1039/d5sc02930a

rsc.li/chemical-science

13306 | Chem. Sci., 2025, 16, 13306–
-solid-constructed Ni2P–Ni12P5-
supported Os with unique metal–support
interaction for anion-exchange membrane
seawater electrolysis†

Qing Liu,‡a Xiaowei Fu,‡a Hongdong Li,a Jun Xing, a Weiping Xiao, b

Yingxia Zong,a Guangying Fu,c Jinsong Wang, d Qiang Cao,e Tianyi Ma, *f

Lei Wang *a and Zexing Wu *a

Highly efficient and corrosion-resistant electrocatalysts for the seawater hydrogen evolution reaction (HER)

are crucial for large-scale hydrogen production. Herein, Ni2P–Ni12P5-supported Os (Os/Ni2P–Ni12P5) was

synthesized within 30 s via an ultrafast and simple microwave quasi-solid approach. This fabricated

interface improves the electron transfer efficiency, while metal–support interaction (MSI) between Os

and Ni2P–Ni12P5 further optimizes the electronic structure, and then significantly expedites the HER

process. The electrocatalyst presents excellent performance in alkaline seawater with a low overpotential

of 17 mV to reach the current density of 10 mA cm−2. In simulated industrial conditions (1 M KOH +

seawater) using an anion exchange membrane water electrolyzer (AEMWE), the constructed Os/Ni2P–

Ni12P5 ‖ RuO2 cell system required a small voltage of 2.06 V to achieve 1 A cm−2. The cost calculation

for the produced hydrogen reveals a low price of USD $0.92 per gallon of gasoline equivalent (GGE),

which demonstrates its economic advantages for industrialized application. Moreover, various stability

measurements revealed that the electrolytic cell system exhibits excellent durability without significant

current fluctuations. This corrosion-resistant electrocatalyst with enhanced price activity and mass

activity for sustainable seawater electrolysis will pave the way in the design of efficient electrocatalysts

with diverse strategies from a novel vision.
Introduction

In the context of the escalating demand for energy and the
dwindling reserves of carbon-based fuels, contemporary
researchers are focusing their efforts on novel and renewable
ng, Ministry of Education, International

of Eco-chemical Engineering and Green

and Molecular Engineering, Qingdao

engzhou Road, Qingdao 266042, China.

126.com

sity, Nanjing 210037, China

and Utilization of Solar Energy, Qingdao

ology, Chinese Academy of Sciences, CN-

ing, Kunming University of Science and

dao University of Science & Technology,

cturing (CAN), School of Science, RMIT

E-mail: tianyi.ma@rmit.edu.au

tion (ESI) available. See DOI:

is work.

13315
energy sources as alternatives.1,2 There is great interest in
hydrogen (H2) as one such source because it can serve as
a substitute for conventional fossil fuels on account of its high
energy density.3 Among several technologies for obtaining H2,
electrocatalytic water-splitting (EWS) stands out as one of the
most well-established procedures due to its high efficiency and
simple process.4

Considering the scarcity of freshwater and its low ionic
conductivity, researchers have shied their focus towards
seawater electrolysis.5,6 However, the complex ionic composi-
tions of seawater have resulted in attendant problems, such as
additional side reactions and catalyst poisoning, and these
obstacles negatively affect the activity and stability of the elec-
trocatalysts.7,8 In view of that, alkaline seawater electrolysis is
clearly an effective strategy for mitigating the inuence of hard
ions such as magnesium ions (Mg2+) and calcium ions (Ca2+).9

The hydrogen evolution reaction (HER) is an essential step
that can signicantly affect the entire progress of EWS.
Currently, Pt-based catalysts and their compounds remain the
benchmark for HER.10 However, the scarcity of platinum in
reserve and its low resistance to catalyst poisoning pose
signicant obstacles to the practical application of Pt-based
© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds in the HER.11 Therefore, the development of non-Pt
and highly efficient electrocatalysts for the HER is regarded as
a prominent research direction for industrial hydrogen
production.

Transition-metal phosphides (TMPs) can serve as electro-
catalysts for the HER, and are one of the most promising
candidates to replace Pt-based catalysts by virtue of their
excellent conductivity and unique physicochemical properties
in energy-related applications.12,13 However, when TMPs are
applied to the HER in electrolytes with complex compositions
such as seawater, limited active sites are exposed, and thus,
poor catalytic performance is exhibited.14 Hence, strategies for
adjusting the electronic structure, such as interface engi-
neering,15 noble-metal loading,16 doping,17 and surface vacancy
engineering,18 are commonly employed to further enhance the
electrocatalytic activity.

Among various catalyst modication strategies, noble-metal
loading has emerged as a particularly noteworthy approach due
to its exceptional efficiency and practical simplicity, which are
primarily attributed to the formation of a synergistic metal–
support interaction (MSI).19,20 Zhang et al. successfully synthe-
sized a Fe-doped Co3O4-supported Ru (Ru/FeCo) catalyst with
an effectively modied electronic structure and improved
interfacial electron transfer, which were attributed to the MSI
between the loaded Ru and FeCo sites, and the catalyst
exhibited enhanced activity and stability.21 Nevertheless,
improvement of performance may not occur if there is
a mismatch between the loaded noble metal and the support.
There is a long preparation time for reactants and a complex
synthesis process for the majority of electrocatalysts, both of
which severely restrict their industrial applications. Therefore,
simple and feasible approaches are essential to develop and
improve the catalytic performance of the TMPs.

In this work, we report a Ni2P–Ni12P5-supported Os (Os/Ni2P–
Ni12P5) catalyst synthesized via an ultrafast and simple micro-
wave quasi-solid approach for anion-exchange membrane
(AEM)-based alkaline seawater electrolysis. Leveraging the
cooperation of a heterogeneous interface and noble metal-
loading tactic, the fabricated Os/Ni2P–Ni12P5 demonstrates
high electron-transfer efficiency with abundant active sites.
Moreover, Raman spectroscopy and X-ray photoelectron spec-
troscopy (XPS) reveal that the MSI is between the Os sites and
Ni2P–Ni12P5,19 further facilitating electron transfer within the
catalyst, and both of which expedite the progress of the HER so
that Pt-like catalytic activity is exhibited in alkaline media.

To explore its application prospects in practical production,
LSV curves (without iR correction) and corresponding chro-
noamperometry measurements were obtained under simulated
industrial current densities and high temperatures using an
anion exchange membrane water electrolyzer (AEMWE). The
Os/Ni2P–Ni12P5 ‖ RuO2-integrated water electrolysis cell system
exhibited enhanced performance and remarkable stability with
a low gallon of gasoline equivalent (GGE) price, which
adequately demonstrated its economic superiority. This work
introduces an ultrafast and simple strategy for the synthesis of
electrocatalysts that can be used in the alkaline seawater HER,
and offers novel vistas for the design of robust HER catalysts.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

As shown in Fig. 1a, Ni2P–Ni12P5-supported Os (Os/Ni2P–Ni12P5)
is synthesized via an ultrafast and simple microwave quasi-solid
approach. Then, X-ray diffraction (XRD) was employed to
determine the phase structures of Os/Ni2P–Ni12P5 and Ni2P–
Ni12P5 (Fig. 1b and S1†). As depicted, the substrate predomi-
nantly comprises two phases of Ni2P (PDF #03-0953) and Ni12P5
(PDF #22-1190).22 Then, diffraction peaks corresponding to
osmium (Os) appear (PDF #06-0662) with the original compo-
nents and remain immutable, indicating that Os was success-
fully loaded.23

Raman spectroscopy was employed to conduct an in-depth
investigation into the interactions between Os and Ni2P–
Ni12P5. As illustrated in Fig. 1c, wave peaks corresponding to
Ni2+ at 133 cm−1 and P–P at 385 cm−1 were detected.24 Notably,
the loaded Os signicantly enhanced the intensity of the
detected peaks, and an obvious shi to a high wavenumber
occurred, indicating the altered electronic environment and
MSI between Os sites and Ni2P–Ni12P5.25

Moreover, scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and high-resolution TEM
(HRTEM) were utilized to analyze the microscopic morphology
of Os/Ni2P–Ni12P5 (Fig. 1d, e, and S2†). A dense and compact
bulk structure was observed with a distinct interface. The
0.20 nm spacing corresponds to the (201) crystallographic plane
of Ni2P,26 while the 0.18 nm spacing and 0.19 nm spacing were
attributed to the (312) and (240) crystallographic planes of
Ni12P5,22,27 which further corroborates the XRD results. EDX
mapping was also introduced to investigate the elements
distributed in Os/Ni2P–Ni12P5 (Fig. 1f), and identied the
regular distribution of Ni, P, and Os. Additionally, to determine
the weight percentage of Os in Os/Ni2P–Ni12P5, inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) was
conducted (Table S1). The proportion of elemental Os was
determined to be approximately 9.42 wt%.

To conduct a more in-depth investigation into the electronic
interactions of Os/Ni2P–Ni12P5 and Ni2P–Ni12P5, XPS tests were
performed. Fig. 2a presents a comparison of the two obtained
XPS spectra. The characteristic peaks of Os in the spectrum of
Os/Ni2P–Ni12P5, and the presence of Ni and P elements were
clearly veried. Moreover, the XPS spectra of Ni 2p were
compared, and it was deconvoluted into six main peaks
(Fig. 2b). The components at the binding energy of 875.5 and
857.2 eV were attributed to the 2p1/2 and 2p3/2 orbitals of Ni

2+,
while the peaks at 880.2 and 862.2 eV correspond to the satellite
peaks, and peaks at 870.9 and 853.6 eV were assigned to Ni–P in
Ni2P–Ni12P5.28,29 When comparing the Ni 2p spectra of the two
catalysts, the loading of Os led to an overall shi towards high
binding energy, indicating the interactions between Os and
Ni2P–Ni12P5. As depicted in Fig. 2c, the peak at 134 eV was
assigned to P–O bonds, and the other two peaks situated near
129.8 and 130.6 eV were attributed to the 2p3/2 and 2p1/2 of Ni–
P.28

A similar trend of a shi towards high binding energy was
observed in the XPS spectra of P 2p, which further indicates the
Chem. Sci., 2025, 16, 13306–13315 | 13307
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Fig. 1 (a) Schematic diagram of the preparation process for Os/Ni2P–Ni12P5. (b) XRD pattern. (c) Raman spectra. (d) TEM image and (e) HRTEM
image of Os/Ni2P–Ni12P5. (f) EDS elemental mappings for Os/Ni2P–Ni12P5.
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interactions between Os and Ni2P–Ni12P5. The two peaks at 50.5
and 53.2 eV were attributed to Os 4f7/2 and Os 4f5/2, demon-
strating the existence of Os(0) (Fig. 2d),30 which corresponds
with the XRD results. Consequently, it was proven that the
loading of Os eventually alters the electronic environment, and
electrons are transferred from Ni2P–Ni12P5 to the Os sites.5

Additionally, MSI exists between Os sites and Ni2P–Ni12P5,
which corresponds with the results of Raman spectroscopy.19

Furthermore, to investigate the hydrophilicity of the cata-
lysts, water contact angle (CA) tests were carried out. As illus-
trated in Fig. 2e and f, water droplets were dripped onto the
surface of the tablets, and the contact angles measured were
16.7° and 58.1°, respectively. By comparison, it is evident that
loaded Os signicantly enhances the hydrophilicity of Ni2P–
Ni12P5, indicating that the Os/Ni2P–Ni12P5 catalyst exhibited
increased electrolyte affinity, and thus accelerated the water-
dissociation process.3 To further investigate the feasibility of
13308 | Chem. Sci., 2025, 16, 13306–13315
the Os/Ni2P–Ni12P5 catalyst for sustained operation, supple-
mentary tests were carried out aer a 10 h HER stability test in
1 M KOH (Fig. S3 and S4†). As shown, the original components
and electronic structure of Os/Ni2P–Ni12P5 remained nearly
unchanged, demonstrating its possibility for long-term
operation.

Aer the loading of Os, the modied Os/Ni2P–Ni12P5 catalyst
demonstrated signicantly enhanced HER activity compared
with Ni2P–Ni12P5, which can be attributed to the MSI between
Os and Ni2P–Ni12P5. With a remarkably low overpotential of
19 mV required to achieve a current density of 10 mA cm−2, Os/
Ni2P–Ni12P5 exhibited a superior electrochemical performance
compared with Pt/C (28 mV) and Os/C (48 mV) (Fig. 3a). Then,
the Tafel slope was calculated to investigate the reaction
kinetics and mechanism (Fig. 3b). A smaller Tafel slope value
indicates faster reaction kinetics, and the value of the Tafel
slope of Os/Ni2P–Ni12P5 is 25.4 mV dec−1, suggesting that it may
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XPS spectra of Os/Ni2P–Ni12P5 and Ni2P–Ni12P5. (b) Ni 2p, (c) P 2p, and (d) Os 4f. The water contact angle measurements of (e) Ni2P–
Ni12P5 and (f) Os/Ni2P–Ni12P5.
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follow the Volmer-Tafel mechanism.31 It is signicantly lower
than that of Ni2P–Ni12P5 (112.4 mV dec−1), demonstrating
superior performance and faster reaction kinetics.32

In Fig. 3c, different catalysts are compared in terms of their
overpotentials at a current density of 10 mA cm−2 and the cor-
responding Tafel slopes. The Os/Ni2P–Ni12P5 catalyst out-
performed most of the reported catalysts, demonstrating its
satisfactory electrochemical performance for HER. Further-
more, cyclic voltammetry (CV) tests were carried out with scan
rates varying from 20 to 120 mV s−1 (Fig. S5†). Upon calculation,
the related electrochemical double-layer capacitance (Cdl) and
electrochemically active surface area (ECSA) of Os/Ni2P–Ni12P5
were obtained (Fig. 3d and S6†). The Cdl of Os/Ni2P–Ni12P5 was
determined to be 10.93 mF cm−2, which is much higher than
that of Ni2P–Ni12P5, indicating that Os/Ni2P–Ni12P5 exposes
more active sites, thereby enhancing the electrocatalytic
activity.33

Subsequently, electrochemical impedance spectroscopy
(EIS) was employed to measure the charge transfer resistance
(Rct) value (Fig. 3e). The Os/Ni2P–Ni12P5 exhibited a low Rct value
in the low-frequency range relative to the contrast catalysts,
which demonstrates its rapid electron transfer rate in alkaline
media. As depicted in Fig. 3f and S7,† Os/Ni2P–Ni12P5 required
overpotentials of only 233 mV and 309 mV to reach current
densities of 0.5 A cm−2 and 1.0 A cm−2, respectively, indicating
its satisfactory electrocatalytic activity under industrial current
density. In Fig. 3g, the electrochemical performances of all the
studied catalysts are comprehensively presented. Notably, the
highest turnover frequency (TOF) value among the catalysts
© 2025 The Author(s). Published by the Royal Society of Chemistry
measured above was obtained for Os/Ni2P–Ni12P5, illustrating
that Os/Ni2P–Ni12P5 possesses a signicantly high rate of con-
verting reactants to products per active site per unit of time.5

Under the xed voltages of −1.20 V and −1.05 V, the current
density uctuations at 0.5 A cm−2 and 10 mA cm−2 of Os/Ni2P–
Ni12P5 are nearly negligible (Fig. 3h and S8†), proving its
excellent stability for the HER.

Inspired by the excellent performance in alkaline freshwater,
further explorations in alkaline seawater under the same
parameters were conducted. As depicted in Fig. 4a, Os/Ni2P–
Ni12P5 demonstrated a superior electrochemical performance
and exhibited signicantly enhanced HER kinetics compared
with Ni2P–Ni12P5. It exhibited an extremely low overpotential of
only 17 mV @ 10 mA cm−2. The overpotentials required for
Ni2P–Ni12P5, Pt/C, and Os/C are 233 mV, 50 mV, and 44 mV,
respectively. Moreover, the Tafel slope was calculated (Fig. 4b).
The value of Os/Ni2P–Ni12P5 is 26.7 mV dec−1, suggesting that it
may follow the Volmer-Tafel mechanism in 1 M KOH +
seawater, which has fastest HER kinetics among Ni2P–Ni12P5
(177.6 mV dec−1), Os/C (32.4 mV dec−1), and Pt/C (36.7 mV
dec−1).32,34

As depicted in Fig. 4c, Os/Ni2P–Ni12P5 distinctly rises above
all other values, with the smallest overpotentials at a current
density of 100 mA cm−2 and corresponding Tafel slopes when
compared with the newly reported electrocatalysts for alkaline
seawater electrolysis. Analogously, CV was carried out (Fig. S9†).
Upon calculation, the Cdl (Fig. 4d) of Os/Ni2P–Ni12P5 is 10.93 mF
cm−2, proving that additional active sites are exposed.
Furthermore, the ECSAs (eqn (S1)) of various catalysts were
Chem. Sci., 2025, 16, 13306–13315 | 13309
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Fig. 3 HER performance of catalysts in 1.0 M KOH: (a) LSV curves (95% iR-corrected) of Ni2P–Ni12P5, Os/Ni2P–Ni12P5, Pt/C, and Os/C. (b) Tafel
slopes of catalysts. (c) Comparison of the performance of Os/Ni2P–Ni12P5 with recently reported catalysts. (d) Cdl of catalysts. (e) EIS of catalysts.
(f) Performance comparison at 500 and 1000mA cm−2. (g) Comprehensive comparisons of the HER performance of catalysts. (h) Stability test of
Os/Ni2P–Ni12P5.
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estimated by the calculated Cdl. As shown in Fig. 4e, Os/Ni2P–
Ni12P5 achieved the highest ECSA value of 53.62 m2 g−1, fol-
lowed by Pt/C (51.76 m2 g−1), and then Os/C (19.57 m2 g−1), with
Ni2P–Ni12P5 remaining last (1.67 m2 g−1), further illustrating
that a greater amount of active sites are exposed with Os/Ni2P–
Ni12P5. The EIS tests also corresponded with the regularity of
the mentioned measurements (Fig. 4f). Beneting from MSI,
the Os/Ni2P–Ni12P5 catalyst exhibits a far lower Rct value than
that of Ni2P–Ni12P5, which demonstrates its improved electron
transfer efficiency. At industrial current densities of 0.5 A cm−2

and 1.0 A cm−2 (Fig. 4g and S10†), Os/Ni2P–Ni12P5 requires
overpotentials of only 258 mV and 324 mV, respectively, illus-
trating its promising prospects at industrial current density.

As depicted in Fig. 4h, the Os/Ni2P–Ni12P5 catalyst shows
excellent stability, with negligible current attenuation under
continuous operation for more than 30 h under a xed voltage
of −1.07 V. Then, six main aspects of electrocatalytic activity of
the different catalysts were comprehensively compared (Fig. 4i),
demonstrating that the Os/Ni2P–Ni12P5 catalyst exhibits
13310 | Chem. Sci., 2025, 16, 13306–13315
a prominent performance. Moreover, supplementary tests in
acidic (Fig. S11–19†) and neutral (Fig. S20–25†) environments
were conducted to further explore the application potential of
Os/Ni2P–Ni12P5, which requires low overpotentials of 65 mV in
0.5 MH2SO4 and 136 mV in 1.0 M PBS to reach 10mA cm−2. The
results obtained proved that Os/Ni2P–Ni12P5 is capable of cata-
lyzing the desired reaction over a wide pH uctuation, indi-
cating its promising prospects for applications in complex
environments.

To investigate the behavior of H* during the HER, in situ EIS
tests were conducted, and an equivalent circuit model was
established to simulate the Nyquist plots of Os/Ni2P–Ni12P5 and
Ni2P–Ni12P5 (Fig. 5a, S26, and S27†). As depicted, the impedance
of Os/Ni2P–Ni12P5 exhibited a decreasing trend as the potential
increased, and it is far lower than that of Ni2P–Ni12P5. This
emphatically demonstrates that the MSI between Os and Ni2P–
Ni12P5 signicantly optimizes the electron transfer process.19

Similarly, as shown in Fig. 5b and S28,† the phase peak angle in
the Bode plots also shows the same trend, decreasing with the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 HER performance of catalysts in 1.0 M KOH + seawater: (a) LSV curves (95% iR-corrected) of catalysts. (b) Tafel slope of catalysts. (c)
Comparison of Os/Ni2P–Ni12P5 performance with recently reported catalysts. (d) Cdl of catalysts. (e) EIS of catalysts. (f) ECSA of catalysts. (g)
Performance comparison at 500 and 1000 mA cm−2. (h) Stability test of Os/Ni2P–Ni12P5. (i) Comprehensive comparisons of the HER perfor-
mance of catalysts.
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increase in voltage, which indicates a reduction in the electron
transfer impedance.35

Furthermore, the charge transfer kinetics of Os/Ni2P–Ni12P5
was investigated. Specically, the adsorption behavior of
hydrogen intermediates on active sites can be reected by
tting the Rct and hydrogen adsorption pseudocapacitance (C4).
The hydrogen adsorption charge (QH), calculated by integrating
C4, is a parameter used to quantitatively describe the amount of
H species absorbed on the catalyst surface during the HER.36 As
exhibited in Fig. 5c, the QH value of Os/Ni2P–Ni12P5 is approxi-
mately 2.9 times higher than that of Ni2P–Ni12P5, verifying the
enhanced H* coverage at identical overpotentials, and thus
conrming the signicantly increased hydrogen adsorption.37

Then, CV curves at 50 mV s−1 were obtained (Fig. 5d, S29,
and S30†). Os/Ni2P–Ni12P5 exhibited obvious hydrogen under-
potential deposition (HUPD) peaks, while no peak was observed
for Ni2P–Ni12P5, indicating the promoted H* generation by the
loading of the Os HER process, which corresponds with the
plots of C4. Its hydrogen desorption peak negatively shied to
a potential lower than that of Os/C, representing a lessened
hydrogen binding energy (HBE), which accelerated the HER
© 2025 The Author(s). Published by the Royal Society of Chemistry
process.38 Furthermore, ranges of scanning rates were sampled
for different catalysts in Ar-saturated 1.0 M KOH (Fig. 5e, S31,
and S32†). A clear peak can be observed, and the position of the
peak shied to the high-voltage direction as the sweep speed
increased, while the hydrogen desorption peak was absent for
bare Ni2P–Ni12P5, suggesting that there is a higher degree of
hydrogen spillover for Os/Ni2P–Ni12P5.39

As shown in Fig. 5f, the peak positions at ranges of scan rates
were compared, and the curve-tting slopes were adopted to
assess the hydrogen desorption kinetics. There was a signi-
cantly reduced slope for Os/Ni2P–Ni12P5 among the different
catalysts, indicating its accelerated kinetics.39Moreover, the LSV
curves (95% iR-corrected) of catalysts in 1.0 M KOH–H2O and
1.0 M KOH–D2O were obtained (Fig. 5g, S33, and S35†), which
are known as kinetic isotope effects (KIE). The current density at
several potentials in the two electrolytes and corresponding KIE
values (JH2O/JD2O) were clearly compared (Fig. 5h, S34, and S36†).

Interestingly, the same conclusion can be drawn regarding
all of the measured points, which is that the current densities in
the 1.0 M KOH + D2O solution are notably smaller for each
catalyst at the same potentials, with all of the values surpassing
Chem. Sci., 2025, 16, 13306–13315 | 13311
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Fig. 5 (a) In situ EIS of Os/Ni2P–Ni12P5 in 1.0 M KOH. (b) Bode plots of Os/Ni2P–Ni12P5. (c) Plots of C4 vs. overpotential of Os/Ni2P–Ni12P5 and
Ni2P–Ni12P5 during the HER in 1.0 M KOH. (d) CV curves at a scan rate of 50mV s−1. (e) CV curves recorded at various scan rates under a saturated
Ar atmosphere, and (f) fitted plots of H desorption peak positions at different scan rates of catalysts. (g) LSV curves (95% iR-corrected) of Os/
Ni2P–Ni12P5 measured in 1.0 M KOH + H2O and 1.0 M KOH + D2O. (h) Calculated KIE values under the corresponding potentials of Os/Ni2P–
Ni12P5. (i) Arrhenius plots of Os/Ni2P–Ni12P5.
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1, indicating that the H* transfer process is the rate-
determining step (RDS) of the HER process. When compared
with Os/C and Ni2P–Ni12P5, the KIE values of Os/Ni2P–Ni12P5
proved to be the largest, illustrating that the HER kinetics of Os/
Ni2P–Ni12P5 is vulnerable by the H* transfer process.40

In addition, the catalytic performances of Os/Ni2P–Ni12P5
and Ni2P–Ni12P5 at a temperature gradient were compared to
explore the effects of loaded Os on the activation energy (Ea) of
the HER (Fig. 5i), both of which follow a decreasing trend as the
temperature rises. By applying the Arrhenius equation (eqn
(S2)), the Ea values at different added potentials within the
selected temperature ranges were calculated. Notably, the
values of Os/Ni2P–Ni12P5 at any added potentials are far smaller
than those of Ni2P–Ni12P5 (Fig. S37†), demonstrating that
loaded Os sharply reduced the Ea and thereby decreased the
energy barrier of the desired reaction.41

Enlightened by the excellent HER performance of Os/Ni2P–
Ni12P5 in alkaline media, further explorations of its industrial
application were carried out, and are presented in Fig. 6. By
13312 | Chem. Sci., 2025, 16, 13306–13315
applying Os/Ni2P–Ni12P5 as the cathode and RuO2 as the anode,
an Os/Ni2P–Ni12P5 ‖ RuO2 integrated system for overall water
electrolysis was established.42 Fig. 6a clearly shows the electro-
chemical performance of Os/Ni2P–Ni12P5 ‖ RuO2. It required
relatively low voltages of 1.55 V and 1.60 V to reach 10 mA cm−2

in 1 M KOH and 1 M KOH + seawater, respectively, while the Pt/
C ‖ RuO2 system required 1.61 V and 1.65 V for the same current
density in the corresponding electrolytes. Subsequently, a rela-
tive stability test was conducted. As shown in Fig. 6b, the Os/
Ni2P–Ni12P5 ‖ RuO2 cell system exhibited a negligible decrease
in current density under a constant voltage of 1.63 V during
continuous operation for over 60 h, which clearly reveals its
excellent electrochemical stability.

Moreover, to measure the Faraday efficiency of the Os/Ni2P–
Ni12P5 ‖ RuO2 electrolytic cell system, the water drainage
method was employed to collect the amounts of generated H2

and O2 (Fig. 6c and S38†). The theoretical and measured values
of hydrogen and oxygen generation nearly overlap, indicating
that the Faraday efficiency is close to 100%. Additionally, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) LSV curves (95% iR-corrected) of Os/Ni2P–Ni12P5 ‖ RuO2 and Pt/C ‖ RuO2 for overall water-splitting in 1.0 M KOH and in 1.0 M KOH +
seawater. (b) Stability test of Os/Ni2P–Ni12P5 ‖ RuO2. (c) Theoretical and actual values of the volume of gas as a function of time. (d) LSV curves
(without iR correction) of overall seawater electrolysis (1 M KOH + seawater) for Os/Ni2P–Ni12P5 ‖ RuO2 and Pt/C ‖ RuO2 in an AEMWE. (e)
Comparison of cell catalytic efficiency between Os/Ni2P–Ni12P5 ‖ RuO2 and Pt/C ‖ RuO2. (f) Stability test of AEMWE-based alkaline seawater
electrolysis at 500 mA cm−2. The inset shows a schematic diagram of an alkaline AEMWE.
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electrolytic cell system can be powered by other forms of energy
(Fig. S39†). Simulated wind, thermal, and solar energies were
used to generate H2 by the Os/Ni2P–Ni12P5 ‖ RuO2 electrolytic
cell system, demonstrating its potential for practical
applications.43–46

To explore its potential for industrial applications, LSV
curves (without iR correction) of overall seawater electrolysis
were measured under simulated industrial conditions using the
AEMWE.47 Compared with Pt/C ‖ RuO2, the electrolysis system
assembled with Os/Ni2P–Ni12P5 and RuO2 can be driven at
a lower potential of 2.06 V to reach the same current density
(Fig. 6d), exhibiting a relatively high cell efficiency of 68.1%
(Fig. 6e). It was calculated that the price per GGE of the H2

produced by Os/Ni2P–Ni12P5 is USD $0.92, which is much lower
than the 2026 target of USD $2.0/GGE set by the U.S. Depart-
ment of Energy (DOE).48

Additionally, to deeply probe into analyzing the economic
efficiency, the mass activity and price activity of Os/Ni2P–Ni12P5
were calculated (Fig. S40†). When the selected voltage was 2.0 V,
© 2025 The Author(s). Published by the Royal Society of Chemistry
the Os/Ni2P–Ni12P5 ‖ RuO2 electrolytic cell system (3.01 A mg−1

and 143.3 A dollar−1) achieved a much higher mass activity and
price activity than that of Pt/C ‖ RuO2 (0.92 A mg−1 and 9.9 A
dollar−1), indicating its high catalytic activity and cost-
effectiveness.49

Apart from that, stability is also an important parameter that
plays a key role in practical applications. Therefore, a stability
test at 1.86 V of AEMWE-based alkaline seawater electrolysis at
500 mA cm−2 was carried out. As shown, the assembled AEMWE
system exhibited satisfactory long-term stability for over 80 h
under simulated conditions (60 °C, 1 M KOH + seawater) with
a negligible decrease in current density (Fig. 6f), which
adequately demonstrates its potential for industrialized
application.
Conclusions

In this work, we propose an innovative approach for con-
structing Ni2P–Ni12P5-supported Os (Os/Ni2P–Ni12P5) via
Chem. Sci., 2025, 16, 13306–13315 | 13313
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a microwave-assisted method utilizing the effects of a hetero-
geneous interface and a noble metal loading strategy. This
fabricated interface exhibits MSI between Os sites and Ni2P–
Ni12P5, which results in a signicantly enhanced HER perfor-
mance when compared to Ni2P–Ni12P5. Only low overpotentials
of 19 mV, 17 mV, and 65 mV in 1 M KOH, 1 M KOH + seawater,
and 0.5 M H2SO4, respectively, are required to reach 10 mA
cm−2. Compared with Pt/C ‖ RuO2, the electrolysis cell system
assembled with Os/Ni2P–Ni12P5 and RuO2 can be driven at
a lower potential of 2.06 V to reach the same current density,
exhibiting a relatively high cell efficiency of 68.1%. The cost
calculation for the produced hydrogen reveals a low price of
USD $0.92 per GGE, which demonstrates its promising pros-
pects for industrialized application. Moreover, it also exhibits
excellent stability in various electrolytes. This work paves
a pathway for the design of efficient electrocatalysts with
enhanced performance by strengthening the metal-substrate
interaction for H2 generation from copious amounts of
seawater.
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