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a b s t r a c t

Electronic metal-support interaction (EMSI) offers a revolutionary strategy for designing high-

performance electrocatalysts by precisely modulating interfacial electron transfer dynamics. Herein, we

construct a Ru-loaded tungsten-molybdenum bimetallic phosphide heterostructure (Ru/WP-MoP) through

EMSI engineering, which demonstrates exceptional hydrogen evolution reaction (HER) performance across

pH-universal electrolytes. The optimized catalyst presents a remarkably low overpotential of 40mV at

10mA/cm2 in alkaline media, outperforming Ru/C (η10 =52mV). Remarkably, it retains significant activ-

ity even under acidic conditions (η10 =55mV) and alkaline seawater (η10 =42mV). In alkaline media, it

operates continuously at 200mA/cm2 for 55h with current density decay of less than 2 %. Combined X-

ray photoelectron spectroscopy analysis reveals that the strong EMSI effect induces electron transfer from

WP-MoP to Ru, optimizing the d-band center position and reducing the water dissociation energy barrier

compared with monometallic counterparts. This work establishes a general paradigm for developing ro-

bust transition metal phosphide catalysts via interfacial electronic structure manipulation, particularly for

industrial-scale seawater electrolysis applications.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The excessive consumption of fossil fuels causes severe environ-

mental degradation and remains a dominant contributor to global

climate change [1–3]. The critical situation necessitates accelerat-

ing the development of renewable energy alternatives, with hydro-

gen energy standing out as a strategically vital solution. Recognized

for its carbon-neutral combustion characteristics and scalable pro-

duction potential, hydrogen is positioned to play a pivotal role in

future energy systems [4–6]. Water electrolysis, as a zero-emission

hydrogen production technology, demonstrates particular promise

for displacing conventional carbon-intensive energy carriers [7,8].

As the cathodic reaction in water-splitting, the hydrogen evolution

reaction (HER) requires advanced electrocatalysts that determine

overall energy conversion efficiency [9]. Although platinum-based
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catalysts currently remain the benchmark for HER activity, their

exorbitant cost underscores the urgent need to develop synthesis

protocols enabling rapid fabrication of Ru-based catalysts with high

intrinsic activity (η10 < 50mV) and long-term stability [10].

Transition metal phosphides (TMPs) exhibit immense potential

in electrocatalysis due to their high electrical conductivity and

unique crystal structures [11]. Specifically, phosphorus (P) atoms

with higher electronegativity are embedded within the prismatic

frameworks of TMPs, acting as proton adsorption centers that sig-

nificantly enhance electrocatalytic activity through multielement

synergistic effects [12,13]. These advantages position TMPs as

efficient multifunctional catalysts in energy storage technologies

and clean fuel production [14]. However, their practical applica-

tions are challenged by mismatch between the electrocatalytic

performance and real-world demands. Strategies, such as mor-

phology regulation and element-doping-induced synergistic effects

of electronic metal-support interaction (EMSI), are of profound
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significance for boosting electrocatalytic performance [15–17]. For

instance, element doping not only elevates the density of active

sites but also enhances water dissociation kinetics by modifying

coordination configurations [18]. For example, Dong et al. prepared

a W-doped NiCo phosphide, in which W, Ni, and Co ternary

metals are electrodeposited and anchored on nickel foam. The

W sites can efficiently convert H∗ to H2, and the overpotential

of W-NiCoP/NF at 10mA/cm2 is 29.6mV for HER [19]. However,

the synthesis strategies for tungsten-molybdenum-based metal

phosphides differ distinctly from those for general transition metal

phosphide catalysts. Existing strategies mainly consist of two

high-temperature strategies: Inert gas-assisted phosphorization of

precursors at 750 °C and hydrogen-assisted reduction of tungstate-

molybdate at 800 °C [20,21]. However, these routes suffer from

high energy consumption, prolonged processing duration, and

safety hazards posed by PH3 byproducts. There is thus an urgent

need to develop scalable, eco-friendly strategies for the fabrication

of tungsten-molybdenum-based metal phosphides.

In this study, an efficient and scalable ultrafast microwave-

assisted quasi-solid-state strategy is developed to introduce W, Mo,

Ru ternary metals to induce EMSI interactions for the prepara-

tion of highly catalytic Ru/WP-MoP catalysts. The ternary synergy

effectively modulates the electronic structure and enhances the

HER performance: The catalyst achieves 10mA/cm2 current den-

sity with 40/42/55mV overpotentials in 1mol/L KOH, 1mol/L KOH-

containing seawater, and 0.5mol/L H2SO4, respectively, outper-

forming Ru/C, and has excellent stability. In overall water splitting,

10mA/cm2 current density is achieved at 1.44V, demonstrating

excellent catalytic ability. This work realizes the low-temperature

rapid fabrication of transition metal phosphides and proposes a

new path for the construction of advanced electrocatalytic mate-

rials by regulating atomic coordination through a multi-element

strategy.

The Ru/WP-MoP catalyst was synthesized via a microwave

quasi-solid-state strategy, where sodium tungstate hexahydrate,

sodium molybdate, and ruthenium trichloride precursors undergo

20 s reaction (Fig. 1a). X-ray diffraction (XRD) analysis (Fig. 1b

and Fig. S1 in Supporting information) reveals distinct diffrac-

tion patterns matching WP (PDF#29-1364), MoP (PDF#24-0771),

and metallic Ru (PDF#06-0663). This demonstrates the success-

ful preparation of WP, MoP, WP-MoP and Ru/WP-MoP. Scanning

electron microscopy (SEM) images (Figs. 1c and d) demonstrate

the coral-like 3D architecture with hierarchical porosity, where

Ru incorporation (Fig. S2 in Supporting information) maintains

the WP-MoP framework without morphological changes. High-

resolution transmission electron microscope (HR-TEM) analysis

(Fig. 1e) resolves lattice spacings of 0.209 nm (MoP (101)), 0.203

nm (WP (211)), consistent with XRD-indexed planes [22–24]. Low–

magnification TEM (Fig. 1f) further illustrates the overall coral–like

and porous morphology of the Ru/WP–MoP catalyst. Energy disper-

sive X-ray spectroscopy (EDS) analysis (Fig. 1g) additionally verifies

the uniform distribution of W, Ru, Mo, and P.

The electronic structure and chemical states of the elements

were further explored via X-ray photoelectron spectroscopy (XPS).

The successful loading of Ru onto the WP-MoP carrier is confirmed

by the XPS survey spectrum (Fig. 2a). Analysis of the W 4f orbitals

in both WP-MoP and Ru/WP-MoP reveals three distinct peaks upon

deconvolution (Fig. 2b). The peaks at 31.3/33.4 eV and 32.0/34.1

eV are characteristic of W and W4+ species, respectively, while the

peaks at 36.1/38.3 eV correspond to W6+ [25,26]. A comparison of

the W 4f spectra between WP-MoP and Ru/WP-MoP shows that

the binding energy of the latter is higher, indicating that Ru addi-

tion modulates the W atomic configuration and facilitates electron

transfer from W to Ru. The Mo 3d peaks in Ru/WP-MoP can be

deconvoluted into two sets of peaks at 228/231 eV and 233/236

eV, assigned to the Mo4+ and Mo6+ oxidation states, respectively

Fig. 1. (a) Schematic illustration of the synthesis route for Ru/WP-MoP. (b) XRD pat-

tern of Ru/WP-MoP. SEM images of (c) WP-MoP and (d) Ru/WP-MoP. (e) High- and

(f) low-resolution TEM images of Ru/WP-MoP. (g) S-TEM image with EDS mappings

of W, Ru, Mo and P.

(Fig. 2c) [27,28]. Interestingly, the Mo 3d peaks shift positively

upon Ru incorporation, further confirming the electron transfer be-

tween Mo and Ru. The P 2p peaks at 129.4/130.4 eV (P 2p3/2 and

P 2p1/2) and an additional peak at 134 eV is assigned to surface-

oxidized P (Fig. 2d) [29,30]. In Ru 3p spectrum (Fig. 2e), the pres-

ence of Ru0 and Ru4+ species results from the strong electronic

interactions between W, Mo, and Ru [31,32]. Additionally, the for-

mation of P vacancies serves as an efficient approach for regulating

the electronic structure of the catalyst [33–35]. Electron paramag-

netic resonance (EPR) spectra of WP, MoP, WP-MoP, and Ru/WP-

MoP (Fig. 2f) reveal a stronger peak at g=2.003 for Ru/WP-MoP

and other samples, confirming the creation of P vacancies in the

catalyst [36]. The generation of vacancies is conducive to activat-

ing the EMSI effect between metal ions, which further improves

the HER performance.

A systematic evaluation of the electrocatalytic properties for

Ru/WP-MoP and comparative catalysts was conducted in 1mol/L

KOH. As depicted in the linear sweep voltammetry (LSV) curves

(Fig. 3a), Ru/WP-MoP demonstrates superior catalytic activity com-

pared with the benchmarked Ru/C (52mV) and other control sam-

ples (WP-MoP, MoP, and WP), achieving 10mA/cm2 with a low

overpotential of 40mV. Kinetic analysis through Tafel slopes fur-

ther confirms the enhanced reaction kinetics of Ru/WP-MoP, dis-

playing a notably smaller slope of 50mV/dec relative to other

counterparts (53-143mV/dec), indicating its optimized reaction ki-

netics (Fig. 3b) [12]. Thus, the integration of bimetallic phosphides,

Ru incorporation and P vacancies play key role in promoting the

electrocatalytic performance. Electrochemical characterization re-
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Fig. 2. (a) XPS survey spectra of WP-MoP and Ru/WP-MoP. XPS spectra of (b) W 4f, (c) Mo 3d, and (d) P 2p in WP-MoP and Ru/WP-MoP. (e) Ru 3p spectrum in Ru/WP-MoP.

(f) EPR spectra of WP, MoP, WP-MoP and Ru/WP-MoP.

Fig. 3. (a) The LSV curves of WP, MoP, WP-MoP, Ru/WP-MoP and Ru/C in 1mol/L KOH. (b) Tafel plots. (c) Cdl plots. (d) Poisoning experiments. (e) LSV curves before

and after 10,000 CV cycles. (f) I-t test of Ru/WP-MoP. (g) The overall water splitting (OWS) curves, (h) multi-step chronopotentiometry and (i) stability test of Ru/WP-

MoP/NiFe||RuO2/NiFe in a 1mol/L KOH solution. (j) Measurement of hydrogen and oxygen production by bubble drainage method. (k) Photographs of hydrogen and oxygen

collected at different time. (l) Faraday efficiency diagram.

veals that Ru/WP-MoP possesses 2.3-fold larger electrochemically

active surface area (ECSA) than that of WP-MoP (Fig. 3c and Fig. S3

in Supporting information), confirming the critical role of Ru in

creating additional active sites. Mechanistic insight is provided by a

potassium thiocyanate (KSCN) poisoning experiments, which show

a 78.5 % decrease in activity after thiocyanate adsorption (Fig. 3d),

indicating Ru serves as the dominant active center [37,38]. Stabil-

ity evaluations show that the overpotential decay is negligible af-

ter 10,000 CV cycles, verifying its excellent durability (Fig. 3e). And

the catalyst maintains stable operation for 55 h at 200mA/cm2

(Fig. 3f). Evidently, the electrocatalytic performance surpasses that

of most reported Ru-based catalysts (Fig. S4 and Table S1 in Sup-

porting information).

Seawater, as a renewable resource, holds significant potential

for hydrogen production. Ru/WP-MoP demonstrates exceptional

hydrogen evolution capability in alkaline seawater, with an over-
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Fig. 4. (a) CV curves of Ru/WP-MoP and Ru/C catalysts in Ar-saturated 1mol/L KOH. (b) KIE values of Ru/WP-MoP under the corresponding potentials. (c) Nyquist plots for

Ru/WP-MoP catalyst at various overpotentials. (d) LSV curves of Ru/WP-MoP in 1mol/L TBA. (e) Overpotentials of Ru/WP-MoP and WP-MoP with and without 1mol/L TBA.

(f) Activation energies of Ru/WP-MoP and WP-MoP at various overpotentials.

potential of 42mV at 10mA/cm2, significantly lower than control

catalysts (WP: 317mV, MoP: 381mV, WP-MoP: 224mV, Fig. S5a

in Supporting information). Furthermore, Ru/WP-MoP exhibits fa-

vorable reaction kinetics, as evidenced by its smaller Tafel slope

(73mV/dec vs. 89-113mV/dec for counterparts, Fig. S5b in Support-

ing information). The ECSA, reflected by the double-layer capaci-

tance (Cdl), is 5.1 times larger for Ru/WP-MoP (2.85 mF/cm2) than

for WP-MoP (0.56 mF/cm2), confirming that Ru creates abundant

active sites through defect engineering (Figs. S5c and S6 in Sup-

porting information). To identify the catalytic active sites, KSCN

poisoning experiment was conducted. The catalytic performance

of Ru/WP-MoP decreases by 83 % after poisoning, directly con-

firming the critical role of Ru active sites for HER (Fig. S5d in

Supporting information). Electrochemical impedance spectroscopy

(EIS, Fig. S5e in Supporting information) indicates that Ru/WP-MoP

possesses the lowest charge transfer resistance (Rct), indicating fa-

vorable charge transport dynamics. Regarding stability, the cata-

lyst maintains steadily without significant degradation over 27 h

(Fig. S5f in Supporting information). In comparison to other Ru-

based catalysts, its catalytic activity remains more efficient than

leading seawater HER catalysts reported in the literature. (Fig. S5g

and Table S2 in Supporting information).

Ru/WP-MoP also demonstrates exceptional catalytic activ-

ity in acidic media (0.5mol/L H2SO4), requiring only 55mV at

10mA/cm2, far smaller than the values obtained for Ru/C (95mV)

and control metal phosphides (141-198mV, Fig. S7a in Supporting

information). Kinetic analysis reveals its Tafel slope of 53mV/dec,

which outperforms all counterparts (57-94mV/dec), indicating

superior reaction kinetics (Fig. S7b in Supporting information). The

Cdl (Figs. S7c-e in Supporting information) shows that Ru/WP-MoP

features an enhanced electrochemically active surface area, imply-

ing increased available active sites. This feature can be attributed

to the hierarchical porous architecture of Ru/WP-MoP and the high

dispersion of Ru species. In the H2SO4/D2O system, the KIE value

is 2.5, which further confirms that proton transfer is involved in

the rate-determining step for HER (Figs. S7f and g in Supporting

information) [39], while KSCN poisoning experiments validate

Ru centers as primary active sites (78.5 % activity loss, Fig. S7h

in Supporting information). The catalyst operates at 10mA/cm2

for 22 h, illustrating its excellent stability (Fig. S7i in Supporting

information).

The outstanding HER activity of the Ru/WP-MoP catalyst

prompts a systematic evaluation of its practical feasibility. An

alkaline electrolysis cell is constructed using Ru/WP-MoP||NiFe

as the cathode and benchmark RuO2||NiFe as the anode. As ev-

idenced in Fig. 3g, the cell achieves only 1.44 V at 10mA/cm2,

significantly superior to that of the RuO2||NiFe (1.59 V) for the

same current density. Rigorous stability assessments, including

multi-step chronopotentiometry and continuous 100-h operation

test (Figs. 3h and i), confirm exceptional operational stability with

negligible activity decay. Quantitative Faradaic efficiency analysis

was conducted via gasometric measurements at an industrially

relevant current density of 200mA/cm2 (Figs. 3j and k). The

near-perfect alignment between experimentally collected H2/O2

volumes and theoretically predicted values (Fig. 3l) reveals nearly

100 % Faradaic efficiency, confirming charge-transfer exclusivity to-

ward water splitting [40,41]. The compatibility of the system with

renewable power inputs (wind/solar/battery-driven operation) is

demonstrated by continuous bubble evolution at electrodes under

practical operating conditions (Fig. S8 in Supporting information).

Crucially, the Ru/WP-MoP catalyst achieves unprecedented perfor-

mance metrics in fully aqueous environments, surpassing not only

the RuO2||NiFe benchmark but also most cutting-edge catalysts

reported for alkaline electrolytes.

The excellent OWS activity of the Ru/WP-MoP-based elec-

trolyzer originates from its superior cathode HER activity, thus we

further explored the intrinsic HER mechanism. Hydrogen binding

energy (HBE) tests were conducted for both Ru/WP-MoP and the

benchmark catalyst Ru/C [42]. Specifically, the hydrogen underpo-

tential deposition (Hupd) peak of Ru/WP-MoP emerges at 0.180 V,

in contrast to 0.203 V for Ru/C, directly demonstrating a weaker

hydrogen adsorption strength on Ru/WP-MoP to boost the reaction

kinetics (Fig. 4a) [43]. To reveal the catalytic mechanism of Ru/WP-

MoP in alkaline media, LSV measurements were performed in

1mol/L KOH/H2O and 1mol/L KOH/D2O electrolytes. The voltage-

dependent kinetic isotope effect (KIE= jH/jD) ranges from 2.4 to 2.8

within the potential window of -0.30∼-0.42 V (Fig. 4b). KIE values

consistently exceeding 1.5 across all measured potentials confirm

that hydrogen bond cleavage is involved in the rate-determining

step [39,44,45]. Nyquist plots were employed to further investi-

gate the hydrogen adsorption behavior. The hydrogen adsorption

resistance (R2) gradually decreases with increasing applied overpo-

tential, indicating that more edge active sites are exposed, thereby

accelerating charge transfer during the HER (Fig. 4c). tert-Butanol

(TBA), a hydrogen radical quencher, was used to evaluate hydro-

gen adsorption strength [46]. The introduction of 1mol/L TBA into
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the KOH electrolyte causes a significant decline in the HER per-

formance of both Ru/WP-MoP and WP-MoP (Fig. 4d). As shown

in Fig. 4e, at 50mA/cm2, the activity of Ru/WP-MoP decays by

66.8 %. Notably, even at 100mA/cm2, the catalytic activity decay

for Ru/WP-MoP is still superior to WP-MoP. The above results in-

dicate that Ru/WP-MoP has a weaker hydrogen adsorption capac-

ity, a characteristic beneficial to H2 desorption and spillover over

the catalyst surface [47,48]. Arrhenius analysis of temperature-

dependent kinetics ultimately reveals superior catalytic efficiency

of Ru/WP-MoP through remarkably low activation energies (9.7-

10.7 kJ/mol vs. 12.5-15.3 kJ/mol for WP-MoP), demonstrating the

cooperative effect of Ru incorporation and P vacancy engineering

in reducing the HER energy barrier (Fig. 4f) [49].

After the HER durability testing, XRD results further verify

that the phases of WP, MoP and Ru are still retained (Fig. S9a in

Supporting information). Fig. S9b (Supporting information) shows

the XRD patterns of Ru/WP-MoP before and after the HER test. The

absence of any significant shift or disappearance in the character-

istic peaks of the WP, MoP, and Ru phases indicates the excellent

phase stability of the material during the HER process. Meanwhile,

the SEM image shows complete retention of the coral-like 3D

hierarchical porous architecture and overall electrode morphology

after the reaction, with no structural collapse or detachment

of active material, indicating excellent mechanical robustness

(Fig. S9c in Supporting information). Moreover, the TEM result fur-

ther corroborates the structural integrity at the nanoscale, as the

coral-like nanoarchitecture remains intact after the durability test

(Fig. S9d in Supporting information). Therefore, post-stability-test

characterization data consistently demonstrates that the material

retains outstanding structural and morphological stability.

We successfully engineered Ru-loaded tungsten-molybdenum

bimetallic phosphide (Ru/WP-MoP) electrocatalysts through an

ultrafast microwave-assisted quasi-solid-state synthesis strategy.

The Ru/WP-MoP has exceptional HER performance, delivering

10mA/cm2 at 40 and 42mV overpotentials to achieve in alkaline

freshwater and simulated seawater electrolytes, respectively. The

atomic dispersion of Ru sites within a coral-like hierarchical

porous architecture of WP-MoP creates abundant accessible active

sites, enabling nearly 100 % Faradaic efficiency during alkaline

overall water splitting. Besides, the bimetallic W-Mo sites in WP-

MoP induce strong EMSI with Ru, optimizing the d-band center of

Ru, reducing its hydrogen binding energy. Ru reciprocally triggers

P vacancy formation in WP-MoP, enhancing interfacial electron

transfer. This innovative synthetic methodology establishes a

versatile platform for defect-controlled fabrication of transition

metal phosphides, while the demonstrated catalytic superiority

under practical operating conditions provides crucial insights for

advancing scalable green hydrogen technologies.
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