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a b s t r a c t

Mo2N has been identified as a highly promising carrier for electrocatalysis. However, its complex syn-

thesis method, use of toxic gases, and serious effects on supported noble metals catalyst during high-

temperature sintering processes have seriously affected its hydrogen evolution reaction (HER) activity

and stability. Here, we report an efficient strategy for synthesizing Mo2N using the high temperature

shock (HTS) method in just 1.67 s, while also uniformly loading Ru onto Mo2N nanosheets. The HTS en-

ables the homogeneous dispersion of the noble metal Ru, leading to an increased electrocatalytic activity,

along with a strong charge transfer between Mo2N and Ru. Ru/Mo2N exhibited an overpotential of 66mV

at 10mA/cm2 in 1mol/L KOH. In the evaluation of catalytic activity, Ru/Mo2N demonstrates superiority

over commercial Pt/C catalysts in terms of mass activity (1.71 A/mgRu vs. 0.91 A/mgPt at 200mV) and

turnover frequency (1.41 s−1 vs. 0.18 s−1 at 100mV). This result provides a rational and effective pathway

for the preparation of efficient electrocatalysts.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

H2, with its high energy density (142,351kJ/kg) and environ-

mentally friendly nature, is considered the most promising alter-

native energy for resolving the environmental crisis [1,2]. Taking

into account sustainable development, electrocatalytic water split-

ting has been recognized as a green and efficient method for H2

production [3–6]. The alkaline hydrogen evolution reaction (HER)

has gained recognition over the acidic HER due to its greater stabil-

ity and cost-effectiveness, making it more suitable for large-scale

applications [7].

Platinum (Pt) is well-known as one of the most effective no-

ble metal catalysts for HER, primarily because of its moderate Pt-H

bond [8,9]. However, Pt-based catalysts are expensive and imprac-

tical for large-scale applications. Recently, due to the excellent per-

formance and significantly lower cost (approximately Pt∼4%), re-

searchers considered ruthenium (Ru) as a promising electrocatalyst

for HER [10]. While excessively strong OH adsorption by Ru mono-

atoms can lead to desorption difficulties and reduce the HER reac-

tion rate [11]. Therefore, it is crucial to identify a suitable carrier

with a strong water dissociation capacity to enhance the HER cat-

alytic activity [12–14].
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Transition metal nitrides (TMNs) are promising materials that

can sustain HER activity at low noble metal loadings [15]. Studies

have shown that the interaction between nitrogen (N) elements in

TMNs with metals affects their electronic structures. The d orbitals

of metal atoms will extend after being hybridized with the s and

p orbitals of nitrogen atoms. This process gives them d-band char-

acteristics similar to noble metals [16,17]. Compared to other car-

riers, such as transition metal carbides (TMCs), TMNs offer addi-

tional benefits by desorbing with extra nitrogen atoms as N2 dur-

ing synthesis, leaving a clean TMN surface for direct interaction

with supported metal [18]. However, for TMCs, excess carbon may

accumulate on the surface, preventing direct contact with the ac-

tive metal [19]. In a recent study, Turaczy’s team experimentally

determined the hydrogen binding energy (HBE) value of molyb-

denum nitride, demonstrating its potential as a support to reduce

noble metal loadings in HER catalysts [18]. The introduction of ni-

trogen atoms can alter the charge density of Mo atoms, effectively

adjusting the strength of metal (Mo-H) bonds and optimizing elec-

trochemical activity [20–22].

However, current synthesis methods of molybdenum nitrides

under N2 or NH3 atmosphere typically involve high pressure and

toxic gases (Table S1 in Supporting information) [23,24]. These

methods often result in low yield and incomplete nitridation [25].

Besides, prolonged high-temperature reactions can lead to severe
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aggregation of Ru species [26,27]. Therefore, the rapid and safe

synthesis of molybdenum nitride carriers with enhanced exposure

and dispersion of Ru active sites remains a major challenge. High

temperature shock (HTS) provides a simple and efficient strategy

through rapid heating. Lattice defects generated by extremely rapid

temperature changes can enhance the electronic polarization of el-

emental surfaces [28,29]. With this method, Hu’s team success-

fully synthesized high-entropy alloys, which effectively addressed

the aggregation of active sites and greatly simplified the synthe-

sis path [30]. Similarly, niobium-based oxides have recently been

synthesized through ultrafast carbon thermal shock (CTS) by Zhao

et al., avoiding the need for time-consuming and energy-intensive

annealing processes [31].

Based on the above considerations, we proposed an ultrafast

(1.67 s) method to prepare Mo2N and simultaneously evenly dis-

perse ultrafine Ru sub-nanoparticles on the Mo2N carrier. Under

vacuum conditions, precursor powder was completely nitrided to

Mo2N by the rapid heating and cooling effects of HTS, and the in-

teraction between Ru and Mo2N effectively regulated the charge

redistribution. The synthesized Ru/Mo2N catalyst shows excellent

HER performance under alkaline conditions (1mol/L KOH). It ex-

hibited a low overpotential of 66mV vs. RHE for 10mA/cm2; it also

maintains a significant advantage at an overpotential of 200mV

vs. RHE for 100mA/cm2, which is lower than commercial Pt/C

(220mV).

The specific synthesis method for Ru/Mo2N is provided in the

supporting information. In the synthesis of precursors, melamine

and cyanuric acid have the ability to undergo self-association

through hydrogen bonding in solution, while Mo7O24
6− and Ru3+

can effectively anchor through the metal-N/O covalent bonding co-

ordination effect [32,33]. After filtering and drying, the precursor

powder was subjected to HTS for 1.67 s to form Ru/Mo2N. In terms

of structural characterization, we used X-ray diffraction (XRD) for

compositional analysis of Ru/Mo2N. In Fig. 1a, the diffraction peaks

at 37.38°, 43.44°, 63.10°, and 75.95° are in good agreement with

the characteristic crystal planes (111), (420), (311), and (200) of

the cubic γ -Mo2N (JCPDS card No. 25-1366). The significant bulge

around 23° may be attributed to non-crystalline carbon. Mean-

while, Raman spectroscopy shows two distinct peaks of carbon:

the D band (1342 cm−1) and the G band (1586 cm−1) (Fig. 1b).

The value of ID/IG (1.16) further indicates the presence of non-

crystalline carbon and numerous lattice defects in Ru/Mo2N [34].

The morphology and structure of the prepared samples were in-

Fig. 1. Ru/Mo2N: (a) XRD pattern. (b) Raman spectra. (c, d) SEM images. (e) TEM

image. (f) HR-TEM image and (g-j) EDS mapping images.

vestigated using scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM). As shown in Fig. 1c, Ru/Mo2N

exhibits a curled nanosheet structure with open and continuous

channels, and the specific surface area is 13.85 m2/g. These chan-

nels may be derived from decomposable melamine and cyanuric

acid, which are expected to enhance the accessibility of active sites

[35,36]. Moreover, TEM images reveal a relatively high and uni-

form dispersion of Ru/Mo2N (Fig. 1d). Notably, the carbon cladding

layers were visualized in the TEM image (Fig. 1e), corresponding

to the previously mentioned amorphous carbon. These carbon lay-

ers provide structural support to the entire Ru/Mo2N particle and

accelerate charge transfer. Furthermore, the lattice spacing of the

Ru/Mo2N sample was calculated to be 0.240nm, corresponding to

the (111) crystal plane of γ -Mo2N. The structure of Ru/Mo2N and

the highly homogeneous dispersion of Mo, C, N, and Ru were fur-

ther demonstrated by high-resolution TEM (HR-TEM) and energy-

dispersive X-ray spectroscopy (EDS) mapping (Figs. 1f–j). Addition-

ally, there are no obvious aggregates of Ru or its oxides on the en-

tire nanosheet structure, indicating that Ru is dispersed as ultrafine

sub-nanoparticles on the Mo2N matrix [2].

In order to clarify the valence states of the chemical elements

and their composition on the surface, X-ray photoelectron spec-

troscopy (XPS) was utilized. The XPS survey clearly shows signals

of Mo, N, C, and Ru (Fig. 2a). The XPS spectra of Ru 3p (Fig. 2b)

exhibits binding energies at 483.1 eV and 460.8 eV corresponding

to the Ru 3p1/2 and Ru 3p3/2 peaks, respectively. Interestingly, the

Ru 3p spectra of Ru/Mo2N are negatively shifted compared to RuO2

in other studies (486.3 eV and 464.1 eV), indicating an electron-

enriched state in Ru species [37,38]. Fig. 2c shows N 1s XPS spectra

in Ru/Mo2N with two peaks located at 401.9 eV and 398.5 eV, cor-

responding to graphitic N and pyridinic N, respectively. The higher

content of pyridinic N typically exhibits stronger alkalinity and

nucleophilicity, making it capable of coordinating with metals. A

typical N-Mo peak appears at 395.4 eV, indicating the presence of

nitrides. The two peaks mentioned above collectively validate the

existence of Mo2N [39]. Fig. 2d displays the XPS spectrum of Mo

3d, showing three pairs of peaks corresponding to Mo2+, Mo4+,
and Mo6+. The peaks at 227.5 eV and 230.7 eV are attributed to

Mo2+, mainly derived from Mo2N. The peaks at 228.3 eV and

233.1 eV correspond to Mo4+, while the peaks at 231.8 eV and

Fig. 2. The XPS spectra of Ru/Mo2N. (a) XPS survey spectra of Ru/Mo2N. (b) Ru 3p.

(c) N 1s. (d) Mo 3d.
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Fig. 3. (a–c) LSV curves, overpotentials and Tafel plots of Mo2N, Ru/Mo2N and Pt/C in 1mol/L KOH. (d, e) Comparison of MA and TOF between Ru/Mo2N and Pt/C. (f)

Chronopotentiometric (CP) curve recorded at a constant current density of −10mA/cm2. (g) The overpotential (η10) of various Mo-N-based catalysts.

234.9 eV correspond to Mo6+. The abundance of high-valence

molybdenum attributes to the surface oxidation of Mo [40].

The electrochemical HER performance of Ru/Mo2N was evalu-

ated in 1mol/L KOH electrolyte using a standard three-electrode

system. All potentials are calculated with an iR correction and

reported at a reversible hydrogen electrode (RHE) potential of

10mA/cm2. For comparison, the prepared samples and commer-

cial Pt/C electrocatalysts were all tested. The preparation method

for Mo2N is similar to that of Ru/Mo2N, except that Ru is not

added. Linear sweep voltammetry (LSV) curves and overpoten-

tial in Figs. 3a and b show that the required overpotentials at

10mA/cm2 (η10) and 100mA/cm2 (η100) for Ru/Mo2N are 66mV

and 200mV, respectively, which are significantly lower than those

of the contrast samples, Mo2N (η10 =222mV) and commercial Pt/C

(η10 =63mV, η100 =220mV). These results demonstrate that the

inclusion of a trace amount of Ru significantly improved the elec-

trocatalytic performance. We also studied the performance at dif-

ferent pH values (Fig. S1 in Supporting information). Moreover, the

Tafel slope of Ru/Mo2N in Fig. 3c is 57mV/dec, which is lower than

that of Mo2N (80mV/dec), suggesting faster kinetics on Ru/Mo2N,

believed to follow the Volmer-Heyrovsky mechanism [41,42]. In or-

der to obtain a more precise study of Ru/Mo2N, further calculations

were performed on the mass activity (MA) and turnover frequency

(TOF) related to the noble metals (Pt or Ru). MA represents the

active species generated by the catalyst per unit mass, while TOF

denotes the rate of reactant transformations per unit time in a cat-

alyzed reaction. Impressively, the Ru/Mo2N catalyst exhibits a sig-

nificantly higher MA than commercial Pt/C (Fig. 3d), indicating a

high utilization of noble metals. Additionally, it can be observed

that at 50, 75, and 100mV, the TOF of Ru/Mo2N is also superior

to Pt/C (Fig. 3e). Then, we assessed the electrocatalytic durability

of the Ru/Mo2N catalyst of η10 (Fig. 3f). After a 50-h prolonged

test, the decay of the potential of the Ru/Mo2N catalyst can be ne-

glected, demonstrating its superior stability during the HER cat-

Fig. 4. (a) XRD patterns of Ru/Mo2N and Ru/Mo2N-F. (b) LSV curves of various sam-

ples in 1mol/L KOH. (c) The XPS spectra of Ru 3p (Ru/Mo2N and Ru/Mo2N-F). (d)

The electrochemical Cdl of Ru/Mo2N and Ru/Mo2N-F.

alytic process. A range of previously reported Mo-N-based catalyst

performances are demonstrated in Fig. 3g.

Furthermore, to validate the advantages of Mo2N synthe-

sized by HTS, Mo2N-F and Ru/Mo2N-F were prepared using the

same raw materials but high-temperature tube furnace sintering

method. Interestingly, the X-ray diffraction patterns of Mo2N-F and

Ru/Mo2N-F (Fig. 4a), in addition to coinciding with some of the

γ -Mo2N peaks and also show good correspondence with the char-

acteristic crystal planes (101), (110), (103), and (112) of hexagonal

β-Mo2C (JCPDS card No. 65–8766) at 2θ =39.58°, 61.87°, 69.76°,
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and 75.19°, respectively. Meanwhile, the crystal plane spacing of

Ru/Mo2N-F was calculated to be 0.228nm and 0.236nm based on

the TEM images, corresponding to the (101) and (002) crystal faces

of β-Mo2C, respectively (Fig. S2 in Supporting information). The

above results indicate that incomplete nitridation exists in Mo2N-F

and Ru/Mo2N-F synthesized by high-temperature tube furnace sin-

tering. EDS confirmed the uniform distribution of Mo, C, N, and

Ru elements throughout the Ru/Mo2N-F material (Figs. S3b-e in

Supporting information). As for electrochemical HER performance,

enormous distinctions were observed, LSV revealed that the over-

potential (η10) values of Mo2N and Ru/Mo2N (222mV, 66mV) were

significantly lower than those of Mo2N-F and Ru/Mo2N-F (287mV,

148mV), as illustrated in Fig. 4b. To obtain a more precise investi-

gation of these distinctions, XPS was employed (Fig. 4c). Compared

with Ru/Mo2N-F, the Ru 3p peak of Ru/Mo2N shows a slight neg-

ative shift, implying a higher degree of electron transfer after HTS

[43]. Meanwhile, the N 1s spectra of Ru/Mo2N shows an obvious

positive shift relative to that of Ru/Mo2N-F (Fig. S4 in Supporting

information). The above results suggest that there is an extensive

interaction between Mo2N and Ru species under HTS. To further

compare the intrinsic HER activity of these samples, the electro-

chemical double-layer capacitance (Cdl) of the catalysts was deter-

mined by cyclic voltammetry (CV) as a function of scan rate (20–

100mV/s) (Fig. 4d) [44–46]. It is worth noting that the Cdl value

of Ru/Mo2N was 6.82 mF/cm2, which was significantly higher than

the Cdl value of Ru/Mo2N-F (1.39 mF/cm2). This also demonstrates

that Ru/Mo2N prepared by HTS disperses Ru more evenly, which

possesses more catalytically active sites and exhibits higher cat-

alytic activity.

In conclusion, we successfully developed a highly effective elec-

trocatalyst, Ru/Mo2N, using a rapid heating method, resulting in

homogeneously dispersed Ru on Mo2N. As evidenced by experi-

mental analysis, we propose that the superior performance is at-

tributed to a higher degree of electron transfer exhibited by Ru

during the HTS, and a synergistic effect between highly dispersed

Ru sub-nanoparticle sites and Mo2N, promoting abundant metal-

support interactions in Ru/Mo2N. With an overpotential (η10) of

66mV and outstanding catalytic activity, the prepared Ru/Mo2N

catalyst exhibits its remarkable performance. The catalyst also

demonstrates excellent long-term electrochemical stability in 1

mo/L KOH solution. This work provides a rational pathway for the

preparation of Mo2N-based electrocatalysts.
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