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G R A P H I C A L  A B S T R A C T

2D in-plane Mo/Mo2C heterojunction nanosheets electrocatalyst is manufactured from bulk MoS2 via a molten salt-assisted approach. The electron transfer from Mo 
to Mo2C and fill Mo2C antibonding orbitals, which weakens Mo-H bonding, enhances H2O adsorption and dissociation, optimizes H adsorption/desorption of in-plane 
Mo/Mo2C heterojunction nanosheets, thereby promoting the HER kinetics.
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A B S T R A C T

Two-dimensional (2D) molybdenum carbide (Mo2C) is a potential electrocatalyst for the hydrogen evolution 
reaction (HER) due to its Pt-like electronic structure, high electrical conductivity, and abundant active sites. 
However, its practical application as an HER catalyst is hindered by the sluggish kinetics due to the strong 
hydrogen absorption. Herein, 2D in-plane Mo/Mo2C heterojunction nanosheets are synthesized from bulk mo
lybdenum disulfide (MoS2) via a molten salt-assisted technique. The ultraviolet photoelectron spectra combined 
with density-functional theory (DFT) simulations elucidates that electrons are transferred from Mo to Mo2C and 
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fill Mo2C antibonding orbitals, which weakens Mo-H bonding, enhances H2O adsorption and dissociation, op
timizes H adsorption/desorption of in-plane Mo/Mo2C heterojunction nanosheets, thus promoting the HER ki
netics. The Mo/Mo2C heterojunction nanosheets electrocatalyst demonstrates exceptional HER performance with 
minimal overpotentials (90 mV in alkaline vs. 96 mV in acidic media at 10 mA cm− 2) and favorable Tafel slopes 
(54.9 vs. 64.2 mV dec− 1). Notably, it achieves a 280 mV overpotential at 500 mA cm− 2 under alkaline conditions, 
surpassing that of the commercial Pt/C electrode. The stability is excellent as confirmed by an increase of po
tential of only about 10 mV after operation for 100 h at 300 mA cm− 2. The results reveal a simple and effective 
strategy to boost the catalytic HER activity boding well for high-efficiency commercial water splitting.

1. Introduction

Hydrogen (H2) produced by water splitting is a highly promising, 
efficient, eco-friendly, economical, and sustainable energy source.[1–5]
In water electrolysis, the hydrogen evolution reactions (HER) efficiency 
depends on electrocatalyst performance. Therefore, the development of 
highly efficient and sustainable electrocatalysts is crucial for optimizing 
reaction kinetics.[6–8] While Pt has the highest intrinsic HER catalytic 
activity, its scarcity-driven cost presents substantial barriers to scalable 
implementation.[9,10] In this respect, developing earth-abundant 
electrocatalysts with noble metal-mimetic HER activity is crucial to 
the development of clean hydrogen.[11–13] Among the various non
–precious metal-based electrocatalysts, two-dimensional (2D) molyb
denum carbide (Mo2C) has emerged as a potential alternative to Pt 
because of its Pt-mimetic electronic configuration, superior charge 
mobility, large surface area, and ample active sites.[14–16] Neverthe
less, the strong Mo-H bond in Mo2C gives rise to a low occupancy state of 
Mo 4d antibonding orbitals, specifically impeding hydrogen desorption 
in the Tafel or Heyrovsky step for HER.[17,18].

2D Mo2C-based hetero-structured electrocatalysts can be designed 
by modulating the electronic configuration to weaken the Mo-H bond. 
Liu et al. have reported a Ni/Mo2C hetero-sheet array electrocatalyst 
with enhanced HER activity in the alkaline electrolyte because a larger 
electron density of Mo2C is observed near the Fermi level as a result of 
the interfacial interaction of Ni and Mo2C.[19] Wang et al. have reported 
that MoS2 nanosheets grown on 2D Mo2C show enhanced intrinsic HER 
activity, achieving an overpotential reduction to 207 mV from 700 mV 
of pristine 2D Mo2C at 10 mA cm− 2.[20] Nevertheless, the fabrication of 
2D Mo2C-based hetero-structured nanosheets often involves intricate 
processes and the composites deposited on Mo2C nanosheets compro
mise active sites, thereby limiting the HER activity. In this context, 2D 

in-plane Mo2C-based heterojunctions which can simultaneously boost 
the number of active sites and optimize hydrogen absorption/desorp
tion, have large potential in HER.

Herein, we report in-plane Mo/Mo2C heterojunction nanosheets with 
a precisely regulated interface and abundant electrochemical active sites 
as high-efficiency electrocatalysts for HER with pH-universal. The 2D 
Mo/Mo2C hetero-structured are synthesized from the commercial MoS2 
by Na2CO3-assisted thermal carbonization, followed by annealing under 
Ar/H2 to partially remove interstitial carbon atoms from the Mo2C 
nanosheets. The composition of Mo/Mo2C can be adjusted and 
controlled by altering the annealing duration in Ar/H2. The as- 
synthesized 2D Mo/Mo2C nanosheet has a thickness of about 8.2 nm 
and abundant electroactive sites for HER. The ultraviolet photoelectron 
spectra and density-functional theory (DFT) simulations elucidate that 
electrons migrate from Mo to Mo2C at the Mo/Mo2C heterointerface to 
enhance the Mo 4d antibonding-orbital occupancy state of Mo2C, 
consequently improving H2O adsorption/dissociation, optimizing H 
adsorption/desorption, and improving the HER efficiency (Fig. 1a). The 
2D Mo/Mo2C heterojunction electrocatalyst delivers superior HER per
formances across wide pH conditions, achieving remarkably low over
potentials of 90 mV (alkaline) and 96 mV (acidic) at 10 mA cm− 2 with 
corresponding Tafel slopes of 54.9 and 64.2 mV dec− 1. Notably, this 
catalyst exhibits outstanding high-current performance with a 280 mV 
overpotential at 500 mA cm− 2, outperforming commercial Pt/C (335 
mV) and those of Mo2C-based electrocatalysts reported recently.[15,16]
The 2D Mo/Mo2C hetero-structured electrocatalyst also shows excellent 
durability with unnoticeable decay at 300 mA cm− 2 for 100 h. To 
demonstrate the commercial viability, an anion exchange membrane 
water electrolyzer composed of the Mo/Mo2C cathode and NiFe-LDH 
anode achieves exceptional performance, requiring only 2.23 V to sus
tain 1,000 mA cm− 2 current density. The results reveal a straight 

Fig. 1. (a) Schematic diagram of the Mo/Mo2C||NiFe-LDH overall water splitting device. Electron transfer from Mo to Mo2C at the Mo/Mo2C heterointerface en
hances H2O adsorption and dissociation and promotes H desorption and HER kinetics; (b) Schematic illustration of the synthetic process of the 2D in-plane Mo/Mo2C 
heterojunction from bulk MoS2.
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forward and effective approach for promoting the HER efficiency of 
Mo2C for high-performance water splitting.

2. Experimental section

2.1. Materials

The commercial molybdenum disulfide (MoS2, 98 wt%) was pur
chased from Jinduicheng Molybdenum Industry Co., Ltd. The sodium 
carbonate (Na2CO3, GR, ≥99.8 %), urea (CH4N2O AR, ≥99.0 %), hy
drochloric acid (HCl AR, 36.0~38.0 %) and potassium hydroxide (KOH 
AR, ≥85 %) were purchased from Sinopharm Chemical Reagent Co., Ltd. 
All the reagents were used as purchased without further purification.

2.2. Synthesis of 2D Mo2C nanosheets

The precursor mixture of MoS2, Na2CO3, and urea, in a 1:2.5:8  ratio, 
was homogenized in an agate mortar, loaded into a quartz crucible, and 
thermally treated at 800 ◦C for 8 h under an argon/hydrogen (Ar/H2) 
atmosphere. Following natural cooling, the resultant material was then 
treated with 1 M HCl and stirred for 2 h to remove the by-product of 
sodium disulfide (Na2S). Finally, the 2D Mo2C nanosheets were obtained 
after freeze-drying overnight.

2.3. Synthesis of 2D hetero-structured Mo/Mo2C nanosheets

The 2D hetero-structured Mo/Mo2C nanosheets were prepared by 
annealing the 2D Mo2C nanosheets precursors at 850 ◦C for 1, 3, and 5 h 
under flowing 10 vol% H2/Ar (100 sccm) at a ramping rate of 5 ◦C min− 1 

(denoted as Mo/Mo2C-1, Mo/Mo2C-3, and Mo/Mo2C-5, respectively).

2.4. Characterization

Comprehensive characterization included morphological analysis by 
scanning electron microscopy (SEM, Thermo Fisher/Apreo S HiVac) and 
transmission electron microscopy (TEM, JEM-2100), and crystallo
graphic profiling by X-ray diffraction (XRD, Rigaku/SmartLab with Cu 
Kα radiation). The surface electronic structure measurements utilized X- 
ray photoelectron spectroscopy (XPS, AXIS SUPRA+) and X-ray ab
sorption near-edge spectroscopy (XANES 5–22 keV), while work func
tions were measurements utilized ultraviolet photoelectron 
spectroscopy (UPS, Thermo ESCALAB 250XI).

2.5. Electrochemical measurements

Electrochemical analyses were performed using a Biologic VSP-300 
workstation. The HER properties were determined via a three- 
electrode system, where a carbon rod served as the counter electrode 
and a saturated calomel electrode (SCE) acted as the reference. Catalysts 
(prepared samples or commercial Pt/C) were uniformly coated onto 
copper foam as working electrodes at a fixed mass loading of 3 mg cm− 2. 
Linear sweep voltammetry (LSV) polarization curves were acquired at 5 
mV s− 1 scan rates, with potentials converted to the reversible hydrogen 
electrode (RHE) scale and automated 85 % iR correction. Durability 
testing involved galvanostatic cycling at 300 mA cm− 2, while long-term 
stability was evaluated through 3,000 cyclic voltammetry (CV) cycles 
(50 mV s− 1 scan rate). Electrochemical impedance spectroscopy (EIS) 
measurements spanned frequencies from 0.01 Hz to 100 kHz with a 5 
mV AC amplitude.

3. Results and discussion

The synthesis of the 2D in-plane hetero-structured Mo/Mo2C nano
sheets is illustrated in Fig. 1b. The Mo2C hetero-structured are synthe
sized from the bulk MoS2 precursor (Fig. S1) by Na2CO3-assisted heat 
treatment with urea as the carbon source. The Mo2C nanosheets are 

further annealed under Ar/H2 to produce in-plane Mo/Mo2C hetero
junction nanosheets by partially removing interstitial C atoms. The SEM 
micrograph in Fig. 2a illustrates Mo2C nanosheets with lateral di
mensions of 1–3 μm and a vertical thickness of 8–10 nm. Fig. S2a shows 
the X-ray diffraction (XRD) patterns of Mo2C nanosheets. The diffraction 
peaks at 34.5◦, 38.1◦, 39.6◦, and 52.3◦ correspond to the (100), (002), 
(101), and (102) crystallographic planes of Mo2C (PDF# 65–8766), 
respectively. The high resolution transmission electron microscope (HR- 
TEM) image of the Mo2C nanosheet in Fig. 2b confirms the lattice fringe 
spacing of 0.262 nm, attributed to the (100) crystal plane of hexagonal 
Mo2C. The atomic force microscopy (AFM) image reveals that the 
thickness of an individual Mo2C nanosheet approximates 8.3 nm 
(Fig. 2c). The 2D Mo/Mo2C nanosheets inherit the morphology of Mo2C 
nanosheets (Fig. 2d). The Mo and Mo2C phases with abundant hetero
interfaces are observed from the HR-TEM image of 2D Mo/Mo2C 
nanosheets (Fig. 2e). The well-defined interplanar spacings of 0.262 nm 
and 0.221 nm are assigned to the (100) crystallographic plane of Mo2C 
and the (110) plane of Mo, respectively. Furthermore, it can be seen 
from the Energy-dispersive X-ray spectroscopy (EDS) images that both 
Mo and C elements are evenly spread across the Mo/Mo2C-3 nanosheets 
(Fig. S3). AFM shows that the Mo/Mo2C nanosheet has a thickness of 
8.2 nm (Fig. 2f), which is similar to that of Mo2C nanosheets, further 
boosting the formation of in-plane Mo/Mo2C heterojunction nanosheets. 
The XRD patterns of Mo/Mo2C-1, Mo/Mo2C-3 and Mo/Mo2C-5 com
posites (Fig. 2g and Fig. S2a) show distinct diffraction peaks at 40.5◦, 
58.6◦ and 73.7◦, which are indexed to the (110), (200) and (211) crys
tallographic planes of cubic Mo (PDF# 89–5023), revealing that the 
Mo2C nanosheets are transformed into Mo/Mo2C heterojunction nano
sheets by thermal annealing Mo2C under Ar/H2 by partial removal of 
interstitial C atom. The intensity of the Mo peaks of Mo/Mo2C-1, Mo/ 
Mo2C-3, and Mo/Mo2C-5 increase gradually with annealing time, indi
cating more Mo phases are formed with time. The mass ratios of Mo are 
calculated to be 5.7 %, 11.8 %, and 16.4 % for Mo/Mo2C-1, Mo/Mo2C-3, 
and Mo/Mo2C-5 nanosheets by XRD Rietveld refinement (Fig. S2). The 
scanning electron microscopy (SEM) and AFM images show that Mo2C, 
Mo/Mo2C-1, Mo/Mo2C-3, and Mo/Mo2C-5 have a similar morphology 
and provide evidence of the topochemical chemical transition from 
Mo2C to Mo/Mo2C nanosheets (Fig. S4).

X-ray photoelectron spectroscopy (XPS) is utilized to probe the 
changes in the chemical states during the transition from Mo2C to Mo/ 
Mo2C nanosheets. The XPS survey spectrum of Mo2C nanosheets 
(Fig. S5a) shows the coexistence of Mo and C in Mo/Mo2C-3. The XPS 
analysis of Mo/Mo2C-3 reveals two characteristic peaks in the high- 
resolution Mo 3d spectrum at binding energies of 228.5 eV and 231.6 
eV, which are assigned to the Mo2+ in Mo2C (Fig. S5b). A pair of new 
peaks at 228.1 and 231.2 eV appear from the Mo/Mo2C-3 nanosheets, 
indicating Mo0 in metal Mo [21,22] and further confirming that Mo2C is 
converted into the Mo/Mo2C heterojunction nanosheets. The weak 
peaks at 229.2 eV/232.3 eV and 232.7 eV/235.8 eV correspond to Mo4+

and Mo6+ arising from the surface oxidation of Mo/Mo2C heterojunction 
nanosheets. The C 1 s spectra of Mo2C and Mo/Mo2C-3 show two peaks 
at 284.6 and 282.9 eV for C-C and C-Mo, respectively (Fig. S5c). The C- 
Mo bond in Mo/Mo2C-3 is weaker than that of Mo2C due to the partial 
transformation of Mo2C into Mo.

To obtain more information about the local coordination environ
ment and electronic properties of the Mo atoms in Mo2C and Mo/Mo2C- 
3, the Mo K-edge X-ray absorption near-edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) are analyzed. Fig. 2h 
shows the Mo K-edge XANES plots of the Mo foil, Mo2C, and Mo/Mo2C- 
3. The K-edge absorption edge of Mo2C/Mo-3 shifts to lower energies 
relative to Mo2C, but closer to that of the Mo foil, showing that the 
average Mo valence state of Mo in Mo/Mo2C-3 is between 0 and +2.
[23,24] The Fourier transform EXAFS spectrum in Fig. 2i reveals the 
existence of the Mo-C and Mo-Mo bonds in Mo2C and Mo/Mo2C-3. 
Compared with Mo2C, the bond length of Mo-C (1.65 Å) in Mo/Mo2C-3 
redshifts, whereas the bond length of Mo-Mo (2.62 Å) blueshifts.[25]
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The wavelet transform-EXAFS (WT-EXAFS) spectra in Fig. S6 show that 
the center position of the Mo-Mo bond (8.73 Å− 1) of Mo/Mo2C-3 is 
between those of the Mo foil (8.44 Å− 1) and Mo2C (9.25 Å− 1), further 
confirming the partial conversion of Mo2C to Mo. Moreover, the in
tensity of the Mo-C bond of Mo/Mo2C-3 is lower than that of Mo2C, 
indicating that the local and unsaturated coordination of Mo/Mo2C-3 
enhances the electrochemical activity.[9,26].

The HER properties of the 2D in-plane heterostructured Mo/Mo2C 
nanosheets are determined in the 1 M KOH electrolytes. The Mo2C, Mo/ 
Mo2C, and commercial 20 wt% Pt/C samples with the same areal mass 
loading of 3 mg cm− 2 are coated on copper foam for linear scanning 
voltammetry (LSV). Fig. 3a shows the polarization curves of Mo2C, Mo/ 
Mo2C, and commercial 20 wt% Pt/C. The as-synthesized Mo/Mo2C 
electrodes exhibit improved HER activity than the pure Mo2C electrode. 
The overpotentials of the Mo2C/Mo-3 are 90 and 162 mV at 10 and 100 
mA cm− 2, respectively, surpassing those of Mo2C (163 and 256 mV), 
Mo/Mo2C-1 (135 and 251 mV), and Mo/Mo2C-5 (175 and 270 mV) 
nanosheets (Fig. S7). Therefore, Mo/Mo2C-3 is the optimal electro
catalyst and studied systematically subsequently. Fig. 3b compares the 

overpotentials of Mo2C, Mo/Mo2C-3, and Pt/C at different current 
densities of 10, 100, and 500 mA cm− 2. Mo/Mo2C-3 shows a low 
overpotential of 280 mV at 500 mA cm− 2, which is even less than that of 
Pt/C (335 mV). The Tafel slope of Mo/Mo2C-3 is 54.9 mV dec− 1 and 
smaller than that of Mo2C (67.3 mV dec− 1) (Fig. 3c), indicating 
enhanced HER kinetics of Mo/Mo2C-3. The electrochemical impedance 
spectroscopy (EIS) plots in Fig. S8 disclose that the charge transfer 
resistance (Rct) of Mo/Mo2C-3 is 8.2 Ω, which represents a notable 
reduction compared to that of Mo2C (16.3 Ω), further revealing faster 
interfacial charge transfer. Furthermore, to explore the number of active 
sites in different catalysts, the electrochemical active surface areas 
(ECSA) of Mo2C and Mo2C/Mo-3 are derived from the double-layer 
capacitance (Cdl) based on the CV curves in the non-Faradaic poten
tials (Figs. S9a and b). The value of Cdl of Mo/Mo2C-3 is calculated to be 
34.2 mF cm− 2, which is almost 1.5 times larger than that of Mo2C (24.5 
mF cm− 2), suggesting more exposed active sites on the Mo/Mo2C-3 
nanosheets (Fig. S9c). Moreover, in-plane Mo/Mo2C-3 heterojunction 
nanosheets have a higher turnover frequency (TOF) of 2.5 s− 1 at 400 
mV, which is much higher than that of Mo2C (1.5 s− 1), meaning 

Fig. 2. Morphology, structure, and composite of 2D Mo2C and Mo/Mo2C nanosheets. (a) SEM, (b) TEM, and (c) AFM images of Mo2C nanosheets; (d) SEM, (e) TEM, 
and (f) AFM images of Mo/Mo2C-3 nanosheets; (g) XRD patterns of Mo2C and Mo/Mo2C-3; (h) Mo K-edge XANES spectra and (i) FT-EXAFS curves of the Mo foil, 
Mo2C, and Mo/Mo2C-3. (The data in the figures are estimated through three independent tests).
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enhanced intrinsic catalytic activity (Fig. S9d). The galvanostatic test 
and continuous CV are performed to evaluate the durability of the Mo/ 
Mo2C-3 electrocatalyst. The potential of the Mo/Mo2C-3 electrode only 
increases by ~10 mV at 300 mA cm− 2 during the operation for 100 h 
(Fig. 3d). And the LSV curves also exhibit negligible shifts after 3,000 CV 
cycles (Fig. 3e) to confirm the excellent electrocatalytic stability. The 
chemical and structural evolution of Mo/Mo2C-3 after the durability test 
is monitored by XRD and XPS. Figs. S10–12 disclose that the crystal 
structure and surface chemical states of Mo/Mo2C-3 before and after the 
durability test are almost unchanged, further corroborating the superior 
electrochemical stability. These results demonstrate that the 2D in-plane 
Mo/Mo2C heterojunction nanosheets possess outstanding HER activity 
performance, matching the benchmark Pt/C catalyst and surpassing 
other recently developed Mo-based heterostructured electrocatalysts in 
both overpotentials and Tafel slopes (Table S1).

The HER characteristics of the Mo2C and Mo/Mo2C catalysts are also 
evaluated in an acidic solution. The LSV curve of Mo/Mo2C-3 in 
Figures (S13a and b) exhibits overpotentials of 96 and 152 mV at 10 and 
100 mA cm− 2 in 0.5 M H2SO4, respectively. They are comparable to 
those of Pt/C (30 and 125 mV) and superior to those of other recently 
reported Mo2C electrocatalysts (Table S2). The corresponding Tafel 
slope of Mo/Mo2C-3 is 64.2 mV dec− 1 (Fig. S13c), which is also smaller 

than that of Mo2C (78.2 mV dec− 1), suggesting enhanced HER kinetics. 
The Cdl value of the optimal Mo/Mo2C-3 catalyst is 30.3 mF cm− 2 in the 
acidic medium (Fig. S14a–c), which is larger than that of Mo2C (25.6 mF 
cm− 2). The TOF of Mo/Mo2C-3 is calculated to be 2.4 s− 1 at an over
potential of 400 mV, surpassing that of Mo2C (Fig. S14d). More impor
tantly, the Mo/Mo2C-3 catalyst has outstanding stability in the acidic 
solution as exemplified by continuous galvanostatic test results acquired 
at 100 mA cm− 2 for 100 h (Fig. S15).

To assess the feasibility of the Mo/Mo2C electrocatalyst in practical 
application, an overall water-splitting (OWS) electrolyzer consisting of 
the NiFe-LDH anode and Mo/Mo2C cathode is fabricated. The LSV plots 
in Fig. S16 disclose that the Mo/Mo2C||NiFe-LDH electrolyzer in full 
water splitting requires only 1.54 and 1.68 V at 10 and 100 mA cm− 2 in 
1 M KOH, which are comparable to those of the Pt/C||RuO2 electrolyzer 
(1.54 V and 1.65 V), indicating the high electrocatalytic activity of the 
Mo/Mo2C||NiFe-LDH electrolyzer. Moreover, the Faradic efficiency of 
Mo/Mo2C-3 in HER, which is quantified using a two-electrode config
uration at 50 mA cm− 2 for 60 min, is approximately 99.2 % (Fig. 3f). An 
anion exchange membrane water electrolyzer (AEMWE) is assembled 
with the Mo/Mo2C cathode and NiFe-LDH anode in 30 % KOH 
(Fig. S17). Fig. 3g shows that the Mo/Mo2C-3||NiFe-LDH-based OWS 
cell exhibits a cell voltage of 2.23 V to drive 1,000 mA cm− 2 at room 

Fig. 3. Electrochemical test results of Mo2C, Mo/Mo2C-3 nanosheets and commercial Pt/C electrocatalysts. (a) Polarization curves; (b) Overpotentials after com
mercial Pt/C in 1 M KOH electrolyte; (d) HER stability test of Mo/Mo2C-3 at 300 mA cm− 2 for 100 h; (e) Polarization curves of Mo/Mo2C-3 before and after 3000 
cycles; (f) Faradic efficiency of HER and OER after different measurement (n = 3); (g) Polarization curves for Mo2C||NiFe-LDH and Mo/Mo2C-3||NiFe-LDH in 30 % 
KOH electrolyte; (h) Stability test of the AEMWE device at 200 mA cm− 2 for 100 h. (The data in the figures are estimated through three independent tests).
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temperature, which is much lower than that of Mo2C||NiFe-LDH and 
outperforms to most previously developed Mo-based overall water- 
splitting cells. Moreover, Mo/Mo2C-3 exhibits excellent long-term sta
bility during OWS at 200 mA cm− 2 for 100 h (Fig. 3h).

The water contact angles are measured to characterize the hydro
philicity, which is crucial in the adsorption of H2O and the motion of H2 
bubbles.[10,27] The water contact angle on Mo/Mo2C-3 is close to 19◦, 
which is much smaller than that on Mo2C of 77◦, demonstrating 
enhanced water adsorption (Fig. 4a and b). The real-time surfaces on the 
Mo2C and Mo/Mo2C-3 electrodes are recorded (Videos S1 and S2). Many 
large H2 bubbles (~500 μm in diameter) adsorb to the surface of the 
Mo2C electrode and obscure the active sites on the Mo2C catalyst, 
thereby reducing the HER kinetics. In contrast, the H2 bubbles are much 
smaller on the surface of Mo/Mo2C-3 due to enhanced H desorption and 
HER activity after the introduction of Mo into the Mo2C nanosheets.

To understand the underlying mechanism of the improved HER ac
tivity of the 2D Mo/Mo2C heterojunction nanosheets, the band structure 
and the interfacial electron interaction between Mo and Mo2C are 
studied by ultraviolet photoelectron spectroscopy in conjunction with 
DFT calculations. The values of the work functions for Mo2C and Mo are 
5.31 eV and 5.01 eV, respectively (Fig. S18). The difference in the work 
functions drives electron migration from Mo to Mo2C at the Mo/Mo2C 
interface until equilibrium, as schematically shown in Fig. 5a and b. The 
interfacial electron redistribution is further investigated by density- 
functional theory (DFT) calculations based on the optimized structure 
of the Mo (110) and Mo2C (100) systems (Figs. S19 and S20). The charge 
density difference map in Fig. 5c shows that electron transfer from Mo to 
Mo2C enriches electrons at the Mo sites of Mo2C at the heterointerface, 
thereby ultimately optimizing the electronic structure of heterointerface 
Mo active sites to enhance HER kinetics. The partial density of states 
(PDOS) distributions of Mo, Mo/Mo2C, and Mo2C are derived to illus
trate the interactions between the H* species and Mo sites. Fig. 5d dis
closes that the d band center (Ed) relative to the Fermi level (EF) of the 
Mo site in Mo2C is − 1.46 eV which is closer to EF than that of Mo (− 1.98 
eV), revealing the high Mo-H binding energy in Mo2C. However, Ed of 
the Mo site at the Mo/Mo2C interface downshifts from − 1.46 eV to 
− 1.62 eV, suggesting that the Mo-H binding energy declines after the 
integration of Mo into Mo2C.[28] When hydrogen adsorbs at Mo atoms 
on Mo/Mo2C, the formation of H 1s-Mo 4d hybrid orbital exhibits an 
increased occupancy of the antibonding orbital state than that on Mo2C 
according to the d-band theory, leading to the reduced H-binding en
ergy.[28] Moreover, the PDOS of the active Mo atoms at the Mo/Mo2C 
interface near EF is the highest (Fig. S21), thus favoring the adsorption 

and dissociation of H2O molecules [10]. As indicated in Fig. 5e, the 
water adsorption energy at the Mo site of the Mo/Mo2C heterointerface 
is calculated to be − 0.38 eV, which is lower than those at Mo (110) of 
0.16 eV and Mo2C (100) of − 0.21 eV, revealing more favorable water 
adsorption at the Mo/Mo2C interface. The energy barrier for OH-H bond 
cleavage at the Mo/Mo2C heterojunction is calculated to be 0.53 eV, 
which is less than those on bare Mo (0.92 eV) and Mo2C (0.66 eV), 
respectively, implying improved water dissociation at the Mo/Mo2C 
interface (Fig. 5f). Moreover, the interfacial Mo site of the Mo/Mo2C 
heterojunction shows a more favorable hydrogen adsorption free energy 
(ΔGH*) of − 0.14 eV than Mo (0.33 eV) and Mo2C (− 0.56 eV), confirming 
that the interfacial Mo site serves as the active site to achieve efficient 
HER (Fig. 5g). The above results reveal that the formation of the Mo/ 
Mo2C heterojunction gives rise to electron migration from Mo to Mo2C 
and increases the antibonding-orbital occupancy state for the H 1s-Mo 
4d hybrid orbital, which downshifts the Ed, weakens Mo-H, and achieves 
efficient hydrogen evolution (Fig. 5h). All in all, the Mo/Mo2C hetero
junction facilitates water adsorption/dissociation and shows the optimal 
hydrogen adsorption/desorption behavior as well as HER activity and 
kinetics.

4. Conclusion

In summary, a high-performance two-dimensional in-plane Mo/ 
Mo2C heterojunction nanosheet catalyst for hydrogen evolution reaction 
is prepared from bulk MoS2 via the molten salt-assisted technique, fol
lowed by annealing under Ar/H2 to partially remove interstitial carbon 
atoms. This tunable and non-destructive topochemical transition can 
effectively circumvent the issues of insufficient modification caused by 
low atomic doping concentrations and the unavoidable structural 
damage of nanosheets induced by dopant atoms. Density-functional 
theory calculations and experiments results reveal that the Mo/Mo2C 
possesses several advantages in this study: i) the unique 2D in-plane 
structure yields enriched active sites, enables fast H2O adsorption, and 
promotes mass transfer for efficient release of H2 bubbles; ii) the elec
tron migration in the in-plane heterointerface downshifts the d-band 
center, increases the antibonding-orbital occupancy state of Mo2C, 
weakens the Mo-H bonding to optimize the H adsorption/desorption, 
and enhances the HER kinetics of the Mo/Mo2C heterojunction; iii) the 
composition ratio of Mo/Mo2C could be optimized via adjusting the 
reduction time in the Ar/H2 ambient. As a result, the optimal Mo/Mo2C 
possesses low overpotentials of 90 and 96 mV at 10 mA cm− 2 and small 
Tafel slopes of 54.9 and 64.2 mV dec− 1 in alkaline and acidic media. The 

Fig. 4. Contact angle measurement after different measurement (n = 3) and H2 bubble evolution: (a) Mo2C and (b) Mo/Mo2C-3.
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Mo/Mo2C only requires an overpotential of 280 mV to attain 500 mA 
cm− 2 in the alkaline electrolyte, surpassing those of the benchmark Pt/C 
and many Mo2C-based catalysts recently reported. This work provides 
new insights into the rational design of 2D in-plane heterostructure to 
boost the HER activity of transition metal carbides in water splitting.

CRediT authorship contribution statement

Yulei Ren: Writing – original draft, Methodology, Investigation, 
Data curation. Rui Huo: Investigation, Formal analysis. Xiuli Li: 
Methodology, Data curation. Hao Song: Investigation, Formal analysis, 
Data curation. Xuming Zhang: Investigation, Formal analysis. Biao 
Gao: Resources, Investigation. Paul K. Chu: Writing – review & editing, 
Investigation. Kaifu Huo: Writing – review & editing, Supervision, 
Project administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This work was financially supported by the National Natural Science 
Foundation of China (Nos. U2004210, U2003130, and 22379116), 
Shenzhen Science and Technology Program 
(JCYJ20210324141613032), Outstanding Youth Foundation of Natural 
Science Foundation of Hubei Province (2020CFA099), Key Research and 
Development Program of Hubei Province (2021BAA176 and 
2021BAA208), and City University of Hong Kong Donation Research 
Grants (DON-RMG 9229021 and 9229061). The authors are grateful to 
the facility support provided by the Analytical and Testing Center of 
Huazhong University of Science and Technology and the Analytical and 
Testing Center of Wuhan University of Science and Technology.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jcis.2025.137400.

Fig. 5. Schematics of the band structure and theoretical results of Mo/Mo2C: (a and b) Energy band schematics of Mo, Mo2C, and in-plane Mo/Mo2C heterointerface 
(Evac represents the vacuum level, Ef is the Fermi level); (c) Charge density difference map at the Mo/Mo2C heterointerface. The yellow and blue isosurfaces represent 
charge accumulation and depletion, respectively; (d) DOS of Mo 4d and corresponding d-band centers of Mo, Mo2C, and Mo/Mo2C; (e) H2O adsorption energy, (f) 
Dissociation barrier for H2O molecule, and (g) Gibbs free energies of H* on Mo atoms at the Mo, Mo2C, and Mo/Mo2C interfaces; (h) Schematic illustration of the 
weakened Mo-Hads bond by increasing antibonding-orbital occupancy state of Mo at heterointerface. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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The Turnover Frequency Calculations (TOFs) can be calculated by the following 2 

equation: 3 
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The unit cell of Mo metal contains two Mo atoms with a volume of 31.11 Å3, and Mo2C 8 

contains two Mo atoms with a volume of 36.7 Å3.  Considering that Mo/Mo2C is composed 9 

of mixed Mo and Mo2C, the number of active sites is related to the relative content of each 10 

phase derived from the XRD quantitative analysis.  The number of Mo (or Mo2C) active 11 

sites per cm2 is equal to the number of Mo (or Mo2C) active sites per real surface area × 12 

ECSA 13 

 14 

The double-layer capacitance (Cdl) can be calculated by the following equation: 15 

dlvCj =  16 

where ν is the scan rate and Δj is half of the current density difference in the CV curve 17 

(Δj = (ja−jc)/2). 18 
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The electrochemically active surface area (ECSA) is linearly related to Cdl, and ECSA 1 

can be deduced from Cdl using the following equation: 2 

sdl C/CECSA =  3 

where Cs represents the specific capacitance per unit area of surface under certain 4 

conditions.  5 

 6 

The Faradaic Efficiency (F) can be calculated by the following equation: 7 

%100
tI

Fnm
F 




=  8 

where m, n, F, I and t are the molar amount of the relevant product, number of 9 

electrons transferred in the reaction, Faraday's constant (96485 C mol-1), average current 10 

density and reaction time, respectively. 11 

 12 

Density-functional theory (DFT) calculation 13 

DFT calculations were conducted by the Vienna Ab initio Simulation Package 14 

(VASP) code and the Perdew-Burke-Eznerhof (PBE) function operation. The interaction 15 

between ions and electrons was treated by employing the projector-augmented wave 16 

(PAW) method. The plane wave termination energy was set to 500 eV until the strength 17 

and energy converged to within 0.02 eV/Å and 10-5 eV for each atom. The slab models of 18 

Mo (110), Mo2C (100), and Mo (110)/Mo2C (100) heterojunction were constructed 19 
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according to the high-resolution transmission electron microscopy (HR-TEM) results. The 1 

Gibbs free energy was corrected by the formula: 2 

STZPEEG *H −+=                              3 

where ΔZPE is the energy of zero-point and S is the entropic change (T set to 298 K), 4 

respectively.  5 
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Figure S1. (a, b) SEM images of bulk MoS2, (c) the XRD patterns of bulk MoS2 and the 5 

product after the molten salt-assisted synthesis. 6 
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Figure S2. (a) XRD patterns of Mo2C, Mo/Mo2C-1, Mo/Mo2C-3, and Mo/Mo2C-5; (b-d) 5 

XRD Rietveld refinement analysis of Mo/Mo2C-1, Mo/Mo2C-3, and Mo/Mo2C-5; (e) 6 

Corresponding relative weights of Mo and Mo2C by Rietveld refinement analysis after 7 

repeated fitting (n = 3).  8 
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Figure S3. (a) EDS Mapping of Mo/Mo2C NSs, (b) Mo and (c) C element.  5 
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Figure S4. SEM images of (a, d) Mo/Mo2C-1, (b, e) Mo/Mo2C-3, and (c, f) Mo/Mo2C-5 5 

NSs. 6 
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Figure S5. (a) XPS survey spectra of Mo2C and Mo/Mo2C-3; High-resolution XPS spectra 5 

of Mo2C and Mo/Mo2C-3: (b) Mo 3d and (c) C 1s. 6 
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Figure S6. The wavelet transform-EXAFS (WT-EXAFS) of Mo foil, Mo2C, and 4 

Mo/Mo2C-3. 5 
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 8 
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Figure S7. (a) LSV curves and (b) Overpotentials at 10 and 100 mA cm-2 of Mo2C, 3 

Mo/Mo2C-1, Mo/Mo2C-3, Mo/Mo2C-5, and Pt/C in 1 M KOH after different measurement 4 

(n = 3); (c) Corresponding Tafel plots in 1 M KOH. (Error estimates through three times 5 

of independent tests). 6 
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Figure S8. Nyquist plots of Mo2C, Mo/Mo2C-3, and Pt/C at open circuit potential 5 

corresponding to 10 mA cm-2 in 1 M KOH. (Error estimates through three times of 6 

independent tests). 7 
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Figure S9. CV curves of (a) Mo2C and (b) Mo/Mo2C-3 at different scanning rates from 10 4 

to 60 mV s-1 in 1 M KOH; (c) Corresponding double-layer capacitance (Cdl) and (d) TOF 5 

plots in 1 M KOH. (Error estimates through three times of independent tests). 6 
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Figure S10. (a) XRD patterns of Mo/Mo2C-3 before and after the HER durability test; SEM 5 

images (b) Before and (c) After the HER durability test. 6 
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Figure S11. The high-resolution Mo 3d and C 1s XPS spectra of Mo/Mo2C-3: (a, c) Before 5 

and (b, d) After the HER stability test. 6 
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Figure S12. Nyquist plots of Mo/Mo2C-3 before and after the HER durability test. (Error 5 

estimates through three times of independent tests). 6 
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Figure S13. (a) LSV curves and (b) Overpotentials at 10 and 100 mA cm-2 of Mo2C, 5 

Mo/Mo2C-1, Mo/Mo2C-3, Mo/Mo2C-5, and Pt/C in 0.5 H2SO4; (c) Corresponding Tafel 6 

plots in 0.5 M H2SO4. (Error estimates through three times of independent tests). 7 
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Figure S14. CV curves of (a) Mo2C and (b) Mo/Mo2C-3 at different scanning rates from 5 

10 to 60 mV s-1 in 0.5 M H2SO4; (c) Corresponding double-layer capacitance (Cdl) and (d) 6 

TOF plots in 0.5 M H2SO4. (Error estimates through three times of independent tests). 7 
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Figure S15. (a) Polarization curves of Mo/Mo2C-3 before and after 3,000 CV cycles in 0.5 5 

M H2SO4; (b) Stability test of Mo/Mo2C-3 at 100 mA cm-2 in 0.5 M H2SO4 for 100 h. (Error 6 

estimates through three times of independent tests). 7 
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Figure S16. Polarization curves of the Mo/Mo2C-3||NiFe-LDH and Pt/C||RuO2 pairs in 4 

overall water splitting in 1 M KOH. (Error estimates through three times of independent 5 

tests). 6 
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Figure S17. schematic illustration of the electrolyser structure. 5 
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Figure S18. UPS results of (a-b) Mo powder and (c-d) Mo2C after repeated fitting (n = 3); 5 

(e) Work functions of Mo and Mo2C. 6 
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Figure S19. (a-c) Side-view atomic structure of Mo, Mo2C, and Mo/Mo2C; (d-f) Top-view 3 

atomic structure of Mo, Mo2C, and Mo/Mo2C. 4 
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Figure S20. Side view of the schematic models of (a) Mo, (b) Mo2C, and (c) Mo/Mo2C 3 

with Had atoms. 4 
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Figure S21. PDOS of Mo, Mo2C, and Mo/Mo2C. 5 
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 1 

Table S1. Comparison between Mo/Mo2C and other recently reported catalysts in 1 M 2 

KOH. (Error estimates through three times of independent tests). 3 

 4 

Electrocatalysts Electrolytes Overpotential 

of 10 (mV) 

Tafel slope 

(mV dec-1) 

Refs. 

MoC-Mo2C 1 M KOH 98.2 59 [1] 

Ni/Mo2C-PC 1 M KOH 179 101 [2] 

Zn-MoC/Mo2C 1 M KOH 139 49.8 [3] 

2D Mo2C 1 M KOH 152 40.2 [4] 

Mo2C@NCS 1 M KOH 147 77 [5] 

MoC/C-Ns 1 M KOH 92 51 [6] 

Co-NC@Mo2C 1 M KOH 173 65 [7] 

Mo2C/MoO2 1 M KOH 204 87 [8] 
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v-MoxC 1 M KOH 116 60.4 [9] 

MoC/MoP/BCNC 1 M KOH 137 65 [10] 

Mo2C/MoO2 1 M KOH 127.3 67.5 [11] 

-Mo2C/MoO2 1 M KOH 99.8 60.16 [12] 

Mo2C/C 1 M KOH 132 88 [13] 

Mo/Mo2C 1 M KOH 90 54.9 This work 

 1 

 2 

 3 

 4 
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Table S2. Comparison between Mo/Mo2C and other recently reported catalysts in 0.5 M 1 

H2SO4. (Error estimates through three times of independent tests). 2 

 3 

Electrocatalysts Electrolytes Overpotential 

of 10 (mV) 

Tafel slope 

(mV dec-1) 

Refs. 

MoC-Mo2C 0.5 M H2SO4 114 62 [1] 

Ni/Mo2C-PC 0.5 M H2SO4 -- -- [2] 

Zn-MoC/Mo2C 0.5 M H2SO4 179 66.5 [3] 

2D Mo2C 0.5 M H2SO4 152 40.2 [4] 

Mo2C@NCS 0.5 M H2SO4 200 70.5 [5] 

MoC/C-Ns 0.5 M H2SO4 126 69 [6] 

Co-NC@Mo2C 0.5 M H2SO4 143 60 [7] 

Mo2C/MoO2 0.5 M H2SO4 168 58 [8] 
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v-MoxC 0.5 M H2SO4 130 69.6 [9] 

MoC/MoP/BCNC 0.5 M H2SO4 158 58 [10] 

Mo2C/MoO2 0.5 M H2SO4 119.5 78.5 [11] 

Mo2C/C 0.5 M H2SO4 185 84 [13] 

Mo/Mo2C 0.5 M H2SO4 96 64.2 This work 

 1 

 2 

 3 

 4 
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