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Molybdenum carbide nanocrystals with a size less than 3 nm 

embedded N-doped carbon nanotubes were fabricated. Due 

to small size, tubular characteristic and high conductivity, the 

hybrid nanotubes exhibit superior activity for hydrogen 

evolution reaction, including small overpotential, large 

cathodic current density and high exchange current density. 

Hydrogen, as a green fuel with high gravimetric energy density, 

is a promising candidate for traditional petroleum fuels in the 

future. Electrochemical water splitting is one of efficient ways 

to produce hydrogen.1 To achieve efficient water splitting for a 

wide range of applications, active catalysts for the hydrogen 

evolution reaction (HER) are requried.1 Some precious metals, 

such as platinum, have high efficiency in the HER, however, 

their high cost and scarcity limit their large scale applications. 

Therefore, much attention has been paid to search for and 

develop non-precious catalysts. Recently, molybdenum-based 

materials, such as molybdenum disulfide (MoS2),
2 molybdenum 

carbide (Mo2C),3 –10 molybdenum phosphide (MoP),11 and 

molybdenum nitride (MoN),12 have been exploited as 

electrocatalysts for HER in acidic media. Among these 

molybdenum-based materials, Mo2C exhibited remarkable HER 

activities in both acidic and basic conditions due to its similar 

electronic structures to that of noble metals. 3 –10 Recent results 

showed that crystal phase, surface area, morphology, and 

conductivity had very important effects on the catalytic 

performance of molybdenum carbide-based materials towards 

HER. Wan et al synthesized different phases of molybdenum 

carbide (α, β, γ, η-phases) and investigated their HER 

activities.5 Their results revealed that γ-MoC exhibited the 

second highest HER activity among all four phases of 

molybdenum carbide, but superior stability in an acidic 

solution.5 Nanoporous molybdenum carbide nanowires 

exhibited excellent HER activity with a low onset overpotential 

of about 70 mV vs. RHE.6 Chen et al prepared β-Mo2C 

nanoparticles by in situ carburization of ammonium molybdate 

on carbon nanotubes (CNTs) and XC-72R carbon black.7 The 

CNT-supported and carbon black-supported Mo2C showed 

superior electrocatalytic activity and stability towards the HER 

compared to the bulk Mo2C.7 In terms of the X-ray absorption 

analysis results, they attributed the enhancement of the HER 

activity of the hybrids to the electronic modification, i.e., the 

anchored configuration induces a charge-transfer from 

molybdenum to carbon, which further downshifts the d-band 

center of molybdenum, and thereby decreases its hydrogen 

binding energy (relatively moderate Mo–H bond strength).7 

Such electronic modification was also found by Youn et al in 

the Mo2C nanoparticles on CNT-graphene hybrid support by 

the same analytical technique.9 At the same time, these carbon-

supported Mo2C materials obtained through in situ 

carburization at a high temperature possess higher 

conductivities than that of pure Mo2C, which is suitable for fast 

electron transfer. Therefore, robust conjugation with conductive 

supports is a very efficient strategy to improve the HER 

activitie of Mo2C materials.  

The carbon supporting materials, such as carbon black, CNTs 

and graphene etc., are almost inert for HER, which may 

suppress the gravimetric current density of Mo2C-based 

electrocatalysts. Recently, both density functional theory (DFT) 

calculations and experimental results proved that N dopant 

could downshift the valence bands of active carbons in 

graphene, resulted in enhanced reactivity of N-doped graphene 

toward HER compared to graphene without heteroatom 

doping.13 Zou et al reported excellent activity of cobalt-
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embedded N-rich carbon nanotubes toward HER due to N 

doping and concomitant structural defects. 14  

 
Fig. 1 SEM images of MoO3/PANI hybrids 

Herein, we describe a strategy based on in situ solid reaction 

to fabricate Mo2C embedded in N-doped carbon nanotubes 

(NCNTs), which can serve as highly active electrocatalyst for 

HER under acidic, neutral or basic media. Despite recent 

studies on the electrocatalytic activities of carbonaceous 

material-supported Mo2C nanostructures,7 –10 it is the first time 

Mo2C embedded N-doped CNTs (Mo2C-NCNTs) are reported 

to catalyze HER. The synthesized Mo2C-NCNTs as HER 

catalyst offers the following advantages: (i) The Mo2C-NCNTs 

are prepared by a simple and environmentally friendly 

carburization process, i.e., pyrolyzing precursor 

MoO3/polyaniline (MoO3/PANI) hybrids under an inert 

atmosphere. During the whole synthetic procedure, no toxic and 

dangerous reactant gases such as CH4, C2H6, and CO were used. 

The synthetic method presented here is similar to one based on 

the nanoscale Kirkendall effect,15 which greatly facilitates the 

formation of tubular structures. Furthermore, the mean size of 

Mo2C nanocrystals is less than 3 nm, which is much smaller 

than those of reported Mo2C nanostructures. The features of 

small size, and tubular morphology of Mo2C-NCNTs greatly 

favor in their contact with electrolyte efficiently, and thereby 

significantly accelerate their interfacial electrocatalytic 

reactions. (ii) N-dopants in the composite play a positive role in 

electrocatalytic activity of Mo2C-NCNTs compared to other 

types of carbonaceous supports. On one hand, nitrogen atoms 

are more active than carbon atoms as reacted with protons or 

water; on the other hand, the electronegativity of nitrogen is 

higher than that of carbon, making carbon atoms adjacent to N 

dopants become catalytic active sites.14 Thus, NCNTs are more 

active for the HER than other carbon supports such as CNTs 

and graphene sheets. Consequently, the NCNT support does not 

suppress the gravimetric current density of the composite 

catalysts significantly. (iii) NCNT in the composite can 

significantly improve the whole conductivity of the 

electrocatalyst, and thus increases charge transfer rate during 

the HER process. As a result, Mo2C-NCNTs exhibited excellent 

HER activity with low overpotentials of 72 and 147 mV vs 

RHE for driving cathodic current densities of 1 and 10 mA cm–

2 in acidic media, respectively. Furthermore, the hybrid 

nanotubes also exhibit high activity and long-term stability in 

basic and neutral solutions. Compared to most of other Mo2C 

nanostructures reported so far, the Mo2C-NCNTs show superior 

HER activity.  

MoO3/PANI hybrids were first fabricated by our previous 

method with a modification.16 The detailed synthesis processes 

are also described in the Electronic Supplementary Information 

(ESI).† A typical SEM image (Fig. 1) clearly shows that 

MoO3/PANI hybrids were synthesized in high yields with 

lengths and diameters of about several micrometers and 400 

nm, respectively.† After the hybrids were annealed at 700°C for 

3 h under an Ar flow, interesting tube-like nanostructures were 

obtained. In the X-ray diffraction (XRD) (Fig. S1), the peaks 

labeled by Miller indices can be indexed to crystalline Mo2C 

(JCPDs PDF no. 35-0787).† In addition, peaks coming from 

monoclinic MoO2 (JCPDs PDF no.86-0135) are also found. 

The densities of the diffraction peaks are great lower than those 

of Mo2C, which implies that small amount of MoO2 presented 

in the final product.  

 
Fig. 2 a) Low magnification, b-e) high-magnification TEM and f) HRTEM images of 

Mo2C-NCNTs, and the inset in d) showing amorphous carbon layers.  

Structural details of the Mo2C-NCNTs were further analyzed 

by scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). SEM image (Fig. S2) shows that 
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Mo2C-NCNTs have lengths and diameters of about several 

micrometers and 250 nm, respectively.† The inset in the image 

shows that the ends of the Mo2C-NCNTs are open. TEM 

images (Fig. 2(a) and Fig. 2(b)) clearly demonstrate that the 

final product exhibits tubular characteristic with a thickness of 

the walls in the range of 50– 140 nm. Fig. 2(c) and (d) show the 

magnification TEM images in the external and inner regions, 

respectively. It can be found that small Mo2C particles are 

dispersed well in the both regions. High-resolution TEM 

(HRTEM) image indicates that the mean size of these Mo2C 

particles is less than 3 nm, as shown in Fig. 2(e). The small 

Mo2C nanoparticles are embeded in amorphous carbon layers, 

as indicated by the arrows in the inset of Fig. 2(d). The lattice 

spacing value labeled in Fig. 2(f) is about 0.225 nm, 

corresponding to (101) crystal plane of Mo2C. Notably, to the 

best of our knowledge, Mo2C prepared in the present work 

possesses the smallest size among previously reported Mo2C 

nanostructures so far.3–10, 17 For example, the sizes of Mo2C 

nanoparticles in Mo2C nanowires,6 loaded on the CNT-

graphene hybrid support,9 embeded in graphitic carbon sheets,8 

stabled on graphene sheets,10 and supported on CNTs7 are 10 –

15, 8.5, 5 –23, 10, and 7–15 nm, respectively.  

 
Fig. 3 EDX elemental scanning mappings of Mo2C-NCNTs, and the inset showing 

the corresponding STEM image.  

An annular dark-field (ADF) scanning transmission electron 

microscopy (STEM) image and the corresponding energy 

dispersive X-ray spectrometry (EDX) elemental scanning 

mappings were conducted to determine the composition 

distribution of the Mo2C-NCNTs, as shown in Fig. 3. It can be 

clearly found that the C, Mo and N elements are uniformly 

distributed in the walls of the NCNTs. In addition, this result 

also confirms the tubular characteristic of the Mo2C-NCNTs. 

X-ray photoelectron spectroscopy (XPS) further confirms the 

presence of N element in the NCNTs (Fig. S3(a)).† Fig. S3(b) 

shows the high-resolution XPS spectrum of N 1s, in which the 

peaks at 398.4 and 401.2 eV can be assigned to pyridinic and 

quaternary N species, respectively.† The percentage of N 

species in the Mo2C-NCNTs is calculated to be 7.03 at%. The 

peaks at binding energy of 228.5 and 231.6 eV in the high 

resolution of Mo 3d XPS spectrum (Fig. S3(c)) can be assigned 

to 3d5/2 and 3d3/2 of Mo(II), respectively.2c, 18 Other peaks at the 

binding energies of 229.2 and 232.3 eV for Mo(IV) coming from 

MoO2, and 232.4 and 235.5 eV for Mo(VI) due to surface 

oxidation of Mo2C are also observed (Fig. S3(c)).2c, 18 Fig. S3(d) 

shows high-resolution C 1s XPS spectrum, in which the 

asymmetric peak indicates that C–O (at 286.0 eV) and C=N (at 

287.0 eV) groups exist in the layers of the Mo2C-NCNTs.  

Nitrogen adsorption and desorption isotherms of shows that 

the Mo2C-NCNTs have a Brunauer−Emmet−Teller (BET) 

surface area of 27.6 m2 g-1.† The average pore diameter is 19.7 

nm (Fig. S4(b)), calculated from the desorption branch of the 

nitrogen isotherm obtaining using the Barret–Joyner–Halenda 

(BJH) method, and the corresponding BJH desorption 

cumulative volume is 0.16 cm3 g-1.† Such porous characteristic 

and large pore volume allow the inner active sites of the Mo2C-

NCNTs can be fully contacted with electrolyte, and further 

make the electrolyte diffusion in/outward electrode materials 

easily, which is favor of the improvement of the 

electrochemical catalytic activity of the Mo2C-NCNTs.  

 
Fig. 4 a) Polarization curves and b) Tafel plots of Mo2C-NCNTs, Pt, and  bulk 

Mo2C, c) Cycling stability of Mo2C-NCNTs at an overpotential of 180 mV, d) the 

polarization curves before and after potential sweeps for 2000 cycles at an 

overpotential widow from 0.2 to -0.21 V in 0.5 M H2SO4 solution .  

Electrochemical measurements of the Mo2C-NCNTs loaded 

on carbon paper were carried out in 0.5 M H2SO4 solution using 

a three-electrode setup to evaluate their HER activities.† For 

comparison, Pt, bulk Mo2C, CNTs, graphene sheets and t-PANI 

were also measured. Fig. 4(a) shows the polarization curves 

with a sweep rate of 5 mV s–1. Pt catalyst exhibits expected 

HER activity with a near zero overpotential (η), whereas bulk 

Mo2C exhibits poor HER activity. In contrast, the Mo2C-

NCNTs exhibit a small onset overpotential of 72 mV, which is 

much smaller than that of bulk Mo2C (83 mV). Furthermore, 

for driving cathodic current densities of 1 and 10 mA cm–2, the 

Mo2C-NCNTs only need overpotentials of 72 and 147 mV, 

respectively. The cathodic current densities (J) of the Mo2C-

NCNTs are comparable to the values of graphene and CNT-

supported Mo2C nanoparticles, 6, 7, 10 and greatly larger than 

those of other Mo2C-based nanostructures. 5, 8, 17 Furthermore, 
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the cathodic current density can be up to 72.7 mA cm–2at η= 

200 mV, which is the largest value among the reported Mo2C 

catalysts (Table S1) †. This indicates superior catalytic activity 

of the Mo2C-NCNTs for HER. The large current density at a 

low overpotential means prominent hydrogen evolution 

behavior, evidenced by the continuous and small bubbles 

escaped from the Mo2C-NCNT electrode surfaces (video, 

ESI).†  

For further study of HER activity of the Mo2C-NCNTs, Tafel 

plots were fitted to Tafel equation (η= a +blog︱j︱), where b 

is the Tafel slope. As shown in Fig. 4(b), the Pt catalyst exhibits 

a Tafel slope of 30 mV dec–1, which is consistent with the 

reported values. The Tafel slope of the the Mo2C-NCNTs is 71 

mV dec–1, much lower than that of the bulk Mo2C (98 mV dec-

1), suggesting both electrocatalysts may proceed a Volmer-

Heyrovsky mechanism, in which Volmer reaction is the rate-

limiting step. 4, 19 Recent researches have demonstrated that the 

Tafel slopes can be obtained by electrochemical impedance 

spectroscopy (EIS) analysis, which can effectively eliminate the 

effect of some additional factors, such as different choice of 

overpotential regions and different ways for iR-corrections, on 

the HER mechanism.6, 7 Fig. S6 shows Nyquist plots of the 

Mo2C-NCNTs at different overpotentials. † As fitted from the 

experimental data, a two time-constant model can be used to 

describe the HER behavior on the Mo2C-NCNT electrode 

surfaces (the inset in Fig. S5).† In the equivalent circuit, Rs is 

the series resistance, Rct denotes the charge transfer resistance 

dependent on the overpotential, Rp is related to the porosity of 

the electrode surface, and C1 and C2 represents the double layer 

capacitance.6, 7. For comparison, the Nyqusit plots and the 

equivalent circuit model for bulk Mo2C are also conducted, as 

shown in Fig. S6.† According to the Nyquist plots and the 

corresponding equivalent circuit models, the values of Rct at 

different overpotentials can be easily extracted. Plots of 

overpotential verves log Rct
–1 (Fig. S7) show that the Tafel 

slope is 77 mV dec–1 for the Mo2C-NCNTs, and 102 mV dec–1 

for bulk Mo2C.† The values are very close to those obtained 

based on Tafel equation, confirming that the hydrogen 

evolution catalyzed by the Mo2C-NCNTs and bulk Mo2C 

occurs via a Volmer-Heyrovsky mechanism. The Tafel slope of 

the Mo2C-NCNTs is smaller than that of bulk Mo2C, suggesting 

much faster proton discharge kinetics on the Mo2C-NCNT 

electrode than that on the bulk Mo2C electrode. 

Exchange current density (j0) is another important parameter 

to evaluate electrochemical performance of electrocatalysts, 

which represent the intrinsic activities of electrocatalysts for 

HER. As shown in Table S1, the exchange current density 

determined by Tafel equation for the Mo2C-NCNTs is 114.6 

µA cm-2, which is higher than those of the previously reported 

Mo2C-based nanostructures. The Mo2C-NCNTs exhibit the 

highest exchange current density (Table S1), which may 

attributed to more active sites of Mo2C nanocrystals induced by 

their very smaller size (less than 3 nm) and tubular and porous 

characteristics.7†  

The superior HER activities of the Mo2C-NCNTs, including 

small onset overpotential, large cathodic current density, and 

high exchange current density, can be attributed to their lower 

charge transfer resistances and higher interfacial capacitances.6, 

7 Table S2 shows the comparison of the charge transfer 

resistances and interfacial capacitances between the Mo2C-

NCNTs and the bulk Mo2C at different overpotentials.† At 

applied overpotentials, the all charge transfer resistances of the 

Mo2C-NCNTs are great lower than those of the bulk Mo2C; 

whereas the interfacial capacitances of the former are 

significantly higher than those of the latter. This suggests that 

the Mo2C-NCNTs not only exhibit much faster charge transfer 

kinetics, but also have much larger contact area between the 

catalysts and electrolyte than the bulk Mo2C. These advantages 

of the Mo2C-NCNTs as electrocatalysts for HER may be 

related to the following factors. (i) Mo2C nanocrystals with a 

mean size less than 3 nm result in more abundant active sites 

for HER. (ii) NCNT in the composite can significantly improve 

the whole conductivity of the electrocatalyst (Table S2), and 

thus increases charge transfer rate during the HER process. † 

(iii) The porous and tubular characteristics of the Mo2C-NCNTs 

allow more active sites for HER to contact with electrolyte, 

which is helpful to the improvement of the overall efficiency of 

HER. (iv) Compared to other carbon supports such as CNTs 

and graphene, the N-doped carbon materials (NCNT) in the 

composite would not suppress the HER activity at least because 

N-doped graphene and cobalt-embedded N-rich CNTs showed 

enhanced HER activities.13, 14 An indirect evidence for the 

conclusion is in that t-PANI nanorods exhibit slightly better 

activities for HER in acidic media than the commercial CNTs 

and graphene sheets, as shown in Fig. S8. † To further clarify 

the important role of N-dopants in the HER activity in the 

composite, we prepared CNTs supported Mo2C nanoparticles 

(Mo2C-CNTs) and compared their HER activity with those of 

Mo2C-NCNTs. The Mo2C-CNTs were synthesized by a 

previously reported method with a modification.7 The 

diffraction peaks from both CNTs and Mo2C can be found in 

the XRD pattern of Mo2C-CNTs (Fig. S9).† It suggests that the 

composite consists of Mo2C and CNTs, similar to the previous 

results.7 TEM image shows that Mo2C nanoparticles with a size 

of 5 –20 nm are coated on the CNTs (Fig. S10(a)).† The lattice 

spacing values labeled in HRTEM image (Fig. S10(b)) are 

0.236 and 0.335 nm, corresponding to (002) planes of Mo2C 

and CNTs, respectively.† Fig. S11 compares the HER 

performance between Mo2C-CNTs and Mo2C-NCNTs in 0.5 M 

H2SO4 solution.† For driving cathodic current density of  10 

mA cm–2, Mo2C-CNTs needs an overpotential of 179 mV, great 

higher than that of Mo2C-NCNTs (147 mV). Although Tafel 

slope of Mo2C-NCNTs (71 mV dec–1) is slightly higher than 

that of Mo2C-CNTs (65 mV dec–1), the exchange current 

density of the former is about 5.8 times larger than that of the 

latter. In addition, EIS measurements show that the Rct values of 

Mo2C-NCNTs are comparable to those of Mo2C-CNTs at 100–

250 mV, suggesting that N-doped CNTs also have a good 

conductivity (Fig.S12 and Table S3).† The results above 

demonstrate that N-doped CNTs play a positive role in HER 

activity.  
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The long-term durability of the Mo2C-NCNTs was examined 

by electrolysis at a given potential. As shown in Fig. 4(c), the 

cathodic current densities at overpotential of 180 mV have no 

significant degradation over 10 000 s. The stability of the 

Mo2C-NCNTs in acidic media was also investigated by 

sweeping the catalysts for 2000 cycles. After the cycles, the 

negligible current loss is observed, as shown in Fig. 4(d). These 

results indicate that the Mo2C-NCNTs exhibit excellent 

electrochemical stability in acidic electrolyte. In addition, the 

Mo2C-NCNTs exhibit good activity and stability for HER in 

basic and neutral solutions. For driving cathodic current 

densities of 10 mA cm–2, the Mo2C-NCNTs in 1 M KOH (pH 

=14) and in phosphate buffer (pH =7) need overpotentials of 

257 and 645 mV, respectively (Fig. S13(a) and Fig. S14(a)), 

which are significantly smaller than those of the bulk Mo2C.† 

At the same time, electrolysis at given potentials can 

continuously occur without degradation in cathodic current 

densities as the Mo2C-NCNTs applied as catalysts in the basic 

and neutral solutions, as shown in Fig. S13(b) and Fig. S14(b), 

respectively. † 

Conclusions 

Molybdenum carbide nanocrystals embedded N-doped carbon 

nanotubes were fabricated by an in situ solid reaction where no 

toxic and dangerous reactant gases were used. The synthetic 

method presented here is similar to one based on the nanoscale 

kirkendall effect, greatly facilitates the formation of tubular 

structures with a porous characteristic. TEM analysis reveals 

that Mo2C nanocrystals embedded in the wall of the N-doped 

nanotubes have a mean size less than 3 nm, greatly smaller than 

those of previously reported Mo2C nanostructures. Due to small 

size, tubular characteristic and high conductivity, the hybrid 

nanotubes exhibit superior activity for hydrogen evolution 

reaction. For driving cathodic current density of 10 mA cm-2, 

only a low overpotential of 147 mV vs RHE is required as the 

hybrid nanotubes used as electrocatalysts for HER in acidic 

media. Furthermore, the hybrid nanotubes also exhibit high 

activity and long-term stability in basic and neutral solutions. 

The present strategy may open a way for the development of 

highly active non-precious catalysts for HER.  
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Molybdenum carbide nanocrystals with a size less than 3 nm embedded in highly conductive N-
doped carbon nanotubes exhibit superior activity for hydrogen evolution reaction, including 
small overpotential, large cathodic current density and high exchange current density.  
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