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Highly Dispersed Mo2C Anchored on N,P-codoped Graphene as 

Efficient Electrocatalyst for Hydrogen Evolution Reaction 

Yang Wang,[a, b] Shengdong Zhu,[a] Noritatsu Tsubaki,*[b] and Mingbo Wu*[a] 

 

Abstract: Uniformly dispersed Mo2C were anchored on N, P-

codoped graphene (Mo2C-N,P-rGO) by a facile method, during 

which phytic acid was employed as cross-linker to bridge the 

polyethyleneimine (PEI) modified graphene oxide (PEI-GO) and Mo 

ions through electrostatic adsorption and coordination bonding. 

Thanks to this ingenious strategy, the aggregation of Mo2C usually 

occurred at high calcination temperature was effectively suppressed. 

This well-defined nanohybrid exhibits excellent activity and high 

stability in hydrogen evolution reaction both in acidic and basic 

media due to the synergistic effects of the heteroatoms doped, 

accessible of active sites, and conductive two dimensional (2D) 

structure. The obtained Mo2C-N,P-rGO only need small 

overpotentials of 71 and 95 mV to drive 10 mA cm-2 in alkaline and 

acidic solution, respectively. Benefiting from the protective effect of 

the coated carbon layers on the Mo2C surface, no obvious 

degradation was detected after 20 h of operation. This facile strategy 

may provide opportunities for the precisely design of functional 2D 

materials with unique properties. 

Introduction 

Hydrogen as a promising alternative to fossil fuels has attracted 

wide attention due to its renewable and clean properties.[1] 

Among all of the hydrogen evolution techniques, electrochemical 

hydrogen evolution reaction (HER) is the most economical and 

environmental friendly method.[2] While the large-scale hydrogen 

production by HER has been hampered by the high-cost of 

noble metal Pt, which is state-of-the-art electrocatalyst for 

HER.[3] Thus, the discovery of high-performance and earth-

abundant element based electrocatalysts for HER is urgently 

needed.[4] Due to the Pt-like d-band electronic structure, 

molybdenum carbide (Mo2C) has aroused great interest as 

substitute for Pt in HER process.[5–7] Until now, extensive efforts 

have been paid to improve the HER activity of Mo2C, such as 

heterostructure construction,[8–10] nanostructure engineering,[11–

15] and cation modulating strategy.[16–18] However, it is still a 

challenge to obtain well-defined nanostructure Mo2C because 

the high carburization temperature leads to the inevitable 

aggregation and sintering of nanoparticles (NPs).[19,20] 

Many kinds of carbon substrates, such as carbon 

nanosheets,[21–23] carbon nanotubes (CNTs),[24–26] and 

graphene[27–30] have been employed to increase the catalyst 

conductivity and accessibility of active sites simultaneously. 

Among all of the conductive substrates, graphene is supposed 

to be the most ideal matrix due to its excellent electron transfer 

ability, high chemical stability and flexibility.[31,32] Additionally, 

heteroatoms doping can tailor the spin density and charge 

distribution of graphene, which can increase its reactivity and 

enhance the compatibility between graphene and intermediates 

produced during electrocatalytic process.[33–36] Nevertheless, the 

reported procedures for graphene supported Mo2C are either 

tedious or constructing Mo2C with aggregated morphology.[27,37] 

It’s still challenge to develop a facile and effective strategy to 

produce graphene-based nanohybrids with highly dispersed 

active sites and rich heteroatoms doping for HER. 

In the present work, we proposed a novel approach to 

fabricate a 2D nanohybrid composing of monodispersed Mo2C 

and N, P-codoped graphene (Mo2C-N,P-rGO) as high 

performance electrocatalyst for HER. During the synthetic 

process, polyethyleneimine (PEI) was employed as both the 

nitrogen source and anchored joint guaranteeing the highly 

dispersion of Mo2C.[38,39] Phytic acid, a renewable and abundant 

biomass with six phosphate groups, can be used as bridging 

ligand to cross-link Mo ions and graphene through the 

electrostatic adsorption and complexing of metal ions with 

organic ligands.[40,41] Moreover, phytic acid can provide 

phosphorus and carbon sources in the following carbonization 

process.[42] Mo2C-N,P-rGO exhibits excellent catalytic 

performance for HER in terms of extremely low overpotential of 

71 and 95 mV vs RHE at 10 mA cm-2 in basic and acidic solution, 

respectively. The carbon layers packaged on the surface 

prevent the aggregation and corrosion of Mo2C effectively during 

the electrocatalysis process, which endow high stability to Mo2C-

N,P-rGO.[43] This strategy may provide an efficient approach for 

designing graphene-based functional materials with unique 

nanostructure. 
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The highly dispersed Mo2C NPs were anchored on the N,P-

codoped graphene as illustrated in Scheme 1. Firstly, PEI-GO, 

phytic acid, and Mo ions mixed homogeneously were 

polymerized to composites with the help of electrostatic 

adsorption and coordination bonding through hydrothermal 

treatment. Afterwards, the pyrolysis process carbothermally 

reduced Mo ions to Mo2C and induced the organic constituents 

to N or P doped carbon layers on reduced GO (rGO) or Mo2C 

NPs surface. The Mo ions complexed in the polymer network at 

molecular scale guarantee the in situ generated Mo2C NPs 

homogeneously dispersed on rGO during pyrolysis process. 

Scheme 1. Schematic of the fabrication of Mo2C NPs anchored on N,P-

codoped graphene. 

The PEI modified GO provide sufficient coordination sites for 

anchoring Mo ions and phytic acid. Moreover, the firmly 

anchored precursors will prevent the aggregation of the 

nanoparticles during the pyrolysis process. After annealing at 

900 oC, the sample maintain well 2D sheet-like structure (Figure 

1a and b). Benefiting from this fantastic method, ultrafine Mo2C 

NPs with narrow particle size (mean diameter 6.2 nm, Figure S1) 

Figure 1. (a) and (b) SEM images of Mo2C-N,P-rGO. (c) TEM and (d) HRTEM 

images of Mo2C-N,P-rGO, inset is the lattice fringes corresponding to the (101) 

planes of Mo2C. (e) SEM image and elemental mapping of Mo, C, P, and N of 

Mo2C-N,P-rGO. 

Figure 2. (a) XRD patterns of GO, PEI-GO, and Mo2C-N,P-rGO. (b-d) High-

resolution XPS spectra of (b) Mo 3d, (c) P 2p, and (d) N 1s of Mo2C-N,P-rGO. 

are homogeneously dispersed on the surface of PEI-GO as 

shown in Figure 1c. In the high-resolution TEM (HRTEM) image 

(Figure 1d and Figure S2), it’s obvious that Mo2C NPs are 

packaged by a few carbon layers, which can effectively prevent 

the aggregation and corrosion of Mo2C NPs during 

electrocatalysis process. The lattice fringes with a 0.23 nm 

interspace corresponding to (101) lattice plane of Mo2C can also 

be identified from the HRTEM image (see inset of Figure 1d). 

The elemental mapping of Mo2C-N,P-rGO indicates that Mo, C, 

N, and P elements are distributed on the substrate 

homogeneously (Figure 1e).  

As shown in Figure 2a, the XRD pattern of pristine GO 

exhibits typical peak at 2θ = 10.9o, which corresponds to the 

0.81 nm of d spacing. The increased interlayer space of PEI-GO 

(d = 1.5 nm) confirms the expansion of GO layers due to the 

cross-linking between PEI and GO.[44] Meanwhile, the broad 

peak appeared at 2θ = 21o indicates the partial reduction of GO 

by PEI. After hydrothermal and pyrolysis process, the 

characteristic peaks at 34.6, 38.0, and 39.6o, corresponding to 

the (100), (002), and (101) planes of hexagonal β-Mo2C (PDF 

#35-0787) are observed. The diffraction peak at 26o can be 

attributed to the (002) diffraction peak of graphite. Additionally, 

no impurities are detected from the XRD pattern. Raman 

spectroscopy was employed to explore the variation of chemical 

property occurred on the surface of graphene during the 

synthesis process (Figure S3). Pristine GO exhibits the 

characteristic bands at 1350 and 1580 cm-1, which are 

associated with the disordered carbon atoms (D band) and sp2 

hybridized graphitic carbon atoms (G band), respectively. 

Compared with GO (ID/IG = 0.80), the increased peak intensity 

ratio of D and G bands for PEI-GO (ID/IG = 0.99) indicates an 

increased degree of disordered structure after PEI modification. 

The enhanced interlayer space of PEI-GO will expose more 

defects, which is consistent with the results obtained from XRD 

spectra. The biggest intensity ratio for Mo2C-N,P-rGO (ID/IG = 
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1.08) ascribed to the formation of large amounts of defects 

during the carbonization process. The electronic property of the 

as-prepared Mo2C-N,P-rGO was characterized by X-ray 

photoelectron spectroscopy (XPS). The element content 

characterized by XPS is listed in Table S1. High-resolution Mo 

3d XPS spectrum can be deconvoluted into six peaks, 

corresponding to Mo2C (227.7 and 231.0 eV), Mo3+ (229.0 and 

232.5 eV), Mo4+ (234.6 eV), and Mo6+ (235.8 eV) (Figure 2b). It’s 

worth noting that the oxidative peak of Mo (Mo4+ and Mo6+) 

attributed to the inevitable oxidation occurred on the surface of 

Mo2C when exposed to air.[12,14] After P doping, two peaks at 

129.4 and 130.3 eV assigned to P-Mo bond were formed (Figure 

2c). The signal at the binding energy of 133.5 eV can be 

attributed to P-C bond, which illustrates the successfully doped 

of P species to the carbon substrate. The N 1s spectrum as 

shown in Figure 2d indicates that pydinic N makes predominant 

contribution, which has been proved to not only facilitate the 

electron transfer, but also act as active site for the 

electrocatalysis process. The typical peaks at 393.8 and 395.1 

eV correspond to Mo 3p spectrum and Mo-N bond formed by 

carbonization treatment, respectively. 

In order to better reveal the roles of PEI and phytic acid played 

in the synthetic process, counterpart samples were fabricated by 

pure GO (denote as Mo2C-P-rGO) and without phytic acid 

(denote as MoO2-N-rGO), respectively. Even though pure 

crystalline Mo2C were formed in Mo2C-P-rGO (Figure S4a), it 

exhibits rough morphology with Mo2C NPs aggregated severely 

(Figure S4b). It’s no doubt that the PEI modification is beneficial 

to the homogeneous dispersion of Mo2C NPs. Only MoO2 was 

detected from MoO2-N-rGO prepared without phytic acid, which 

confirm that the pyrolysis of phytic acid accounts for the 

carburizing effect during the formation of Mo2C (Figure S5). 

Firstly, the electrocatalytic performance of Mo2C-N,P-rGO 

Figure 3. (a) Polarization curves of Mo2C-N,P-rGO, Mo2C-P-rGO, MoO2-N-

rGO, and reference Pt/C measured in 1 M KOH with a sweep rate of 5 mV s-1. 

(b) Tafel plots of the corresponding samples in 1 M KOH. (c) Nyquist plots 

measured over the frequency range of 100 MHz to 0.1 Hz at an overpotential 

of 200 mV in 1 M KOH. (d) Long-term stability of Mo2C-N,P-rGO at a constant 

overpotential of 80 mV over 20 h. 

Figure 4. (a) Polarization curves and (b) Tafel plots of Mo2C-N,P-rGO, Mo2C-

P-rGO, MoO2-N-rGO, and reference Pt/C measured in 0.5 M H2SO4 with a 

sweep rate of 5 mV s-1. (c) Long-term stability of Mo2C-N,P-rGO at a constant 

overpotential of 105 mV over 20 h in 0.5 M H2SO4. 

were examined in 1 M KOH solution using a three electrode 

system. Mo2C-N,P-rGO can drive a current density of 10 mA cm-

2 at a low overpotential of 71 mV, which is higher than 30 mV 

obtained by the best HER catalyst Pt/C, but much less than the 

contrast samples Mo2C-P-rGO and MoO2-N-rGO (Figure 3a). 

The HER kinetics of Mo2C-N,P-rGO was clarified by Tafel slope 

as illustrated in Figure 3b. The low Tafel slope of Mo2C-N,P-rGO 

(49 mv dec-1) demonstrates that it follows an electrochemical 

desorption controlled Volmer-Heyrovsky mechanism. In contrast, 

Mo2C-P-rGO and MoO2-N-rGO exhibit high Tafel slopes, 

suggesting that their HER kinetics were dominated by the 

Volmer step, which is a discharge process. The electrochemical 

impendence (EIS) were carried out to test the charge transfer 

efficiency of the obtained electrocatalysts. It’s obvious that 

Mo2C-N,P-rGO exhibits the lowest charge transfer resistence 

RCT (48 Ω) compared with Mo2C-P-rGO and MoO2-N-rGO, which 

represents faster charge transfer (Figure 3c). The 

electrochemical active surface area (ECSA) were measured by 

calculating the double layer capacitance (Cdl), which is linearly 

proportional to the ECSA. As shown in Figure S6, the higher Cdl 

of Mo2C-N,P-rGO (17.7 mF cm-2) compared with Mo2C-P-rGO 

(6.2 mF cm-2) can be attributed to its much more exposed active 

sites. In order to clarify the structure-performance relationship of 

the electrocatalysts, we normalized the current density of Mo2C-

N,P-rGO and Mo2C-P-rGO by their corresponding relative ECSA 

(Figure S7). The catalytic activity gap between Mo2C-N,P-rGO 

and Mo2C-P-rGO after ECSA normalization is not as obvious as 

that after geometric area normalization, highlighting the role of 

ECSA in enhancing electrocatalytic performance.[45] The much 

more exposed active sites thanks to the ingenious strategy 

endow Mo2C-N,P-rGO with excellent HER performance. As a 

vital factor in practical application, long-term stability of Mo2C-

N,P-rGO was measured at a constant overpotential of 80 mV. 

As observed, 88.6% of current density was maintained after a 

long-term stability test in 1 M KOH (Figure 3d). After long-term 

stability test in 1 M KOH over 20 h, SEM and TEM analyses 

were carried to check the morphology and structure changes of 

Mo2C-N,P-rGO. As shown in Figure S8, the 2D sheet-like 

structure was well maintained after long-term stability test. 

What’s more, the nano-sized Mo2C NPs were homogeneously 

anchored on the graphene after 20 h HER test. The carbon 

layers encapsulated on the surface of Mo2C NPs effectively 

avoid their aggregation during HER process. 
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As we know, the metal-free carbon based electrocatalyst, 

especially heteroatom-doped carbon materials have been widely 

used in HER process. We also investigated the catalytic 

performance of N,P-rGO prepared by the similar method as 

Mo2C-N,P-rGO except that without adding Mo sources. However, 

N,P-rGO exhibits poor HER activity compared with Mo2C-N,P-

rGO (Figure S9), which confirms that the activity mainly derived 

from the homogeneously anchored Mo2C NPs. The graphene 

substrate is also indispensable for the preparation of 

monodispersed Mo2C NPs. N,P-codeped Mo2C (N,P-Mo2C) was 

prepared by hydrothermal treatment of the mixture of Mo 

sources, phytic acid, and equivalent PEI and subsequent 

pyrolysis process. The obtained materials N,P-Mo2C exhibits 

rough morphology as shown in the TEM image (Figure S10). 

The less exposed active sites of N,P-Mo2C compared with 

Mo2C-N,P-rGO lead to the poor HER activity (Figure S9). 

Mo2C-N,P-rGO also exhibits high electrocatalytic performance 

in acidic solution (0.5 M H2SO4) with low overpotential of 95 mV 

to achieve 10 mA cm-2 (Figure 4a). Additionally, the smaller 

Tafel slope of Mo2C-N,P-rGO (60 mv dec-1) compared with those 

of Mo2C-P-rGO (74 mv dec-1) and MoO2-N-rGO (211 mv dec-1) 

indicates its favorable HER kinetics in acidic media (Figure 4b). 

The chronoamperometric measurements of Mo2C-N,P-rGO in 

acidic solution demonstrates that constant voltage of 105 mV 

can drive a stable current density with 91.3% of current density 

maintained even after a long-term stability test (Figure 4c). The 

high electrocatalytic activity and excellent stability of Mo2C-N,P-

rGO both in basic and acidic solution are comparable to other 

non-noble electrocatalysts reported recently (Table S2). The 

high electrocatalytic performance of Mo2C-N,P-rGO can be 

attributed to the following points, a) highly dispersed Mo2C 

anchored on the 2D graphene without aggregation, b) 

heteroatoms (N, P) embedded in the carbon matrix effectively 

modify the electro property of the catalysts, c) the packaged 

carbon layers on Mo2C surface, not only prevent the aggregation 

of the nanoparticles, but also increase the electron transfer 

ability of the catalysts. Overall, synergetic effects from the 

advantages mentioned above boost the electrocatalytic 

performance of Mo2C-N,P-rGO. 

Conclusions 

In summary, we constructed a graphene-based nanohybrid with 

uniformly dispersed Mo2C NPs using PEI and phytic acid as 

crosslinker. The rGO with rich N and P contents acts as a 

conductive backbone to facilitate charge transfer. The highly 

dispersed Mo2C NPs can increase the accessibility of the active 

sites.  Moreover, the coated carbon layers will effectively prevent 

the aggregation and corrosion of Mo2C NPs during HER process. 

Benefit from the unique nanostructure, Mo2C-N,P-rGO exhibits 

excellent HER activity with high stability. This facile strategy may 

enrich the horizon of rational design of 2D functional materials 

for versatile applications including energy storage and catalysis. 

Experimental Section 

Material synthesis 

Graphene oxide (GO) was prepared via modified Hummers’ method. 

Polyethyleneimine (PEI, Sinopharm Chemical Reagent Co., Ltd.) 

modification was performed at 60 oC with 120 mg GO dispersed into 100 

mL of 80 mg mL-1 PEI aqueous solution. After magnetic stirring for 12 h, 

PEI-GO was collected by centrifugation, repetitively washed by water, 

and lyophilized. Mo2C-N,P-rGO was prepared by a facile two-step 

method composed of hydrothermal and calcination processes. Typically, 

40 mg of PEI-GO was dispersed into 50 mL of deionized water by 

sonication for 2 h. Then 175 mg of ammonium molybdate tetrahydrate 

((NH4)6Mo7O24·4H2O, Sinopharm Chemical Reagent Co., Ltd.) and 940 

mg of phytic acid (C6H18O24P6, 70%, Sinopharm Chemical Reagent Co., 

Ltd.) were added to the above PEI-GO solution, followed by magnetic 

stirring for 6 h. The obtained suspension was transferred into a 80 mL 

Teflon-sealed autoclave and maintained at 180 oC for 8 h. After cooling 

down to room temperature, the resultant product was washed with 

deionized water and lyophilized. Finally, Mo2C-N,P-rGO was obtained 

after calcining at 900 oC for 3 h with a heating rate of 3 oC min-1. For 

comparison, Mo2C-P-rGO and MoO2-N-rGO were obtained via the similar 

method mentioned above except that using pure GO replace PEI-GO 

and without adding phytic acid, respectively. N, P-codoped graphene 

(N,P-rGO) was also prepared by the similar method as Mo2C-N,P-rGO 

except that without adding Mo sources. N,P-codeped Mo2C (N,P-Mo2C) 

was prepared by hydrothermal treatment of the mixture of Mo sources, 

phytic acid, and equivalent PEI and subsequent pyrolysis process. 

Characterization 

Sample morphologies were characterized by scanning electron 

microscopy (JSM-6700F, JEOL) and transmission electron microscopy 

(JEM-2100UHR, JEOL). The powder XRD patterns of the samples were 

performed on a PANalytical X-ray diffraction meter with Cu Kα radiation. 

Raman spectra measurements were carried out on a Renishaw Model 

2000 Raman spectrometer. X-ray photoelectron spectroscopy (XPS) data 

was obtained from Thermo Scientific ESCALab 250Xi with 

monochromatic Al Kα radiation. 

Measurement of electrochemical catalytic performance 

The HER performance of the obtained catalysts were tested on an 

electrochemical analyzer (CHI 760E, CHI instruments, Inc., Shanghai) in 

a three-electrode system with a silver/silver chloride (Ag/AgCl) electrode 

as the reference electrode and a graphite rod as the counter electrode in 

N2-saturated acidic (0.5 M H2SO4) or basic (1 M KOH) electrolyte. The 

working electrode was prepared as follows, 2 mg of catalyst powder was 

dispersed in 1 mL of water/ethanol mixed solvent (4:1, volume ratio) 

containing 10 μL of 10 wt% nafion solution with the help of sonication for 

at least 30 min. Then 15 μL of catalyst ink was coated onto a polished 

glassy carbon electrode (GCE, 4 mm diameter, 0.1256 mm2) and 

evaporated the solvent in air to achieve a loading of ~0.24 mg cm-2. The 

linear sweep voltammetry curves were collected at a scan rate of 5 mV s-

1. The electrochemical impendence spectra (EIS) was carried out from 

100 MHz to 0.1 Hz at an overpotential of 200 mV. The values of 

electrochemical active surface area (ECSA) were determined from the 

linear slope of current density vesus scan rate in a non-faradaic region 

due to the ECSA was linearly proportional to the double-layer 

capacitances (Cdl). The long-term stability was tested using 

chronoamperometry measurements. 
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