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Nanostructured Mo2C/CNTs composites have been synthesized by using a novel methodology of microwave-
assisted thermolytic molecular precursor with Mo(CO)6 as single source precursor. Pt electrocatalysts supported
on the Mo2C/CNTs composites were prepared by using the modified ethylene glycol method. The resulting
Mo2C/CNTs and Pt-Mo2C/CNTs were characterized by inductively coupled plasma-optical emission
spectroscopy, thermogravimetric analysis, X-ray diffraction, transmission electron microscopy, and energy-
dispersive X-ray spectroscopy. The rotating disk electrode experiments were used to measure electrocatalytic
activity for oxygen reduction reaction. The results showed highly dispersed sphere-like Mo2C and Pt particles
with 3-6 nm can be prepared upon CNTs by the above-mentioned methods. The formation process of Mo2C
includes the following steps: decomposition of Mo(CO)6 precursor to the metallic Mo and CO, CO dismutation
reaction, formation of the MoOxCy by the metallic Mo and CO, the MoOxCy carburization to Mo2C, and
further carburization of Mo2C to Mo3C2. The Pt-Mo2C/CNTs sample gave higher electrochemical surface
area and activity for oxygen reduction reaction with a more positive onset potential in acid solution than
those of Pt/CNTs under the same condition, which was attributed to the synergistic effect among Pt, Mo2C,
and CNTs. The findings indicate that Mo2C is an inexpensive and promising alternative to precious metal
and worthy of further exploring for other applications in catalysis.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs), including
hydrogen fuel cell and direct alcohol fuel cell, have drawn a
great deal of attention as alternative power sources for vehicles
and for stationary and portable application due to their high
energy conversion efficiency, low reaction temperature, and zero
emission of environmental pollutants.1,2 High cost, low activity,
and poor durability are still major barriers to the commercializa-
tion of PEMFCs, although lots of advances have been made
within the past few decades.3–5 Developing active, robust, and
low cost electrocatalysts has been a longstanding research in
PEMFCs.

Slow electrode kinetics at the cathode for oxygen reduction
reaction (ORR) is considered as one of the major problems in
PEMFCs. To increase the activity of ORR and decrease the
catalysts cost or Pt loading, one strategy is to explore the novel
support materials because they play an important role in the
dispersion of Pt nanoparticles and facilitate the transportation
of reactants/products, which directly improve the catalytic
activity and stability of catalysts.6–9 Transition metal carbides
as electrocatalysts or their supports had an important promotion
effect for ORR in PEMFCs, due to their interactions with Pt
and being reactive toward the hydrogen peroxide intermediate.10–12

Transition metal carbides could withstand high temperature,
resist poisoning, have good electrical conductivity, maintain
stability in acidic solutions, and could efficiently prevent Pt from
falling off the support.13,14 However, preparation of nanostruc-

tured carbides with monodispersed particles is very difficult by
the conventional methods, which have been inherited from the
metallurgical industry at high temperature and are energy-
intensive. Although several preparative methods have been
developed, including pyrolysis of metal complexes,15–17 alkaline
reduction,18,19 temperature-programmed reduction,20,21 carbo-
thermal hydrogen reduction,22–24 and sonochemical synthesis,25–27

the controlled synthesis of nanostructured carbides with mono-
dispersed particles still remains a big challenge for their
applications in catalysis.

Microwave techniques have been successfully used in organic
and inorganic syntheses and have been proven to be more
environmental friendly, which require less energy than conven-
tional processes.28,29 Recently, tungsten and molybdenum
carbides from carbon and metal oxides or metals have been
synthesized by microwave processing in tens of seconds.30–32

However, the carbides exist as blocklike irregular crystallites
with grain sizes typically ranging from 5 to 10 µm, and the
morphology and grain sizes cannot be controlled. Tungsten and
molybdenum carbides were also prepared either through flu-
idization of metal and carbon black powders with Ar gas or
from reaction between metal powders and fluidizing ethylene
gas by microwave-assisted synthesis.33 We have developed a
method to prepare nanostructured WCx by the microwave-
assisted thermolytic molecular precursor method, which was
powerful for generating highly dispersed and uniformly sup-
ported catalytic materials in a controlled and reproducible
manner,34,35 and found nanostructured tungsten carbide is an
inexpensive and promising alternative to the noble metal
catalysts in hydrazine decomposition and direct methanol fuel
cells.36,37 We had also used carbon nanotubes (CNTs) as
electrocatalyst supports for direct methanol fuel cell and found
the enhancement effect of CNTs on the electrocatalytic activity
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of ORR.38–40 Herein, we report, for the first time, the rapid
synthesis of CNTs supported molybdenum carbide nanoparticles
by the thermolytic molecular precursor method under microwave
irradiation. The formation mechanism of molybdenum carbide
was also studied through thermolytic process. The resulting
Mo2C/CNTs nanocomposite support has much higher electro-
catalytic activity for ORR than CNTs under the same conditions.

2. Experimental Section

CNTs (Shenzhen Nanotech Port Co. Ltd.) were synthesized
by CH4 decomposition over a nickel-based catalyst, and then
the catalyst was removed by dissolution typically in aqueous
solution of HNO3. The CNTs were not further preoxidized prior
to use. Typically, 0.1 g of CNTs and 0.055 g of molybdenum
hexacarbonyl (Johnson Matthey) were put in an agate mortar,
and mixed for 15 min. The completely homogeneous precursor
mixture was put in a quartz-tube reactor with inner diameter of
about 10 mm and fluidized with a flow rate of 30 mL/min argon
for 2 h at room temperature to remove oxygen in the reactor
and keep the reaction under the inert atmosphere. Next, the
reactor was placed in a domestic microwave oven operating at
2.45 GHz with a power of 800 W. Finally, the resulting products
were cooled to room temperature under argon. The microwave
irradiation time varied from 1 to 15 min to investigate the
formation mechanism.

Pt-Mo2C/CNTs electrocatalysts with 20 wt % Pt loading
were prepared by a modified ethylene glycol method. A certain
amount of dihydrogen hexachloroplatinic acid was dissolved
in ethylene glycol. The pH value was adjusted to 12 by the
addition of NaOH in ethylene glycol. After the solution was
heated under reflux to 160 °C for 1.5 h, the as-prepared Mo2C/
CNTs were added and sonicated for 5 min for homogeneous
dispersion. The pH value was slowly brought down to 2 by the
dropwise addition of concentrated HCl. Next, the mixture was
heated under reflux to 110 °C and kept for 1.5 h. The whole
process was conducted under flowing argon. After being cooled
to room temperature, washed many times with deionized water
to remove Na+ and Cl-, and dried, the Pt-Mo2C/CNTs sample
was obtained. For comparison, Pt/CNTs sample with the same
Pt loading was also prepared by the same method.

The Pt content was determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES). The samples
were treated with sodium peroxide solution and then nitric acid
solution, and the solution was filtered and analyzed by ICP-
OES. Thermogravimetric (TG) experiments were also performed
in Mettler Toledo TGA/SDTA851e thermogravimetry. The
samples were placed in the atmosphere of air and heated at 10
°C/min to the final temperature of 800 °C. X-ray diffraction
(XRD) analysis of the samples was carried out using a Rigaku
D/Max-RB diffractometer with Cu KR monochromatized radia-
tion source (λ ) 1.54178 Å), operated at 40 kV and 100 mA.
Transmission electron microscopy (TEM) was performed using
a Philips CM200 FEG transmission electron microscope (ac-
celerating voltage 200 kV) using high-resolution imaging and
energy-dispersive X-ray spectroscopy (EDX). The composition
distribution analysis with a resolution of a few nanometers was
performed in the STEM mode in combination with energy
dispersive X-ray spectroscopy (EDX) using a DX4 analyzer
system (EDAX) in the same microscope.

A CHI 6DOC potentiostat/galvanostat was used for the
electrochemical measurements in a three-electrode electrochemi-
cal cell. A rotating disk electrode with a glassy carbon disk (4
mm diameter) was employed as the working electrode. A Pt-
foil and a saturated calomel reference electrode were used as

the auxiliary and reference electrode, respectively. Cyclic
voltammetry (CV) experiments were carried out at 25 °C in
0.5 M H2SO4 solution. About 5 mg of catalyst was ultrasonically
suspended with 2 mL of ethanol and 50 µL of 5 wt % Nafion
solution for 15 min, and then about 10 µL of suspension was
spread on the clean glass carbon electrode and dried to obtain
a thin active layer. Before each measurement, fast potential
pulses (100 mV s-1) between 0 and 1400 mV were applied to
the electrodes for surface cleaning and for obtaining a reproduc-
tive active electrochemical surface. The electrochemical surface
area (ECSA) of the Pt-Mo2C/CNTs catalyst was determined
by integrating the hydrogen adsorption/desorption areas of
the cyclic voltammogram. The potential was then cycled at
25 mV s-1 starting at -0.24 V for two complete oxidation/
reduction cycles.

The activity of ORR on these catalysts was evaluated on the
thin-film rotating disk electrode (Pine Instruments, USA). For
the thin-film rotating disk electrode measurements, 10 µL of
the well-dispersed catalyst ink, which was prepared in the CV
test, was spread onto the clean glass carbon disk, as described
in CV tests. ORR activity was measured in oxygen-saturated
0.5 M H2SO4 electrolyte at 25 ( 0.5 °C with a CHI 6DOC
potentiostat/galvanostat. A linear sweep was started from the
cathodic direction at a scan rate of 5 mV s-1, and the rotating
speed was fixed at 1600 rpm. The electrolyte was bubbled with
an oxygen flow for about 1 h before each experiment and
maintained over the electrolyte during the whole voltammetry
measurement.

3. Results and Discussion

The MoxC/CNTs samples with 4.8, 9.1, 13.0, and 16.7 wt %
Mo calculated loading were prepared by microwave-assisted
thermolytic molecular precursor method. XRD patterns of the
obtained samples with 15 min microwave irradiation were
shown in Figure 1. No diffraction peaks assigned to Mo(CO)6

were observed for all of the samples, indicating the precursors
have decomposed thoroughly. The diffraction peaks at 26.5°,
43.8°, and 54.0° observed in the diffraction of CNTs can be
attributed to the hexagonal graphite structure. No distinct peaks
attributed to MoxC phase were detected for the 4.8 wt %
samples, suggesting the highly dispersed MoxC on CNTs. The
XRD pattern of the 13.0 wt % sample showed a diffraction peak
at 39.4°, which is due to �-Mo2C with a hexagonal closed

Figure 1. XRD patterns of the Mo2C/CNTs samples with different Mo
loading from the microwave-assisted thermolytic molecular precursor
method.
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packed structure. The XRD patterns of the 13.0 wt % samples
showed three typical diffraction peaks at 37.9°, 39.4°, and 61.5°,
which were, respectively, assigned to the (002), (101), and (110)
crystal face of �-Mo2C with hexagonal closed-packed structure.
Further increasing the Mo loading to 16.7 wt %, the diffraction
peaks became sharper, which could be ascribed to the growth
of Mo2C. The average particle sizes of �-Mo2C estimated from
the parameters of XRD according to the Scherrer formula are
3.6 and 6.2 nm for the 13.0 and 16.7 wt % samples, respectively.
The result is consistent with that obtained in Mo/HSAC by
carbothermal hydrogen reduction method, in which the particle
sizes of �-Mo2C also increased with increasing Mo loading.35

Simultaneously, weak diffraction peaks due to Mo3C2 also were
observed on the MoxC/CNTs samples with 13.0 and 16.7 wt %
Mo calculated loading, which were not found in the temperature-
programmed methods.34 Formation of the Mo3C2 phase in the
samples with relatively high Mo loading was proposed from
the Mo2C conversion at the high temperature under the
microwave irradiation.

The particle sizes of the Mo2C/CNTs sample are confirmed
by using the TEM measurements. The typical TEM images of
the Mo2C/CNTs sample with the 16.7 wt % Mo calculated
loading undergoing 15 min of microwave irradiation were shown
in Figure 2. Nanostructured Mo2C particles were well distributed
on the outer surface of CNTs, and no agglomerations were
observed. The mean size of Mo2C particles was about 5 nm,
which is in good agreement with the value from XRD. This
further confirmed that the microwave-assisted thermolytic
molecular precursor method was an efficient way for the
synthesis of evenly monodispersed molybdenum carbides with
nanostructure.

To obtain the actual molybdenum loading, TG experiments
were carried out in air. In the oxidation process, Mo2C in the
Mo2C/CNTs was supposed to convert completely into MoO3,
and CNTs were oxidized into CO2 or CO. The Mo loading (x
%) can be calculated by the formula:

where m0 and m1 are the masses of the Mo2C/CNTs sample
and the final products, respectively, and MMoO3 and MMo are
the molecular masses of MoO3 and Mo, respectively. As shown
in Figure 3, the TG curves of the Mo2C/CNTs samples with
the 16.7 and 9.1 wt % calculated Mo loading showed the
gradually increase in weight from 50 to 485 °C, indicating the
occurrence of Mo2C oxidation to MoO3. The rapid loss of
the weight from 485 to 600 °C was attributed to the oxidation
of CNTs to CO2 or CO. From the TG data, the actual Mo
loading was 6.8 and 13.8 wt %, respectively, which is lower

than the Mo calculated loading 9.1 and 16.7 wt %. This loss in
loading may be due to the evaporation of the intermediates (i.e.,
Mo, MoOxCy) during the formation process.

To understand the formation mechanism of nanostructured
Mo2C on CNTs, the preparation was monitored with different
microwave irradiation time. The XRD patterns of the samples
with the 16.7 wt % Mo calculated loading from 1, 5, and 15
min microwave irradiation were shown in Figure 4. After 1 min
of microwave irradiation, two clear diffraction peaks at 37.3°
and 44.6° due to the MoOxCy phase appeared, while a weak
peak at 19.4° due to Mo2C also emerged. This was attributed
to precipitation of O inside the MoOxCy and carburization of
external surface of MoOxCy particles.22–24 With increasing
reaction time to 5 min, the diffraction peaks due to MoOxCy

phase became weak, and those due to Mo2C became sharper.
Meanwhile, diffraction peaks at 36.4° and 46.4° assigned to
Mo3C2 phase appeared. Further increasing the reaction time to
15 min, the diffraction peaks due to Mo2C became much sharper,
while the diffraction peaks due to Mo3C2 phase also became
clear. It was found that the inner wall of the reactor was covered
by a layer of metallic Mo when the microwave irradiation time
was 0.5 min. This was due to the decomposition of Mo(CO)6

precursor to metallic Mo in the initial step, which is in agreement
with conservations in literature.41 With the increase of micro-
wave irradiation time, the MoOxCy phase first was formed by

Figure 2. TEM images of the Mo2C/CNTs sample with the 16.7 wt % Mo
calculated loading.

x % )
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Figure 3. TG curves of the Mo2C/CNTs samples with 9.1 and 16.7 wt %
Mo calculated loadings.

Figure 4. XRD patterns of the MoxC/CNTs samples with different reaction
time.
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the reaction between metallic Mo and active carbon species from
CO. The MoOxCy phase was further carburized to Mo2C with
the increase of microwave irradiation time. CO had been used
as the carbon source to carburize tungsten oxides to obtained
tungsten carbides.42 They found that carburization in pure CO
always resulted in the deposition of free carbon (C*) on the
surface of the carbides, and the amount of free carbon was
correlated with the progress from W2C to WC. Accordingly,
the reaction scheme of the molybdenum carbide formation can
be postulated as follows:

The above-mentioned reactions were further confirmed by
the analysis of gaseous products, which included CO2 and CO.
The Mo(CO)6 precursor was first decomposed to form Mo and
CO, and then the CO dismutation reaction occurred. Next, the
metallic Mo was converted to MoOxCy and free carbon by the
reaction with CO. The MoOxCy phase was further carburized
to Mo2C by the free carbon or CO. Also, Mo2C would be further
transformed into Mo3C2 by carburization of free carbon or CO.

Further study is in progress to understand the detailed formation
mechanism of the molybdenum carbides in the microwave-
assisted thermolytic molecular precursor method.

The Pt-Mo2C/CNTs and Pt/CNTs samples were prepared
by the modified ethylene glycol method. The Pt contents from
ICP-OES of Pt/CNTs and Pt-Mo2C/CNTs samples were 18.3
and 16.0 wt %, respectively. Their XRD patterns were shown
in Figure 5. For the two samples, the diffraction peaks at 39.67°,
46.17°, 67.40°, and 81.23° were detected and could be attributed
to the (111), (200), (220), and (311) crystal face of metallic Pt
with face-centered cubic crystalline structure, while the diffrac-
tion peaks at 26.5° and 43.5° were ascribed to graphite with
hexagonal structures. It is difficult to distinguish the diffraction
peaks of Pt and Mo2C in the XRD patterns due to the tiny
difference in crystal lattice spacing. The average particle size
of Pt estimated from the Pt (111) peak with the Scherrer equation
was approximately 3.5 nm in the Pt-Mo2C/CNTs sample.

As observed in a typical TEM image of Pt-Mo2C/CNTs
sample (Figure 6), all of the particles were of sphere shape,
and no agglomerations were detected. The particle size varied
from 3 to 6 nm, which was in good agreement with the results
obtained from the XRD. The HRTEM image in Figure 6 showed
that the Pt particles obtained through the reduction of ethylene
glycol method were more likely to be closed with or in
conglutination with the Mo2C particles, which was quite
different from the Pt-WCx/CNTs samples gained through the
same way.34

The homogeneous Mo2C and Pt distributions in the Pt-Mo2C/
CNTs sample were also confirmed by the STEM dark field
image, and the corresponding elemental maps were shown in
Figure 7. The outer wall of the CNTs was uniformly covered
by well-dispersed molybdenum carbides and Pt without
agglomeration.

Cyclic voltammograms of the 18.3 wt % Pt/CNTs and 16.0%
Pt-Mo2C/CNTs samples in 0.5 M H2SO4 solution at a scan
rate of 25 mV s-1 were presented in Figure 8. The Pt/CNTs
catalyst showed two pairs of hydrogen adsorption/desorption
peaks, typically characteristics of polycrystalline Pt.43 The
Pt-Mo2C/CNTs catalyst exhibited symmetric hydrogen adsorp-
tion/desorption currents in the low potential region, indicating
surface properties quite different from those of Pt/CNTs. The
ECSA of the Pt-Mo2C/CNTs and Pt/CNTs catalysts was
determined by integrating the hydrogen adsorption/desorption
areas of the cyclic voltammogram obtained in a potential pulse
at a scan rate of 25 mV s-1. Obviously, Pt-Mo2C/CNTs
possessed a higher ECSA than Pt/CNTs, which could be
attributed to the unique nanostructured Mo2C/CNTs and well-
dispersed Pt nanoparticles with the sizes of 3-6 nm on the
surface of Mo2C/CNTs.

Figure 5. XRD patterns of the 18.3 wt % Pt/CNTs and 16.0 wt % Pt-Mo2C/
CNTs samples.

Figure 6. TEM (left) and HRTEM (right) images of the 16.0 wt % Pt-Mo2C/CNTs sample.

Mo(CO)6 f Mo + 6CO

2CO f C* + CO2

Mo + xCO f MoOxCy + (x-y)C*

2MoOxCy + (2x - 2y + 1)C* f Mo2C + 2xCO

3Mo2C + C* f 2Mo3C2

3Mo2C + 2CO f 2Mo3C2 + CO2
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Figure 9 showed the linear sweep voltammograms of the
CNTs, 16.7 wt % Mo2C/CNTs, 18.3 wt % Pt/CNTs, and 16.0
wt % Pt-Mo2C/CNTs samples in the O2-saturated 0.5 M H2SO4

solution. CNTs sample did not show electrocatalytic activity
toward ORR in acid solution, while the Mo2C/CNTs catalyst
somewhat had electrocatalytic activity, although its overpotential
was slightly larger than those of other catalysts. Both the
Pt-Mo2C/CNTs and the Pt/CNTs catalysts represented high
electrocatalytic activity toward ORR. The 16.0 wt % Pt-Mo2C/
CNTs catalyst had a more positive onset potential of 85 mV as
compared to the 18.3 wt % Pt/CNTs catalyst, which could be
attributed to a synergistic effect among Pt, Mo2C, and CNTs.
Additionally, because the Mo2C particles had occupied part of
the reaction sites on CNTs, a few Pt particles had nowhere to
stay, and the actual Pt loading of Pt/CNTs sample was a little
larger than that of Pt-Mo2C/CNTs as shown in the ICP-OES
measurement. It could be supposed that the Pt-Mo2C/CNTs
would surpass Pt/CNTs more in electrocatalytic activity toward
ORR with the same Pt loading. This performance implied that
Mo2C/CNTs was an efficient support for electrocatalyst and
possessed a good ability in cutting down the Pt usage.

4. Conclusion

Sphere-like Mo2C particles with 3-6 nm had been success-
fully synthesized and well distributed on CNTs by the microwave-
assisted thermolytic molecular precursor method. The formation
of Mo2C includes the following steps: decomposition of
Mo(CO)6 precursor to the metallic Mo and CO, CO dismutation
reaction, formation of the MoOxCy by the metallic Mo and CO,
the MoOxCy carburization to Mo2C, and reaction of Mo2C to
Mo3C2. The Pt-Mo2C/CNTs sample prepared by the modified
ethylene glycol method showed evenly monodispersed Pt
particles with 3-6 nm. The Pt-Mo2C/CNTs gave higher
electrochemical surface area and ORR activity with a more
positive onset potential in acid solution than those of Pt/CNTs
under the same condition, which was attributed to the synergistic
effect among Pt, Mo2C, and CNTs. The findings indicate that
Mo2C is an inexpensive and promising alternative to precious
metal and worthy of further exploring for other applications in
catalysis.
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