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Porous one-dimensional Mo,C/amorphous carbon composites were fabricated by in-situ solid state reactions for effective
and high-performance electrocatalysts towards hydrogen evolution reaction (HER). The morphological and structural

characteristics of the Mo,C based electrocatalysts were analyzed by scanning electron microscopy (SEM), transmission

electron microscopy (TEM), and X-ray diffraction (XRD). The analyses showed that they had various advantages for HER,

including high crystallinity, porous and tubular characteristic and good conductivity. The porous one-dimensional

Mo,C/amorphous carbon composites with a larger content of Mo,C and moderate thickness of the carbon layers exhibited

superior catalytic activities for HER to most Mo,C based electrocatalysts recently reported.

1 Introduction

With the increasingly consumption of traditional fossil fuels,
the global energy crisis has been emerged. It has become
crucial and urgent to seek sustainable and clean energy sources.
Hydrogen, as a renewable energy carrier with high gravimetric
energy density, has attracted significant attention. ' Due to the
characteristics of the possibility of being produced from
electrochemical water splitting and the zero emission of global
warming gases from hydrogen utilization, hydrogen is
considered to be a promising candidate for traditional
petroleum fuels in the future.'

To improve the efficiency of water splitting for hydrogen
generation the active catalysts are required.’ Although platinum
has the excellent activity for HER, its scarcity, low abundance
and high cost prevent their widespread applications. Therefore,
it is quite desirable to search and exploit non-Pt HER catalysts
with high catalytic activity, long-term stability and low cost.
Molybdenum-based materials such as molybdenum disulfide
(MoS,),> molybdenum phosphide (MoP),® molybdenum nitride
(MoN),** and molybdenum carbide (Mo,C),”'® have been
exploited as electrocatalysts for HER recently. But during the
synthesis processes of these molybdenum-based materials some
poisonous and harmful gases such as hydrogen sulfide, sulfur
oxide, hydrogen phosphide, and ammonia, etc. were used or
released. Recently, carbon black, carbon nanotubes (CNTs) and
graphene can be used as the supporting substrates to grow

Key Laboratory of In-Fiber Integrated Optics, Ministry of Education, and College
of Science, Harbin Engineering University, Harbin 150001, China. Fax: 86-451-
82519754, Tel: 86-451-82519754;, E-mail: chenyujin@hrbeu.edu.cn and
chunyanli@hrbeu.edu.cn
tElectronic Supplementary Information (ESI) available: [Comparisons of HER
performances among different Mo-based catalysts, R values, Exchange current
densities extracted from Tafel plots and Nyquist plots of Mo,C-1, M0,C-2 and
Mo,C-3.]. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

Mo,C nanostructures and the poisonous and harmful gases such
as CO, C,Hg or CH, are not needed. >'* These carbon-supported
Mo,C materials with high conductivities exhibited remarkable
catalytic activity and good corrosion resistance for HER in both
acidic and basic conditions due to their similar electronic

stuctures with Pt-group metals.”"

For example, f-Mo,C
nanoparticles inlaid or anchored into the carbon nanotubes
(Mo,C—CNT) synthesized by Chen et al exhibited superior
electrocatalytic activity and stability in the HER compared to
the bulk Mo,C.” For driving cathodic current densities of 1 mA
cm 2, an overpotential is as low as 63 mV in 0. M HCIO,
solution.” On the basis of X-ray absorption analysis results,
they attributed the enhancement to the electronic modification
which makes the surface exhibit a relatively moderate Mo—H
bond strength.”

Although many outstanding efforts have been made to
exploit high-performance Mo,C-based catalysts, a high current
density achieved by them at low overpotential () is yet
unsatisfactory. In this work, we fabricated porous one-
dimensional (1D) Mo,C/amorphous carbon composites by in-
situ solid state reactions using MoOs/polyaniline nanorod
(MoO3/PANTI) hybrid as a precursor.zg’ 16-18 11y order to optimize
the HER activity of the Mo,C-based

electrocatalysts are fabricated and named as Mo,C-1, Mo,C-2

catalysts, three
and Mo,C-3, respectively (Experimental section). Notably, by
adjusting the amount of PANI nanorods grown on the surface
of MoO; nanorods, the thickness of the amorphous carbon
layers, and the crystal size and the content of Mo,C in porous
1D Mo,C/amorphous carbon composites can be tuned. The
electrochemical measurements show that Mo,C-2 with a larger
content of Mo,C and moderate thickness of the carbon layers
exhibit excellent HER activity, including a small onset
overpotential, a Tafel slope of 57.5 mV decade’ and an

2

exchange current density of 102.3 A cm™. Especially, for

driving cathodic current densities of 10 mA cm? in acidic
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media, the Mo,C-2 electrode only need overpotentials of 115
mV vs RHE, greatly lower than those of most Mo,C based
catalysts recently reported.
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Figure 1. XRD patterns of Mo,C-1 (a), Mo,C-2 (b) and Mo,C-3 (c).

2 Experimental
2.1 Synthesis of materials

Preparation of a-MoQOj; nanorods: 7.2 g of a-MoO; powder
was reacted with 55mL of 30% aqueous H,O, and dissolved
completely under stirring. 27 mL of concentrated nitric acid and
170 mL distilled water were then added to the above solution.
The mixture was kept for 4 days at room temperature. 35 mL of
the mixture was then transferred into a Teflon-lined stainless
steel autoclave with a capacity of 50 mL for hydrothermal
treatment at 170°C for 24 h. As the autoclave was cooled to
room temperature naturally, the precipitates were washed with
distilled water and absolute ethanol, and dried in air.'®

Preparation of MoQO;/PANI: 0.15 g of 0o—MoO; nanorods
was dispersed in 100 mL of 1 mol L™ HCI solution by
sonication treatment and then the mixture was cooled down to
0°C under stirring. 0.3 mL of aniline was dissolved in 100 mL
of 1 mol L™! HCI solution, and then transferred to the solution
of ammonium persulfate(0.375 g) dissolved in 100 mL of 1 mol
L 'HCI solution in the beaker. The mixture solution above was
cooled down to 0°C, then transferred to the suspension and kept
at the temperature for 4 h under stirring. The precipitate was
washed by distilled water and ethanol, and then dried at 40 °C
for 24 h.

Preparation of Mo,C catalysts: After the MoOz/PANI
hybrids were thermally treated at 850°C for 2 h at 10 % H,/Ar
gas flow, the Mo,C-2 were obtained. The samples, obtained as
the amount of aniline is changed to 0.2 and 0.4 mL, named as
Mo,C-1 and Mo,C-3 respectively.

2.2 Structural Characterization

The morphology and size of the synthesized 3D architectures
were characterized by scanning electron microscope
[HSD/SU70] and an FEI Tecnai-F20 transmission electron
microscope equipped with a Gatan imaging filter (GIF). The
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crystal structure of the sample was determined by X-ray
diffraction (XRD) [D/max 2550 V, Cu Ka radiation]. XPS
measurements were carried out using a spectrometer with Al
Ka radiation (K-Alpha, Thermo Fisher Scientific Co.). The
binding energy was calibrated with the C 1s position of
contaminant carbon in the vacuum chamber of the XPS
instrument (284.8 eV).

2.3 Electrochemical measurements

Electrochemical measurements were performed in a three-electrode
system at an electrochemical station (CHI660D). The three-electrode
configuration using an Ag/AgCl (KCl saturated) electrode as the
reference electrode, a graphite rod as the counter electrode, and the
carbon paper coated with catalyst was used as the working electrode.
The working electrode was fabricated as follow: the catalyst was
dispersed in N-methyl-2-pyrrolidone (NMP) solvent containing 7.5
wt% polyvinylidene fluoride (PVDF) under sonication, in which the
weight ratio of the catalyst to PVDF is 8:1. Then the slurry was
coated onto a piece of carbon paper (lengthxdiameterxthickness = 6
emx1 ¢mx0.03 cm). The effective loading area was about 1 cm™ and
the loading density of the catalyst was ~ 3 mg cm™. Linear sweep
voltammetry with scan rate of 5 mV s was conducted in 0.5 M
H,S0O, (deaerated by N,). All data have been corrected for a small
ohmic drop based on impedance spectroscopy. In 0.5 M H,SO,,
Erue)y = Escp) + 021 V. All the potentials reported in our
manuscript were calibrated to a reversible hydrogen electrode (RHE).

al a2

Figure 2 Typical SEM images of Mo,C-based catalysts with different
magnifications. al-a;) Mo,C-1, b1-b2) Mo,C-2, and c1-c2) Mo,C-3.
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3 Results and discussion

The phase purity and crystal structure of the final products were
examined by XRD, as shown in Figure 1. The diffraction peaks
located at 260 = 34.4°, 38.0°, 39.4°, 52.1°, 61.5°, and 69.6° originate
from (100), (002), (101), (102), (110) and (103) planes of f-Mo,C
(JCPDs PDF no. 35-0787). The signals from possible impurities
such as MoO; and MoO, are not detected in all of the samples,
indicating their high crystal purities. From Figure 1 we can also find

COMMUNICATION

that the diffraction peaks of the porous 1D Mo,C-based catalysts are
gradually broaden with the increase of the amound of PANI in
precursors, suggesting that Mo,C-3 has the smallest crystal size
among the three samples. According to the Scherrer equation the
calculated crystal sizes of Mo,C nanocrystals in Mo,C-1, Mo,C-2
and Mo,C-3 are 19.4, 12.5 and 9.6 nm, respectively. In addition, a
broaden peak centred at 20 = 25° in the XRD pattern of Mo,C-3
reveals that Mo,C-3 has relatively higher weight percentage of
amorphous carbon materials than those of Mo,C-1 and Mo,C-2.

0.227 nm
(101)

Figure 3 TEM images of Mo,C-based catalysts with different magnifications. a;-a;) Mo,C-1, b;-b;) M0,C-2, c3-¢4) M0o,C-3.

Figure 2 shows SEM images with different magnifications of
Mo,C-1, Mo,C-2 and Mo,C-3. From low-magnification SEM
iamges (Figure 2al-cl) it can be found that all the three
electrocatalysts have one-dimensional (1D) shapes with lengthes in
the diameters of the three
electrocatalysts are quite different. As shown in Figure 2al—cl, the
diameters of Mo,C-1, Mo,C-2, and Mo,C-3 are about 200, 250, and
300 nm, respectively, with respect to the amount of PANI in the

several micrometers. However,

precursors. It demonstrates that larger amount of PNAI leads to
larger diamerter of the 1D Mo,C electrocatalysts. Interestingly,
many mesopores can be observed along the axes of 1D Mo,C-1 and
Mo,C-2 electrocatalysts, as shown in the high-magnification SEM
images (Figure 2a2 and 2b2). However, there are less mesopores are
in Mo,C-3 (Figure 2¢2). Moreover, the ends of most of Mo,C-1 and
Mo,C-2 are open, as shown in Figure 2a2 and 2b2. Thus Mo,C-1
and Mo,C-2 have porous and tubular characteristics, which facilitate

This journal is © The Royal Society of Chemistry 20xx

more active sites to expsoe to the electrolyte directly, and in turn
boost the HER activities of the electrocatalysts. The formation of
pores is related to the growth mechanism of the Mo,C nanoparticles
and the amount of PANI in the precursors. At a high temperature,
MoO; is easily sublimated and its diffusion rate is faster than that of
the PANIL. With the in situ solid state reaction between MoO; and
PANI being proceeded, the Mo,C nanoparticles are produced,
accompanying the formation of a hollow region in the center of the
products. At the same time, smaller amount of PANI covered over
the MoOj surfaces in the precursors will lead to more MoO; vapors
escaped out to environment and does not react with PANI, leaving
more pores in the final products. The energy dispersive spectrometry
(EDS) is conducted to determine the composition content of the
Mo,C electrocatalysts. Statistical results show that the contents of
Mo,C in Mo,C-1, Mo,C-2 and Mo,C-3 are 61.9, 67.6 and 41.3 wt%,
respectively.

J. Name., 2013, 00, 1-3 | 3
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The structures of Mo,C-1, Mo,C-2 and Mo,C-3 were further
analyzed by TEM observations. The low magnification TEM
images (Figure 3a;—3c;) show that Mo,C-1 and Mo,C-2 porous
and tubular features, whereas the features are not obvious for
Mo,C-3, in consistent with the SEM observations. As expected,
the thickness of amorphous carbon layers in the Mo,C-based
electrocatalysts is increased with the increase of the amount of
PANI precursors. As shown in Figure 3a,—3c,, the thickness of
the amorphous carbon layers of Mo,C-1, Mo,C-2 and Mo,C-3
are in the range of 5-25, 25-50 and 70—-130 nm, respectively.
The presence of the carbon layer in the electrocatalysts is in
favor of the improvement of the conductivity for HER.
However, too large thickness will reduce the number of the
active sites exposed to electrolyte. From these figures, it can be
also found that there are many Mo,C nanoparticles in the inner
walls and even in outside carbon layers of Mo,C-1, Mo,C-2,
and Mo,C-3. The high-magnification TEM images (Figure 3a;—
3c3) show that the sizes of Mo,C nanoparticles in Mo,C-1,
Mo,C-2, and Mo,C-3 are about 8-25, 5-20 nm and 3-11 nm,
respectively. The lattice spacings labeled in Figure 3a,—3c, are
about 0.230, 0.227 and 0.227 respectively, corresponding to
(101) crystal planes of Mo,C. The results above demonstrate
that our Mo,C-based electrocatalysts
crystalline Mo,C nanoparticles and amorphous carbon layers.
Furthermore, the thickness of carbon layers and crystal size of

are composed of

Mo,C in the electrocatalysts can be tuned by the amount of
PANI in the precursors.

To probe the electronic structures on the surface of the
catalysts, the samples were analyzed by X-ray photoelectron
spectroscopy (XPS) (Figure S1). The peaks at binding energies of
228.5 and 231.6 eV in the high resolution of Mo 3d XPS spectrum
(Figure S1(a)) can be assigned to 3ds, and 3d;, of Mo,
respectively.?® 2° Other peaks at the binding energies of 232.4
and 235.5 eV for Mo™” coming from MoOj are also observed.
2.2¢ I consistency with the previous studies, the surfaces of the
Mo,C catalysts can be contaminated with molybdenum oxides
(MoO, and Mo00Oj3) when exposed to air for a period of time. 2
2,6 Figure S1(b) shows high-resolution C 1s XPS spectrum, in
which the peak indicates that C—O (at 286.0 eV) groups exist in
the layers of the samples.

The electrocatalytic HER activities of our Mo,C based
electrocatalysts were investigated in 0.5 M H,SO, solution
using a three-electrode setup. For comparison, the HER
performance of Pt was also tested. Figure 4a shows the
polarization curves of the catalysts with a sweep rate of 5mV s~
!. Pt exhibits expected HER activity with nearly zero onset
overpotential and high current density. All of our Mo,C-based
electrocatalysts show small onset overpotentials and high
current densities at moderate overpotentials. For driving
cathodic current densities of 1 mA cm 2, Mo,C-1, Mo,C-2 and
Mo,C-3 only need overpotentials of 63, 49 and 30 mV,
respectively (Table S1).1 Beyond the onset overpotentials, the
current densities for all the three catalysts are increased rapidly.
Notably, Mo,C-2 exhibits superior HER activity than Mo,C-1
and Mo,C-3. For example, for driving cathodic current
densities of 10 and 50 mA cm?, Mo,C-2 shows only
overpotentials of 115 and 154 mV respectively, whcih are

4| J. Name., 2012, 00, 1-3

smaller than those of Mo,C-1(134 and 172 mV) and Mo,C-3
(146 and 201 mV). Furthermore, the cathodic current density
measured by Mo,C-2 electrode can be up to 216.8 mA cm > at
7= 200 mV, which is the largest value among the reported
Mo,C catalysts and ever better than the lithiation-treated S-
MoS,; (Li-MoS,) and the MoP thin film on the Ti foil in acidic
solutions.?* 3¢+ The detail comparison is shown in Table S2.F
For further study of HER activity of the Mo,C based
electrocatalysts, Tafel plots were fitted to Tafel equation (4= a +blog
| j 1), where b is the Tafel slope. As shown in Figure 4b, the Pt
catalyst exhibits a Tafel slope of 30 mV dec™', which is consistent
with the reported values. The Tafel slopes of the Mo,C-1, Mo,C-2,
and Mo,C-3 are 57.5, 57.6 and 74 mV decade’, respectively. The
Tafel slopes for the 1D Mo,C catalysts do not match with the
expected Tafel slopes of 29, 38, and 116 mV decade ', suggesting
the HER proceeds via a Volmer—Heyrovsky mechanism.'**' The
exchange current density (j;) is an important factor to evaluate the
HER activity of the catalysts. the value of the exchange current
density can be obtained from Tafel plots by using extrapolation
methods (Figure S2).f When extrapolating the Tafel plot to an
overpotential of 0 mV, the exchange current density of Mo,C-2 is
estimated to be 102.3 zA cm™, which is higher than those of Mo,C-1
(50.6 uA cm?), Mo,C-3 (76.6 uA cm?) and most Mo,C-based
electrocatalysts previously reported, as shown in Table S2.+

[

i
~
o
~

~03
50 m
£ e e
S 100 % wey
< Zo02 .
E 2, b
= -150 = o
s = s\
= 200 MoC-l | § < T Mecd
Q! ™ —Moc2 (B o ——Moca2
250 ——Mo -3 g Mo C-3
) — Pt TomVIae Pt
00 30
03 02 -01 0.0 0.1 0 1 2 3
Potential (V vs. RHE) lg j(mA cm2)
C) 20 d) o
9 -50

&
S
<
£ WW 5150
=
5}
=
=
o

-80 —— Initial
— After 1000 cv

0 2 4 6 8 10 -0.3 -0.2 -0.1 0.0 0.1

Time (h) Potential (V vs. RHE)

Figure 4 a) Polarization curves and b) Tafel plots of Mo,C-1, M0o,C-2, Mo,C-
3 and Pt, c) Cycling stability of Mo,C-2 at an overpotential of 200 mV, d) the
polarization curves before and after potential sweeps for 1000 cycles in 0.5
M H,S04 solution.

The results above demonstrate that our Mo,C based
electrocatalysts (Mo,C-1 and Mo,C-2) exhibit excellent HER
activity including small onset overpotentials, large current
densities at moderate overpotentials and large exchange current
density, superior to most Mo,C electrocatalysts previously
reported (Table S2).1 It may be related to the following factors.
(i) The porous and tubular characteristics of our Mo,C-1 and
Mo,C-2 greatly favor in the contact of the active sites with
electrolyte efficiently, leading to a significant acceleration of

This journal is © The Royal Society of Chemistry 20xx
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the interfacial electrocatalytic reactions. (ii) The presence of the
carbon layers in the catalysts can improve the whole
conductivity of the catalyst, and thereby increase the charge
transfer rate during the HER process. In order to clarify it,
electrochemical impedance spectroscopy (EIS) analysis were
analysed at different overpotentials. Figure S3 shows Nyquist
plots of impedance spectroscopy of Mo,C-1, Mo,C-2 and
Mo,C-3 at different overpotentials.f As fitted from the
experimental data by a two time-constant model (the inset in
Figure S3a) the transfer resistances of these Mo,C catalysts can
be obtained, and the values are listed in Table S3.1 It can be
found that Mo,C-1, Mo,C-2 and Mo,C-3 have lower charge-
transfer resistance than those of most Mo,C electrocatalysts
previously reported.

Notably, Mo,C-2 exhibits superior HER activities to Mo,C-1 and
Mo,C-3, which may be related to its larger active areas and larger
content of Mo,C. On one hand, there are smaller contents of Mo,C
in Mo,C-1 and Mo,C-3 than in Mo,C-2, evidenced by EDS
measurements. Due to small difference in the catalyst size, the
higher content of Mo,C implys Mo,C-2 has more active sites for
HER. On the other hand, the carbon layers are too thick in Mo,C-3,
which impedes active sites to contact with electrolytes to some
degree. The electrochemical double-layer capacitances (Cq) can be
measured to estimate the effective active area of our Mo,C -based
catalysts using a simple cyclic voltammetry method (Figure 5). As
shown in Figure 5d, Mo,C-2 exhibits the Cy value of 83.7 mF, larger
than Mo,C-1 (58 mF) and Mo,C-3 (50.9 mF). This result reveals that
Mo,C-2 has the largest effective active area among the Mo,C-based
catalysts, which contributes to its superior HER activity.

o
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032 034 036 038
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Figure 5 Cyclic voltammograms performed at various scan rates (20, 40, 60 mV 5’1, etc.)
in the region of 0.3-0.4 V vs. RHE for a) Mo,C-1, b) Mo,C-2 and c) Mo,C-3. d) The
differences in current density (AJ = J,-J¢) at 0.35 V vs. RHE plotted against scan rate
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Scan rate/mVs-!

fitted to a linear regression allows for the estimation of Cy.

Durability is also a key factor for a good catalyst. The long-term
durability of Mo,C-2 was examined by electrolysis at #= 200 mV for
40 000 s in 0.5 M H,SO4. As shown in Figure 4c, the Mo,C-2
electrode can be holding a high current density of 50 mA cm 2 at the

This journal is © The Royal Society of Chemistry 20xx

given potential for a long time without a significant degradation. The
stability of Mo,C-2 in the acidic media was also investigated by
sweeping the catalysts for 1000 cycles. We measured 1000
continuous cyclic voltammograms between -0.3 and +0.2 V vs RHE
(without iR corrected) at 100 mVs™'. After the cycles, the negligible
current loss is observed, as shown in Figure 4d. Thus, our porous 1D
Mo,C catalysts have excellent long-term stability for HER.

4 Conclusions

Porous 1D Mo,C based catalysts with tubular features are fabricated
by in situ solid reactions using MoO;/PANI nanorods as precursors.
The crystal size of Mo,C and the thickness of the carbon layers in
1D Mo, C nanostructures can be tuned by the amount of PANI in the
precursors. Due to the good conductivity, porous and tubular
characteristic, and large active area, the Mo,C-based electrocatalyst
with moderate thickness of the carbon layers exhibits superior
catalytic activities for HER to most Mo,C based electrocatalysts
previously reported. For driving cathodic current densities of 10 mA
em 2 in 0.5 M H,SO, solution, it only needs an overpotential of 115
mV vs RHE. Our results demonstrate that the porous 1D Mo,C
catalysts are very promsing for practical applications.
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