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Binary transition metal dichalcogenides (TMDs) usually exhibit high hydrogen evolution

reaction (HER) activities; however, the facile and efficient synthesis of ternary TMDs alloys

remains a challenge. In this study, we reported an efficient method of synthesis for a

MoS2(1�x)Se2x ternary alloy in a CVD system, and carbon nanofibers serve as the substrate.

The MoS2(1�x)Se2x/CNFs hybrids were directly used as hydrogen evolution cathodes and

exhibit lower onset potentials and excellent durability, suggesting they have significantly

enhanced catalytic activity and could serve as effective and promising catalysts for the

HER.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

As a clean and sustainable energy carrier, hydrogen is

considered to be a promising and appealing solution to take

the place of fossil fuels. Among the hydrogen production

methods, the hydrogen evolution reaction (HER) is an efficient

electrochemical process to produce hydrogen by water split-

ting [1,2]. Conventionally, the platinum group metals (e.g., Pt)

are demonstrated to be the most effective electrocatalysts for

the hydrogen evolution reaction. However, because of the

rarity and high cost of the platinum group metals, their

extensive application is essentially throttled [2,3]. Extensive

investigations about inexpensive alternatives with high elec-

trocatalytic activity have found that layered transition metal
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dichalcogenides (TMDs) are especially attractive. Because of

the special layered structures, weak van der Waals forces

between molecular layers, and strong chemical bonding

within the layers, TMDs have demonstrated numerous ap-

plications in fields such as water splitting, optoelectronics,

and nanoelectronics [4].

Recently, numerous studies have been committed to

improve TMDs’ electrocatalytic performance [5e9]. As is well

known, there are three major approaches to optimize their

HER activities: (1) increasing the number of active sites of the

catalyst, (2) improving the electrical conductivity of the cata-

lyst, and (3) improving the catalytic effects of the active sites

[3]. Cui et al. have fabricated layered MoSe2 and WSe2 verti-

cally oriented on curved and rough surfaces that exhibited a

significantly enhanced HER activity and an extremely high
evier Ltd. All rights reserved.
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stability because such oriented structures possess maximally

exposed active edges [6]. Previously, we reported layered

MoSe2 grown on carbon nanofibers (CNFs), and the obtained

nanomaterials exhibited substantially improved catalytic ac-

tivity because of the large surface area and high conductivity

of CNFs.

As is well known, carbonaceous materials, such as gra-

phene, carbon nanotubes and carbon nanofibers, can sub-

stantially improve the conductivity of catalysts. Moreover,

numerous studies indicate that cation dopants (Ni, Co and

etc.) in the layered TMDs could optimize and significantly in-

crease the catalytic activities [10e16]. Considering the simi-

larities in atomic structure and properties of the TMDs’ family

members (MX2: M ¼ Mo, W; X ¼ S, Se, Te), it is probable to

create a multicomponent alloy system without phase sepa-

ration by the doping of TMDs with another chalcogen, and the

introduction of another chalcogen into TMDs could improve

the HER performance [17e20]. Sampath et al. have investi-

gated the introduction of Se substitution into the MoS2 lattice,

and the results suggested that the catalytic activity of sulfo-

selenides could be optimized by tuning the composition [21].

Bin Xiang et al. have reported one dimensional single-crystal

MoS2(1�x)Se2x nanobelts with controllable Se and S content,

indicating that the introduction of Se into MoS2 would change

the electronic structures of the MoS2(1�x)Se2x nanobelts and

significantly improve the HER electrocatalytic activity [22].

In this study, on the basis of our previous work, we report

an efficient method of synthesis for MoS2(1�x)Se2x in a chem-

ical vapor deposition (CVD) system with CNFs serving as

substrate. Firstly, electrospinning polyacrylonitrile (PAN)

mats were synthesized and then carbonized to CNFs. Subse-

quently, the rapid sulfurization and selenization of MoO3were

performed in a CVD system to attain the MoS2(1�x)Se2x/CNFs

hybrids. The MoS2(1�x)Se2x/CNFs hybrids were directly

employed as theworking electrode in a typical three-electrode

system and exhibited excellent electrocatalytic activity and

stability.
Experiments

Synthesis of MoS2(1�x)Se2x/CNFs hybrids

MoS2(1�x)Se2x/CNFs hybrids were synthesized in a quartz tube

furnace by the chemical vapor deposition (CVD) method. A

ceramic boat with carbon nanofibers was placed in the

downstream of the furnace with the temperature at approxi-

mately 750 �C. The S powder and Se powder were put into the

first and second heating zones, respectively; the boat with the

MoO3 powder was placed between the Se and the CNFs’ boat.

The loadings of the S powder and Se powder were approxi-

mately 0.4 g and 0.2 g. Before the growth, argon gaswas flowed

through the tube at a flow rate of 70 sccm to remove residual

oxygen. Then, we heated the furnace up to 750 �C in an hour

and maintained the reaction temperature for an hour. When

the temperature of the furnace reached 400 �C, the first

heating zone (S powder) was rapidly raised to 150 �C. This was

followed by a natural cool-down period during which Ar gas

was kept flowing at a rate of 70 sccm to transport sulfur and

selenium to the substrate.
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Instruments

The sample morphology was observed using a JSM-2100

transmission electron microscope (JEOL, Japan) at an accel-

eration voltage of 200 kV and a JSM-6700 field-emission

scanning electron microscope (JEOL, Japan) at an acceleration

voltage of 3 kV. The X-ray photoelectron spectra of the sam-

ples were obtained by an X-ray photoelectron spectrometer

(Kratos Axis Ultra DLD) with an Al (mono) Ka source

(1486.6 eV). The Al Ka sourcewas operated at 15 kV and 10mA.

X-ray diffraction (XRD) patterns were recorded using a Bruker

AXS D8 DISCOVER X-ray diffractometer with Cu Ka radiation

(l ¼ 1.5406 �A) at a scanning rate of 0.02 2q s�1 in a 2q range of

10e80�. The Raman spectra of all of the samples were ob-

tained by a Renishaw in Via Raman microscope (LabRAM

HR800) using a 532 nm laser excitation source. The excitation

light intensity in front of the objective was 10 mW with a

spectral collection time of 1 s. The integration time for the

measurements was set to 10 s. High-angle annular dark field

scanning TEM (HAADF-STEM) images, STEM mapping and

line-scan energy dispersive X-ray spectroscopy (EDX) spectra

were recorded by a STEM (Tecnai G2 F30S-Twin, Philips-FEI) at

an acceleration voltage of 300 kV.

Electrochemical characterization

The electrochemical measurements of all of samples were

conducted in a standard three-electrode system in a

0.5 M H2SO4 solution (deaerated by Ar for 30 min). The

MoS2(1�x)Se2x/CNFs hybrid, platinum mesh electrode and

saturated calomel electrode served as the working, counter

and reference electrodes, respectively. The HER activity was

evaluated by linear sweep voltammetry, which was recorded

using a CHI660E workstation (Shanghai Chenhua, Shanghai)

at a scan rate of 1mV/s. The polarization curveswere obtained

after iR-compensation. In all of the measurements, a Hg/

Hg2Cl2 electrode was used as the reference, and the potential

valueswere corrected to the reverse hydrogen electrode (RHE).
Results and discussion

In the study, the MoS2(1�x)Se2x alloy nanostructures were

synthesized on the CNFs substrate in a home-built quartz tube

furnace by the CVDmethod. The precursors were converted to

the vapor phase at a high temperature and transported to the

substrate by a carrier gas of argon. In the process, MoS2(1�x)-

Se2x was obtained by the rapid sulfurization and selenization

of MoO3. Herein, the morphology of the as-grown MoS2(1�x)-

Se2x nanoflakes is dominated by the hexagonal layer. The SEM

images of the low-density MoS2(1�x)Se2x/CNFs (denoted as

MoS2(1�x)Se2x (LD)/CNFs) hybrid and the high-density

MoS2(1�x)Se2x/CNFs (denoted as MoS2(1�x)Se2x (HD)/CNFs)

hybrid are shown in Fig. 1. As illustrated in Fig. 1a and c, the

CNFs are a three-dimensional substrate with each fiber

approximately 0.2 mm in diameter, and the MoS2(1�x)Se2x
nanoflakes were radially grown onto the CNFs. Fig. 1b pre-

sents the nanoflakes irregularly stacked together with several

layers, and the lengths of the hexagonal nanoflakes are

approximately 1 mm. For the MoS2(1�x)Se2x (HD)/CNFs hybrid,
2(1�x)Se2x ternary alloy on carbon nanofibers as the high efficient
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Fig. 1 e FE-SEM images of (a) and (b) the low-density MoS2(1¡x)Se2x/CNFs hybrid, and (c) and (d) the high-density

MoS2(1¡x)Se2x/CNFs hybrid.

i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e7 3
the MoS2(1�x)Se2x nanoflakes grew vertically on the CNFs (as

shown in Fig. 1c), and the surface of CNFs is uniformly covered

with nanoflakes. In Fig. 1d, the lengths of the hexagonal

nanoflakes are also approximately 1 mm. Moreover, we can

observe that the MoS2(1�x)Se2x nanoflakes were a hexagonal

layer in structure, not a pure hexagon, but a structure more

like a triangle that intercepted at the three corners. Such edge-

terminated nanoflakes were expected to be highly efficient

HER catalysts because they expose the edge sites maximally

[5].

Fig. 2a presents the obtained MoS2(1�x)Se2x (LD) nanoflakes

wrapping the surface of the CNFs, and herein, the nanoflakes
Fig. 2 e TEM images of (a) the MoS2(1¡x)Se2x (LD)/CNFs hybrid an

(c) the MoS2(1¡x)Se2x (HD)/CNFs hybrid and (d) an HRTEM image
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are of irregular shapes. Moreover, we can observe the thick-

ness of each nanoflake is several nanometers. The inset of

Fig. 2a presents a high-resolution transmission electron mi-

croscope (HRTEM) image of a typical nanoflake, indicating the

high-quality crystallinity with the lattice fringes of 0.25 nm,

which is in good agreement with (102) lattice planes. The

HRTEM image of a typical nanoflake is shown in Fig. 2b and

demonstrates that the nanoflake is not a pure hexagon but a

structure more like a triangle with three corners intercepted,

in good agreement with the SEM results. As presented in the

inset of Fig. 2b, the selected area electron diffraction (SAED)

pattern shows six-fold symmetry diffraction spots, further
d (b) an HRTEM image of a typical MoS2(1¡x)Se2x nanoflake;

of a typical MoS2(1¡x)Se2x nanoflake.
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confirming the single-crystalline nature of the nanoflakes. In

Fig. 2c, the MoS2(1�x)Se2x (HD) nanoflakes stuck to the surface

of the CNFs. In the inset, the corresponding selected area

image is shown, revealing that the nanoflake consists ofmany

layers, and the space between the layers is approximately

0.77 nm. As shown in Fig. 2d and the inset, we can observe a

fringe in the nanoflake, and the SAED pattern shows six-fold

symmetry diffraction spots, also confirming the single-

crystalline nature of the nanoflakes. To unambiguously

determine the distribution of elements, we employed

elemental mapping by scanning transmission electron mi-

croscopy (STEM), and the high-resolution EDS elemental

mapping images are shown in Fig. 3a and b. This confirms the

homogeneous distribution of Mo, S and Se elements across

the substrate, and a high spatial correlation is presented over

the entire area mapped, demonstrating the single-phase

construction of S and Se without the phase separation of

MoS2 and MoSe2.

To further probe the chemical composition of the

MoS2(1�x)Se2x/CNFs hybrids, XPS characterizations were con-

ducted. Fig. 4aed presents the survey, and Mo 3d, S 2p, and Se

3d high-resolution spectra of the as-grown hybrid. As shown

in Fig. 4a, the result indicates that a composition of C, Mo, S,

and Se exists in the hybrid, in good accordance with the

mapping result. The intensity of the C 1s is the strongest

among all of peaks, revealing that the carbonaceous material

is dominant in the hybrid, and it could improve the conduc-

tivity of the MoS2(1�x)Se2x semiconductor. In Fig. 4b, the two

clear peaks located at 232.5 eV and 229.4 eV are the charac-

teristic Mo 3d3/2 and Mo 3d5/2 peaks, respectively, and are

consistent with values fromMoS2 andMoSe2 systems [23e25].

TheMo 3d5/2 peak located at 229.4 eV is the characteristic peak

of the Mo þ4 oxidation state in the hexagonal 2H phase [2,26].

The peaks for S 2p between 158 eV and 170 eV can be de-

convoluted into four peaks (Fig. 4c). The S 2p1/2 and 2p3/2

peaks emerge with binding energies of 163.7 eV and 162.4 eV,

respectively [21,22,25]. They are in agreement with the bind-

ing energies of the corresponding peaks in MoS2, demon-

strating the existence of MoeS bonding instead of elemental S

[27,28]. Whereas the other two obvious peaks located at

approximately 167.0 eV and 161.2 eV are assigned to Se 3p1/2

and 3p3/2, respectively [3,25,29]. The peaks at approximately
Fig. 3 e (a) HAADF STEM image of the MoS2(1¡x)Se2x/CNFs hybrid

from the mapping area in (a).

Please cite this article in press as: Yang H, et al., Synthesis of a MoS
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55.7 eV and 54.9 eV are attributed to Se 3d3/2 and 3d5/2,

respectively, as shown in Fig. 4d.

XRD and Raman spectroscopy were utilized to investigate

the nanostructure information of the MoS2(1�x)Se2x/CNFs

hybrid. The diffraction peaks of the samples in the XRD

pattern reveal the good purity of the products, as shown in

Fig. 5a. The good crystallinity of the samples is likely advan-

tageous for the catalytic activity and stability [20]. The broad

diffraction peak at a 2q value of 23.3� is attributed to the

diffraction plane of (002) for graphitic carbon. The character-

istic diffraction peaks in the case of MoSe2/CNFs located at 2q

value of 13.60�, 31.71�, 37.35�, and 57.09� correspond to the

(002), (100), (103), and (110) diffraction planes, respectively.

Moreover, the characteristic diffraction peaks of the

MoS0.44Se1.56/CNFs slightly shift to higher angles, and such a

slight displacement is expected as S has a smaller ionic radius

than Se [3,30,31], which indicates that themixing of Se and S is

on the atomic scale.

Raman spectroscopy was used to characterize the

composition-dependent vibration modes of the MoS2(1�x)Se2x/

CNFs hybrid, as presented in Fig. 5b. As is well known, two

kinds of characteristic Raman vibrational modes can be

gained in 2D metal dichalcogenides: the in-plane vibrational

mode (E mode) and the out-plane vibrational mode (A mode).

In the case of the ternary alloy MoS2(1�x)Se2x, the vibrational

modes can be classified into two sets of composition-

dependent modes: MoeSe-related modes at low frequency

(200e300 cm�1) and MoeS-related modes at high frequency

(350e410 cm�1) [2]. For the low frequency modes of the

MoS2(1�x)Se2x/CNFs hybrid, two identifiable peaks can be

found at approximately 233.54 cm�1 and 248.90 cm�1, corre-

sponding to the MoSe2-like A1g and E2g, respectively. The in-

tensities of the MoS2-like vibration modes are less than those

of MoSe2, and the peaks located at approximately 380.88 cm�1

and 441.23 cm�1 can be assigned to the MoS2-like E2g and A1g,

respectively. Moreover, for the high frequency modes of the

hybrid, two sharp peaks at 1334.29 cm�1 and 1584.78 cm�1 can

be ascribed to the D and G bands of the carbon nanofibers

substrate.

Based on the above discussion, the MoS2(1�x)Se2x nano-

flakes with a hexagonal morphology were successfully pre-

pared on the surface of the CNFs. The characterizations reveal
s, and (b) the corresponding elemental distribution obtained
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Fig. 4 e XPS spectra of (a) the survey, (b) Mo 3d, (c) S 2p, and (d) Se 3d of the MoS2(1¡x)Se2x/CNFs hybrid.

Fig. 5 e (a) XRD patterns of the MoSe2/CNFs hybrid (black) and theMoS2(1¡x)Se2x/CNFs hybrid (red); (b) the Raman spectrum of

MoS2(1¡x)Se2x/CNFs hybrid. (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 good crystallinity of theMoS2(1�x)Se2x nanoflakes and their

maximally exposed edge sites, which are critical for HER cat-

alysts. A typical three-electrode system and 0.5 M H2SO4 (aq)

was utilized to evaluate the HER activity. The hybrid was

directly assembled as the working electrode. The platinum

mesh electrode and the saturated calomel electrode were

used as the counter electrode and the reference electrode,

respectively. The polarization curves reveal that the

MoS2(1�x)Se2x (HD)/CNFs hybrid exhibited the smallest onset

potential of approximately 54 mV vs. RHE, as shown in Fig. 6a.

Significantly, in the case of theMoS2(1�x)Se2x (LD)/CNFs hybrid,

the onset potential is substantially higher than that of the

MoS2(1�x)Se2x (HD)/CNFs hybrid (approximately 104 mV vs.

RHE). Moreover, the onset potential of the MoSe2/CNFs hybrid

is approximately 137 mV vs. RHE. And the MoS2/CNFs hybrid
Please cite this article in press as: Yang H, et al., Synthesis of a MoS
water splitting electrocatalyst, International Journal of Hydrogen Ene
exhibits higher onset potential of 167 mV vs. RHE. Interest-

ingly, the MoS2(1�x)Se2x (HD)/CNFs hybrid demonstrated the

best activity for the HER with an overpotential of 150 mV (vs.

RHE) at a current density of 10 mA/cm2 and the MoS2(1�x)Se2x
(LD)/CNFs hybrid possesses a higher overpotential of 272 mV

(vs. RHE), which is less than that of the MoSe2/CNFs hybrid

(approximately 345 mV vs. RHE) and the MoS2/CNFs hybrid

(approximately 281 mV vs. RHE).

The Tafel slope is another critical factor for the HER, and an

inherent property of the rate-determining step in the HER. The

slopes were obtained by the fitting of the linear regions, ac-

cording to the Tafel equation: h ¼ b logj þ a, where h is the

overpotential, b is the Tafel slope, and j is the current density.

As shown in Fig. 6b, the MoSe2/CNFs hybrid exhibits the

largest Tafel slope (166 mV/dec), and the value for the
2(1�x)Se2x ternary alloy on carbon nanofibers as the high efficient
rgy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.10.075
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Fig. 6 e (a) Polarization curves obtained for MoSe2/CNFs, MoS2/CNFs, MoS2(1¡x)Se2x (LD)/CNFs, MoS2(1¡x)Se2x (HD)/CNFs, and

Pt/C as indicated, (b) the corresponding Tafel plots and (c) the electrochemical impedance spectra of MoSe2/CNFs, MoS2/

CNFs, MoS2(1¡x)Se2x (LD)/CNFs and MoS2(1¡x)Se2x (HD)/CNFs, and (d) the time dependence of the current density under a

static overpotential of ¡0.5 V.
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MoS2(1�x)Se2x (HD)/CNFs hybrid is 144mV/dec, which suggests

it follows the Volmer-Heyrovsky or the Volmer-Tafel process

with the Volmer reaction as the rate-determining step.

Strangely, an abnormal phenomenon occurred with the

MoS2(1�x)Se2x (LD)/CNFs hybrid yielding a value of the Tafel

slope as 124 mV/dec, which is substantially less than that of

the MoS2(1�x)Se2x (HD)/CNFs hybrid. Generally, a smaller Tafel

slope means an improvement in the HER rate at a moderate

increase of overpotential [3,22,32,33]. Besides the HER catal-

ysis active sites, the enhanced charge transfer kinetics also

contribute to the improvedHER efficiency of a catalysts [3].We

evaluated the Ac impedance at an overpotential of �300 mV

(as shown in Fig. 6c). The ternary alloy hybrid exhibits a

smaller charge transfer impendence at range of 70e80 Ohm

than that of the MoSe2/CNFs hybrid (~120 Ohm) and MoS2/

CNFs hybrid (~150 Ohm), suggesting faster HER kinetics with

MoS2(1�x)Se2x/CNFs.

The durability of the catalysts is another important prop-

erty for the HER. The time dependence of the current density

was investigated at an overpotential of �0.5 V for 36,000 s. As

shown in Fig. 6d, the current density of the ternary alloy

hybrid remained stable for 10 h, and only a slight decreasewas

observed, indicating the excellent electrocatalytic durability

of the MoS2(1�x)Se2x/CNFs hybrids.

In the present investigations, we investigated and deter-

mined the elements by XPS characterizations. We calculated

the ratio of Se/S by the formula: Se/S ¼ (ISe*FS)/(IS*FSe), where

ISe and IS are the areas under the peaks of Se 3p3/2 and S 2p3/2,

respectively; FSe and FS represent the relative symmetric fac-

tors (R.S.F) for Se 3p3/2 (0.4453) and S 2p3/2 (0.8493) respectively
Please cite this article in press as: Yang H, et al., Synthesis of a MoS
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[21,22]. In the case of MoS2(1�x)Se2x(HD)/CNFs and MoS2(1�x)-

Se2x(LD)/CNFs, the x is determined as 0.78 and 0.64,

respectively.

In earlier theoretical calculations, the results revealed that

the DGH of hydrogen adsorption for MoeS edges is 80meV and

that of MoeSe edges is �140 meV [22,34,35]. It reaches the

thermoneutral with the free energy of adsorbed atomic

hydrogen to DGH z 0. With the introduction of Se into MoS2
lattice, the oxidation state of Mo would be changed. The

increasing of Se content, the energy barrier in the chemical

reaction would decrease, resulting lower hydrogen adsorption

energy and higher HER performance [22]. As a consequence,

the MoS2(1�x)Se2x(HD)/CNFs and MoS2(1�x)Se2x(LD)/CNFs cata-

lysts exhibit much higher electrochemical activity compared

with MoSe2/CNFs and MoS2/CNFs.
Conclusions

In summary, the hexagonal layered MoS2(1�x)Se2x nanoflakes

were successfully grown onto carbon nanofibers by the CVD

method. The ternary alloy nanoflakes with an abundance of

exposed active edge sites were uniformly stacked on the

surface of the CNFs. The as-prepared MoS2(1�x)Se2x/CNFs hy-

brids were directly used as hydrogen evolution cathodes, and

all of the samples exhibited a lower onset potential, a higher

current density, and excellent durability, suggesting

MoS2(1�x)Se2x/CNFs hybrid has significantly enhanced cata-

lytic activity and could serve as an effective and promising

catalyst for the HER.
2(1�x)Se2x ternary alloy on carbon nanofibers as the high efficient
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