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We present a facile method of growing MoSe, on carbon
nanofibers (CNFs) via chemical vapor deposition (CVD).
Polyacrylonitrile (PAN) was electrospun into nanofibrous mats
and graphitized to form CNFs. Subsequent selenization of MoOs
in a CVD system on the surface of the CNFs produced MoSe,/
CNFs hybrid. Scanning and transmission electron microscope
(SEM and TEM) images revealed large-area MoSe; nanosheets
attached to the CNFs and indicated that the synthesized MoSe,/
CNFs hybrids were highly crystalline. Such a structure should
increase the surface area and maximally expose the MoSe,
edges, which may boost catalytic activity. The MoSe,/CNFs
hybrid was directly used as working electrode for hydrogen
evolution reaction (HER) and exhibited significantly enhanced
catalytic activity. The onset potential, the over-potential at a
current density of 10mA cm™, and Tafel slope of the MoSe,/
CNFs hybrid were —69mV, —219mV, and 107 mV decade™!,
respectively. The results suggest that the MoSe,/CNFs hybrid
can serve as effective and promising catalyst for HER.

Hydrogen, a promising efficient, clean, and sustainable
energy carrier, is believed to be the solution to the global energy
shortage.! Water splitting is the most effective and facile method
to produce hydrogen.? Traditionally, members of the Pt group
have been regarded as the best electrochemical catalysts for
hydrogen evolution reactions (HER); however, their cost and
scarcity limit their extensive application. Therefore, novel and
abundant HER catalysts are highly desired.

Recently, transition metal dichalcogenides (TMDs), having
the formula MXj,, have attracted more attention. They possess
weak van der Waals forces between molecular layers and strong
chemical bonding within the layers.? Due to their special layered
structures and properties, TMDs have numerous applications
in fields such as catalysis, energy storage, dry lubrication,
and photochemical solar cells.*® More recently, studies have
suggested that layered TMDs also can serve as efficient
electrocatalysts for HER, and numerous studies have focused
on TMDs such as MoS,, WS,, and WSe,. However, inves-
tigations of hybrids of MoSe; and carbon nanofibers (CNFs)
have seldom been reported. Cui et al. developed a process to
convert molybdenum films to molybdenum dichalcogenide
films by e-beam evaporation in a horizontal tube furnace.” The
edge-terminated MoS; and MoSe, films exhibited enhanced
HER activity. In addition, they investigated the vertical layer
orientations of MoSe, and WSe; on curved and rough surfaces
such as nanowires and microfibers.® The results indicated that
such oriented structures expose the edges of the nanofilms,
leading to significantly increased HER activity and extremely
high stability. Chen et al. fabricated a unique MoSe,/graphene
hybrid through in situ growth of GN and MoSe, nanosheets on
a graphite disc substrate using plasma-enhanced chemical vapor

deposition (PECVD) and the CVD method consecutively. The
hybrid exhibited greatly enhanced catalytic activity and out-
standing stability.!

Recent studies on MoSe, synthesis have used the same
CVD methods.>*!? These studies used reaction temperature of
up to 800-820°C and a gas mixture of Ar and H, in which H,
functioned as the additional reducing agent.’

The edges of the TMDs are well-known active sites for HER;
it is therefore essential to expose the edges as much as possible.
Various methods have been reported to synthesize TMDs such
as liquid exfoliation, lithium-based chemical exfoliation,'!"1> and
CVD. To date, CVD is the most effective method to synthesize
TMDs. However, the majority of studies have focused on MoS,.
Se has a lower chemical activity compared with S, making it
relatively challenging to synthesize MoSe;.

In this study, we present a facile method to fabricate a
MoSe,/CNFs hybrid. PAN was electrospun into nanofibrous
mats and then graphitized to form CNFs. MoSe, was then
synthesized on CNF surface by the selenization of MoO3. The
fabricated MoSe,/CNF hybrid was directly used as the working
electrode for HER and the catalytic performance was evaluated
and discussed.

The morphology of the large-area MoSe,/CNFs hybrid is
shown in Figure 1. As shown in Figure la, the CNFs are
covered by large amounts of MoSe;,, and the MoSe, nanosheets
are stacked together. As shown in Figure 1b, the triangle-
layered MoSe, stacked together and grew vertically onto CNFs,
maximally exposing their edge sites. TEM images of the
MoSe,;/CNFs hybrid are shown in Figure 1c and indicate that
the diameter of the CNFs is approximately several hundred
nanometers and the length of the triangular MoSe;, is greater than
500 nm. Furthermore, some defects can be found in the layered
MoSe;. Lattice fringes can be observed via HRTEM, as shown
in the inset of Figure lc, and the expected alternating brighter
(2 Se) and darker (Mo) sites are clearly observed in the images.'°
Figure 1d indicates that MoSe, layers are stacked together and
that approximately three layers and two crystal planes are
intertwined. The SAED image (inset of Figure 1d) indicates that
MoSe;, is monocrystalline. High-angle annular dark-field-scan-
ning transmission electron microscopy and energy-dispersive
X-ray spectroscopy were utilized to verify the elemental distri-
bution of the MoSe,/CNFs hybrid and the results indicate that
the elemental distribution is consistent with the successful for-
mation of layered MoSe; covering the CNFs (Figures le and 1f).

XPS analysis was used to identify the chemical state of the
MoSe,/CNFs hybrid. As shown in Figure 2, the 3d spectrum
of Mo and Se in the sample indicates that Mo and Se are
stoichiometric. Figure 2a shows characteristic Mo3ds,, and
Mo3ds,, peaks located at ca. 229.2 and 232.4 eV, respectively.
As reported, the peaks of Mo3ds;, and Mo3d;,, of MoOs3 were
identified at 233.1 and 236.2 eV, respectively,'® indicating the
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Figure 1. The morphology of MoSe,/CNFs and high-angle
annular dark field scanning transmission electron microscope
(HAADF-STEM) images. (a), (b) SEM images of MoSe,/CNFs;
(c) TEM image of MoSe, (inset, HRTEM of MoSe,); (d) TEM
image of triangle MoSe, nanosheets and corresponding select
area electron diffraction (SAED, inset of (d)). (¢) HAADF-STEM
image of MoSe,/CNFs and (f) STEM-EDS (energy-dispersive
X-ray spectroscopy) mapping images of the selected area.

reduction from Mo®* to Mo**+.!% The spectrum of Se was split
into Se3ds;, and Se3ds;, with peaks located at approximately
54.8 and 55.6 eV, respectively, as shown in Figure 2b, confirm-
ing the —2 oxidation state of selenium. In addition, the molar
ratio of Mo:Se is approximately 1:2. The XRD pattern shown in
Figure 2c reveals more details about the crystal structure of the
MoSe,;/CNFs hybrid. The diffraction peak located at 22.2° is
ascribed to the CNFs crystalline phase (002) and indicates the
presence of crystalline graphitic carbon in the hybrid. Addition-
ally, three peaks can be observed at 26 values of approximately
37.3, 43.7, and 63.8° and are attributed to the (103), (105), and
(110) planes of MoSe;,,'* respectively, confirming the presence
of crystalline MoSe, in the hybrid material. Figure 2d presents
the normal vibrational modes of the MoSe,/CNFs hybrid. The
two peaks located at 237 and 281 cm™! are attributed to A, and
Ezgl, respectively. The out-of-plane vibrational mode A, is
much stronger than in-plane mode Ey,' and the intensity ratio of
A, to Ezgl is approximately 11, indicating the formation of an
edge-terminated MoSe, structure.'® In addition, the D and G
bands of CNFs located in 1328 and 1590 cm™!, respectively, are
observed.'®

Generally, HER consists of two processes. One is the
discharge step (Volmer reaction), in which protons are adsorbed
to catalysts and form adsorbed hydrogen atoms. It is followed by
the desorption process (Heyrovsky reaction) or the combination
process (Tafel reaction).®'* The HER electrocatalytic activities
of the MoSe,/CNFs hybrid were evaluated using a typical three-
electrode system. The MoSe,/CNFs hybrid was used as the
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Figure 2. (a) XPS spectra of Mo3d and (b) Se3d, (c) XRD
pattern, and (d) Raman spectra of MoSe,/CNFs hybrid.
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Figure 3. HER catalytic activity of MoSe,/CNFs hybrid.
(a) Polarization curves of pure CNFs and MoSe,/CNFs hybrid.
(b) Corresponding Tafel plot. (¢c) Nyquist plots of electrochemical
impedance spectra (EIS) for pure CNFs and MoSe,/CNFs hybrid
and (d) electrochemical stability test of MoSe,/CNFs hybrid.

working electrode and a platinum net electrode and a saturated
calomel electrode served as the counter electrode and the
reference electrode, respectively. All experiments were per-
formed in 0.5M H,SO4 solution. The HER activity was
evaluated by linear-sweep voltammetry and all the polarization
curves were obtained after iR-compensation.

In this study, the onset potential of the MoSe,/CNFs hybrid
is presented in comparison with pure CNFs. The polarization
curves of pure CNFs and the MoSe,/CNFs hybrid are shown
in Figure 3a. The MoSe,/CNFs hybrid exhibits a much lower
onset potential than that of pure CNFs: —69 and —161 mV vs.
reversible hydrogen electrode (RHE), respectively. In the case
of the MoSe,/CNFs hybrid, the over-potential reaches approx-
imately —219mV (vs. RHE) at a current density of 10 mA cm™
(J=10mAcm™). In comparison, the over-potential of pure
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CNFs is —336 mV vs. RHE (J = 10 mA cm~2), which is much
higher than the MoSe,/CNFs hybrid. The Tafel slope of pure
CNFs and MoSe,/CNFs hybrid are shown in Figure 3b. The
linear part of the MoSe,/CNFs hybrid slope is fitted to attain a
slope of 107mV decade™' and the Tafel slope of pure CNFs is
approximately 155mYV decade™', which indicates that the rate-
determining step of the MoSe,/CNFs hybrid in HER is the
Volmer reaction.”!718

Furthermore, to evaluate the charge-transfer resistance (R;)
of pure CNFs and the MoSe,/CNFs hybrid, electrochemical
impedance spectra (EIS) for both materials were obtained. The
Nyquist plots of the EIS for the two materials are shown in
Figure 3c. They indicate that the MoSe,/CNFs hybrid exhibits a
much smaller arc than pure CNFs, demonstrating higher reaction
rate in HER.

In addition, stability is another critical factor related to the
activity of HER. In this study, we assessed the stability of the
MoSe,/CNFs hybrid by acquiring continuous cyclic voltammo-
grams (CV) for 1500 cycles at the scanning rate of 100mV s~
The polarization curves before and after cycling are evaluated
by linear-sweep voltammetry with a lower scanning rate of
2mVs~'. As shown in Figure 3d, the current density after cy-
cling is much higher than before cycling, probably due to further
activation of the catalyst during the water splitting process.

In summary, a MoSe,/CNFs hybrid was synthesized
successfully via a facile CVD step. CNFs was employed as
both a substrate and an electron mediator. The results demon-
strated that large-area MoSe, was deposited on the CNFs and
highly crystalline MoSe,/CNFs hybrids were synthesized.
Such a structure is expected to increase the surface area and
maximally expose the edges of MoSe,, which may boost the
catalytic activity. The MoSe,/CNFs hybrid was directly used as
working electrode for HER and exhibited significantly enhanced
catalytic activity. The onset potential, the over-potential at a
current density of 10mA cm™2, and Tafel slope of the MoSe,/
CNFs hybrid were —69mV, —219mV, and 107 mV decade™!,
respectively. The results suggest that the MoSe,/CNFs hybrid
can serve as an effective and promising catalyst for HER.
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