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A CNT@MoSe; hybrid catalyst for efficient and
stable hydrogen evolutiont
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Yue-E Miao* and Tianxi Liu*®*©

Exploration of high-efficiency Pt-free electrochemical catalysts for hydrogen evolution reaction (HER) is
considered as a great challenge for the development of sustainable and carbon dioxide free energy con-
version systems. In this work, a unique hierarchical nanostructure of few-layered MoSe, nanosheets per-
pendicularly grown on carbon nanotubes (CNTs) is synthesized through a one-step solvothermal
reaction. This rationally designed architecture based on a highly conductive CNT substrate possesses fully
exposed active edges and open structures for fast ion/electron transfer, thus leading to remarkable HER
activity with a low onset potential of —0.07 V vs. RHE (reversible hydrogen electrode), a small Tafel slope
of 58 mV per decade and excellent long-cycle stability. Therefore, this noble-metal-free and highly
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Introduction

Ever-increasing industrial growth and exhaustion of conven-
tional fossil fuels call for innovation in energy conversion tech-
nology. Hydrogen, an important energy carrier, has been
widely deployed as a promising fuel in future energy conver-
sion systems to replace fossil fuels due to its high energy
density and environmental friendliness."”> Water splitting,
which mainly relies on the catalytic activity of hydrogen evol-
ution reaction (HER) catalysts, has been proved to be the most
efficient and eco-friendly hydrogen production technique.**
Platinum (Pt) and its alloys are undoubtedly the best HER cata-
lysts in acidic medium due to their incomparable catalytic
activity. However, the rarity and high cost severely limit their
wide applications.”® Hence, development of high-performance
Pt-free HER catalysts based on earth-abundant materials is of
great significance.””

Layered transition metal dichalcogenides (LTMDs), whose
crystal structures are composed of covalently bonded X-M-X
(M = Mo, W, etc.; X = S, Se, Te) layers by van der Waals forces
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efficient catalyst enables prospective applications for industrial, renewable hydrogen production.

like graphite,'®*" have received much attention in energy con-
version and storage fields due to their tunable band structure
and intrinsic electrochemical properties."*” MoS, and WS,
based materials have been reported as high-performance HER
catalysts and lithium-ion battery anodes in terms of remark-
able catalytic activity and high capacity."® > Recently, few-layer
or monolayer MoSe, has emerged as a highly active electrocata-
lyst,>* which has shown great potential in the electrochemical
hydrogen production field due to its higher electrical conduc-
tivity and narrower bandgap than MoS,.>**° Previous studies
confirm that the unsaturated Se-edges in MoSe, nanosheets
are extremely active as S-edges in MoS,, which is responsible
for the high HER activity.>>*° Theoretical calculations also
reveal that the Gibbs free energy for H, adsorption on MoSe,
edges is lower than that of MoS,, resulting in higher coverage
of hydrogen adsorption.>® Cui and coworkers reported a series
of studies on few-layer MoSe, grown on various substrates
including Si nanowires and Si wafer via high-temperature sele-
nization, forming MoSe, thin films with vertically aligned
layers and exposed edges to achieve excellent HER catalytic
activity.>>*® Wang et al.>' prepared MoSe, on a novel reduced
graphene oxide (rGO)/polyimide (PI) composite substrate by
electrochemical deposition, which showed superior catalytic
activity in both electrochemical and photoelectrical HER pro-
cesses with a high cathode current at a more positive potential,
excellent reversibility and stability. The small size of MoSe,
nanoparticles and a highly conductive rGO/PI substrate were
claimed to be responsible for the high catalytic activity. Hence,
the rational design of high-performance MoSe, based HER
catalysts should be based on two principles: (1) maximizing
the density of electrochemically active sites or exposed edges of
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MoSe,; (2) improving the electrical contact to these active sites
by decreasing the number of MoSe, layers and hybridizing
with other materials with good electrical conductivity.

Due to the intrinsic electrochemical activity and high
surface area, carbon nanotubes (CNTs) are always employed as
backbones in the development of advanced materials for
energy and catalytic applications.**** In this study, a novel
CNT@MoSe, hybrid nanostructure was designed and fabri-
cated through a facile one-step solvothermal reaction under
low temperature. Encouragingly, this unique hybrid with per-
pendicularly oriented few-layered MoSe, nanosheets uniformly
grown on CNTs exhibits excellent catalytic activity for HER
with an extremely low onset potential and a small Tafel slope.
On the one hand, one dimensional CNTs can direct the
uniform distribution of few-layered MoSe, nanosheets, which
effectively prevents the agglomeration and restacking of MoSe,
nanosheets and maximizes the number of exposed active sites
for fast ion/electrolyte transport. On the other hand, the back-
bone of CNTs with excellent electrical conductivity can ensure
good electrical contact between perpendicularly oriented
MoSe, nanosheets, thus greatly promoting electron transfer
efficiency at the electrode interface.

Experimental
Materials

Multi-walled carbon nanotubes produced by the chemical
vapor deposition method with an outer diameter of about
50 nm were supplied by Chengdu Institute of Organic Chem-
istry, Chinese Academy of Sciences, China. Selenium powder
(Se, 99.99%), Na,MoO, (99.99%), and hydrazine hydrate
(N,H4-H,0, 50 wt% in water) were provided by Sinopharm
Chemical Reagent Co. Ltd. The Pt/C catalyst (20 wt% platinum
on carbon black) was purchased from Alfa Aesar. N,N-Di-
methylformamide (DMF) and ethanol were obtained from
Shanghai Chemical Reagent Company. All aqueous solutions
were prepared with doubly distilled water.

Synthesis of CNT@MoSe, hybrids

The preparation procedure of CNT@MoSe, hybrids is schema-
tically described in Scheme 1. First of all, pristine CNTs were
treated with a mixture of H,SO, and HNO; (1:1 v/v) at 90 °C
for 1 h. After cooling to room temperature, the suspension was
washed by filtration and dried in a vacuum oven at 50 °C for
24 h. The as-obtained acid-treated CNTs (20 mg) were dis-
persed in DMF (10 mL) by ultrasonication for 60 min. Mean-
while, a 4 mg mL™" Se solution was prepared in a flask by
adding a certain amount of Se powder into N,H,-H,O solution.
The greyish Se powder was soon dissolved in N,H,-H,O to
form a homogeneous dark-red solution after 1 h of magnetic
stirring under a 80 °C oil bath. Afterwards, 10 mL of the Se
solution was slowly dropped into the CNT suspension, with a
stoichiometric amount of Na,MoO, subsequently added into
the above dispersion at a final Mo : Se molar ratio of 1: 2. The
mixture was transferred to a 40 mL Teflon-lined autoclave and
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Scheme 1 Schematic illustration for the preparation of CNT@MoSe,
hybrid.

heated at 180 °C for 12 h. After naturally cooling, the products
were separated by high-speed centrifugation and washed with
deionized water several times. After drying overnight, the black
powder was annealed in N, at 450 °C with a ramp rate of
5 C min~" for 2 h to finally yield a crystalized CNT@MoSe, hybrid.
In order to optimize the loading amount of MoSe,, different
concentrations (2 mg mL™', 4 mg mL™" and 6 mg mL™)
of Se solutions were prepared for solvothermal reactions,
with the corresponding products denoted as CNT@MoSe,-2,
CNT@MoSe,-4 and CNT@MoSe,-6, respectively. Pure MoSe,
was also produced via the above method without the addition
of CNTs.

Characterization

Morphology of the samples was observed using a field emis-
sion scanning electron microscope (FESEM, Zeiss) at an accel-
eration voltage of 5 kV. Transmission electron microscopy
(TEM) was performed under an acceleration voltage of 200 kv
with a Tecnai G2 20 TWIN TEM. Thermogravimetric analysis
(Pyris 1 TGA) was performed under air flow from 100 to 700 °C
at a heating rate of 20 °C min~". X-ray diffraction (XRD) experi-
ments were conducted from 26 = 10° to 80° on an X'Pert Pro
X-ray diffractometer with Cu Ko radiation (4 = 0.1542 nm)
under a voltage of 40 kV and a current of 40 mA. X-ray photo-
electron spectroscopy (XPS) analyses were performed with a
Thermo Scientific ESCALAB 250Xi using an Al Ka source
1846.6 eV anode. All XPS spectra were corrected using a C 1s
line at 285 eV. Curve fitting and background subtraction were
accomplished using XPS PEAK41 software.

Electrochemical measurements

Prior to all electrochemical measurements, a glassy carbon
electrode (GCE) was sequentially polished with 1.0, 0.3 and
0.05 pm alumina slurries, and then ultrasonicated in a mixed
solution of deionized water and ethanol (weight ratio = 1:1)
for 5 min. Afterwards, the electrode was left to dry under a N,
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stream. Then, 2 mg of the CNT@MoSe, hybrid was dispersed
in 1 mL of water along with 20 pL Nafion (5 wt% in ethanol)
by at least 15 min sonication to form a homogeneous emul-
sion. Finally, 10 pL of the above slurry was dropped onto GCE
(3 mm in diameter) to obtain CNT@MoSe, modified GCE.
Electrodes with different loading amounts of the catalyst were
obtained by repeatedly adding 5 pL of CNT@MoSe, slurry
until reaching the required value. For comparison, bare CNTs,
pure MoSe, and the commercially available Pt/C modified elec-
trodes were also prepared in the same way.

All electrochemical HER tests were performed in a standard
three-electrode setup using a CHI 660D electrochemical work-
station (Shanghai Chenhua Instrument Co., China), where a
platinum wire was used as the counter electrode, a saturated
calomel electrode (SCE) as the reference electrode and the
modified GCE as the working electrode. The final potential
was calibrated to the reversible hydrogen electrode (RHE) by
adding a value of (0.241 + 0.059 x pH) V for all the electro-
chemical tests. The electrocatalytic activity of the CNT@MoSe,
hybrid catalyst towards HER was examined using linear sweep
voltammetry (LSV) in nitrogen purged 0.5 M H,SO, with a scan
rate of 2 mV s~ at room temperature. AC impedance measure-
ments were carried out in 0.5 M H,SO, from 1072 to 10° Hz
with an AC amplitude of 5 mV. Cycling tests were performed
by recording LSV curves before and after 3000 cycles of cyclic
voltammetry (CV) sweeps from —0.4 V to 0.2 V (vs. RHE) at
100 mV s™'. The onset potential was determined based on the
starting point of the linear region in the Tafel plot and no
IR compensation was applied for all the electrochemical
measurements.

Results and discussion
Morphology and structure of CNT@MoSe, hybrids

Fig. 1A shows the morphology of acid-treated CNTs with a
smooth surface which interconnect with each other to form an
integrated conducting network. After the solvothermal process
involving Na,MoO, as the Mo source and Se powder as the Se
source, curled MoSe, nanosheets can be clearly observed on
the outer surface of CNTs (Fig. 1B-F). At a lower Se concen-
tration (Fig. 1B), only a few inconspicuous little flakes are scat-
tered on CNTs, indicating the preliminary stage of reaction.
For the CNT@MoSe,-4 hybrid, well-defined MoSe, nanosheets
are sparsely distributed along the CNT surface with an
increased lateral length (Fig. 1C). It is also noticeable that the
diameter of the CNT@MoSe,-4 hybrid becomes larger with
increasing Se dosage, implying that the growth of MoSe, is
simultaneously along the lateral direction of the individual
sheet. Further increasing the Se concentration to 6 mg mL™",
perpendicularly oriented MoSe, nanosheets are evenly coated
on CNTs with a denser distribution for the CNT@MoSe,-6
hybrid, which is free from agglomeration and stacking
(Fig. 1D and S17). It is notable that even at a high loading
amount of MoSe,, the open spaces still can be retained
in the CNT@MoSe,-6 hybrid with perpendicularly oriented
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Fig.1 FESEM images of (A) acid-treated CNTs, (B) CNT@MoSe;-2,
(C) CNT@MoSe,-4, (D) CNT@MoSe,-6 hybrids, (E) TEM image of
CNT@MoSe;,-6 hybrid and (F) pure MoSe,.

nanosheets, which are beneficial for ion diffusion and efficien-
tly decrease the ion/electron transfer resistance. A zoom-in
observation in Fig. 1E clearly reveals the distinct sheet-like
morphology of MoSe, (indicated by red arrows). Energy disper-
sive X-ray spectroscopy (EDS) (Fig. S21) confirms the existence
of C, Mo and Se with the atomic ratio of Mo and Se being
1:1.9 (Si signal is ascribed to the sample substrate of silicon
wafer), which is very close to the theoretical value of MoSe,. It
should be noted that the attempt to further increase the Se
concentration is not feasible because it almost reaches the
equilibrium concentration at 6 mg mL™" for Se in N,H,-H,O.
Nevertheless, pure MoSe, produced in the absence of the CNT
substrate shows aggregated structures with wrinkled spherical
configurations (Fig. 1F), which further manifests that the
CNTs can serve as a good substrate to mediate the uniform
growth of MoSe, nanosheets. Thus, the resulting hierarchical
hybrid structure can provide numerous exposed active edges
and shortened pathways for ion and electron transfer, which
will potentially lead to enhanced electrochemical activity.
Close observation by high-resolution TEM indicates that
MoSe, in the hybrids is in the form of multiple MoSe, single
layers with the interlayer spacing of 0.65 nm, in good accord-
ance with the (002) lattice spacing of MoSe, (Fig. 2). MoSe, lat-
tices are marked by red arrows while the CNT walls (i.e., the
substrate for the growth of MoSe, sheets) with the interlayer
spacing of 0.34 nm are marked by white arrows. It is noticeable
that the layered MoSe, nanosheet is composed of about 8-10
single layers, which can further increase the density of the
exposed active edges and greatly improve the electrical contact
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Fig. 2 (A, B) High-resolution TEM images of CNT@MoSe,-6 hybrid.

between these active sites, thus potentially resulting in largely
enhanced electrocatalytic HER activity.

Crystal structures of the as-synthesized CNT@MoSe,-
6 hybrid and pure MoSe, were studied using XRD as shown in
Fig. 3. The sharp peak at 26 = 26.1° in curve A can be readily
indexed to the (002) diffraction plane of CNTs. As for pure
MoSe, (Fig. 3B), the diffraction peaks at 26 = 13.7°, 26.4°,
32.2°, 37.3°, 53.8°, 56.4°, 60.9° and 67.0° can be respectively
indexed to the (002), (004), (100), (103), (106), (008), (107) and
(202) diffraction planes of the hexagonal 2H-MoSe, phase
(JCPDF card no. 87-2419), revealing the high purity of MoSe,.
In the XRD pattern of the CNT@MoSe,-6 hybrid (Fig. 3C),
diffraction peaks of (002), (100), (103), (106) and (008) can be
clearly observed although the (004) peak of MoSe, is over-
lapped with the (002) diffraction plane of CNTs, indicating the
successful growth of MoSe, on the CNT template. In order to
further analyze the chemical composition and valence states
of the CNT@MoSe,-6 hybrid, XPS analysis was conducted
(Fig. 4). The survey spectrum in Fig. 4A indicates the presence
of Mo, Se, O, and C elements in the hybrids, which is in good
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Fig. 3 XRD patterns of (A) bare CNTs, (B) pure MoSe, nanospheres, and
(C) CNT@MoSe,-6 hybrid.
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Fig. 4 XPS spectra of CNT@MoSe,-6 hybrid: (A) survey spectrum,
(B) Mo 3d, (C) Se 3d and (D) Se 3p.

agreement with the EDS results (Fig. 1E). The high-resolution
spectrum of Mo 3d exhibits two peaks at 228.9 and 232.1 eV
assigned to Mo 3ds,, and Mo 3d;,, orbitals, respectively, con-
firming the formation of Mo*". Meanwhile, the Se 3d can be
deconvoluted into Se 3ds,, and Se 3d3, at 54.5 and 55.2 eV,
respectively, along with Se 3p;, and Se 3p;, at 160.8 and
166.6 eV, all indicating the oxidation state of Se>”. Moreover,
the detailed compositional analysis reveals that the surface
atomic ratio of Mo: Se is 10: 21, which is close to the formula
of MoSe,.

TGA measurements were conducted to further determine
the loading percentage of MoSe, in the hybrids. As shown in
Fig. 5, the acid-treated CNTs are burnt out in air at 700 °C,
while pure MoSe, undergoes 10% weight increment between
200 °C and 315 °C, which is in accordance with the work

100

80

Q)
&\’ 60
L
5
D 40 CNTs
= ——MoSe,
- ——CNT@MoSe,-2
20 - ——CNT@MoSe,4
——CNT@MoSe,-6
0 1 1 L 1 1 1 1 1

100 200 300 400 500 600 700

Temperature (°C)

Fig. 5 TGA curves for bare CNTs, pure MoSe, nanospheres and
CNT@MoSe; hybrids.
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reported previously,>® and can be explained as follows. At a low
temperature of 200 °C, MoSe, starts to pyrolyze as 2MoSe, +
70, = 2MoOj; + 4Se0,, resulting in solid-state SeO, with a total
weight increment. As the temperature reaches the sublimation
temperature of SeO,, i.e., 315 °C, SeO, starts to volatilize with
the total weight decreasing to 57.3% of the initial weight,
which results in the final residue of MoOj;. For the case of
CNT@MoSe, hybrids, TGA curves exhibit a two-stage weight
loss process, where SeO, gasifies at the first stage and CNTs
convert into CO, at the second stage. Based on the TGA curves,
the loading percentages of MoSe, in CNT@MoSe,-2,
CNT@MoSe,-4, and CNT@MoSe,-6 hybrids are calculated to
be about 14.4%, 28.9% and 53.2%, respectively. This pretty
high loading amount is probably due to the high surface area
of the CNTs, which provides substantial nucleation sites for
the growth of MoSe, nanosheets.

Electrochemical evaluation of the HER catalyst

The electrocatalytic HER activity of all the materials deposited
on GCE was investigated in 0.5 M H,SO, solution by employing
a typical three-electrode setup. In general, an ideal HER cata-
lyst is a material that can provide a high current at low over-
potentials, along with a low HER onset potential (i.e., the
potential at which the hydrogen evolution reaction begins)
comparable to that of a Pt based catalyst. To start with, electro-
chemical activities of CNT@MoSe, hybrids with different
loading percentages were measured for a preliminary compari-
son (Fig. 6). LSV curves of CNT@MoSe,-2 and CNT@MoSe,-4
modified GCE show almost the same onset potential of
about —0.12 V vs. RHE, though the CNT@MoSe,-4 hybrid exhi-
bits an enhanced HER current density compared with the
CNT@MoSe,-2 one. However, the curve of the CNT@MoSe,-
6 hybrid is much more positively shifted with a lower onset
potential of —0.07 V vs. RHE which outperforms most of the

-20
S
5
-40
<
£
—
e —_chiptesy2 —— CNT@MosSe,-2
'60 — CNT@MoSe,-J z
——CNT@MoSe,-6 ——CNT@MosSe,-4
L " i n ——CNT@MosSe,-6
80 . i v El.vsRHE..lVl h . . ; )
-0.3 -0.2 -0.1 0.0 0.1

Evs RHE/V

Fig. 6 LSV polarization curves for CNT@MoSe,-2, CNT@MoSe,-4 and
CNT@MoSe;,-6 hybrid modified GCE in Ny-purged 0.5 M H,SO,4 solu-
tion. Scan rate: 2 mV s™! (inset: magnified region close to the onset
potentials).
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previously reported MoS,- or MoSe,-based HER catalysts
(detailed comparisons are provided in Table 1). Moreover, the
CNT@MoSe,-6 hybrid exhibits a current density of 10 mA
ecm? at a lower overpotential of 0.178 V which is much smaller
than that of CNT@MoSe,-2 (10 mA ecm™ at 0.212 V) and
CNT@MoSe,-4 (10 mA cm™> at 0.202 V). Possible reasons for
the different HER electrocatalytic activities can be deduced
from the morphological difference as observed from Fig. 1B-D.
The CNT@MoSe,-6 hybrid shows an optimized hierarchical
structure with more uniform distribution of MoSe, nanosheets
and exposed active edges compared with CNT@MoSe,-2
and CNT@MoSe,-4 hybrids, which may provide a large
contact area for the HER process and greatly facilitate fast ion/
electron transfer, thus leading to the highest HER catalytic
activity.

Further comparisons of HER activity between bare CNT,
pure MoSe,, CNT@MoSe,-6 hybrids and commercially avail-
able Pt/C catalysts were also performed. As shown in Fig. 7A,
the Pt/C catalyst exhibits extremely high HER catalytic activity
with a near zero onset potential and large current density at
the same overpotential. Contrarily, bare CNT modified GCE
shows almost no HER activity with a near flat line within the
potential window. The pure MoSe, exhibits distinctive HER
activity owing to the intrinsic electrocatalytic activity of LTMD,
but with much lower anodic current and more negative onset
potential (—0.16 V) compared with those of the CNT@MoSe,-6
hybrid. This may be attributed to the severe aggregation of
pure MoSe, spheres with limited exposed edges and insuffi-
cient active sites. Therefore, the excellent HER catalytic activity
of the CNT@MoSe,-6 hybrid indicates the successful design of
this unique hierarchical architecture, which incorporates the
merits of both components in a reasonable manner to achieve
synergistically enhanced HER performance. Fig. 7B presents
the Tafel plots of different electrodes derived from their corres-
ponding LSV curves, which usually represent the inherent
electrocatalytic properties determined by the rate limiting
steps of HER. The Tafel slope, which can be deduced from the
Tafel equation (7 = blog(j) + a, where 7 is the overpotential, j
is the current density and b is the Tafel slope), is correlated
with the reaction pathway and adsorption type. Tafel slopes for
Pt/C, pure MoSe,, and CNT@MoSe,-6 hybrids are about 34, 74
and 58 mV per decade, respectively. The smaller Tafel slope of
the CNT@MoSe,-6 hybrid than that of pure MoSe, means a
faster increase of the HER rate with the increment of over-
potential, which is attractive for practical applications. Addition-
ally, with a Tafel slope of 58 mV per decade, the HER process
of the CNT@MoSe,-6 catalyst can be assigned as the Volmer-
Heyrovsky or the Volmer-Tafel mechanism with the Volmer
reaction as the rate-determine step.>?

The dependence of HER activity on different loading
amounts of the CNT@MoSe,-6 catalyst on GCE is shown in
Fig. 8. From the LSV curves in Fig. 8A, we can conclude that
the optimal loading amount is 15 pL (2 mg mL™") with large
current densities of 4.6 and 16.1 mA cm™> at overpotentials of
150 and 200 mA, respectively (Fig. 8B). Generally, the HER
catalytic performance directly rests on the amount of active
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Table 1 Comparison on the HER performance between different materials
Synthesis Onset potential Overpotential Tafel slope
Catalyst method Electrolyte (Vvs. RHE) (Vvs. RHE) at 10 mA cm™> (mV per decade) Ref.
CNT@MoSe, Solvothermal 0.5 M H,SO, —0.07 0.178 58 This work
S-doped MoSe, Reflux method 0.5 M H,SO, —0.09 ~0.10 60 30
MoSe,_, (x ~ 0.47) Colloidal synthesis 0.5 M H,SO, -0.17 ~0.28 98 36
MoSe,/graphene CVD 0.5 M H,SO, —0.05 0.159 61 27
MosSe, CVD 0.5 M H,SO, -0.2 >0.4 105-120 29
MoSe, CVD 0.5 M H,SO, —-0.11 0.25 59.8 25
MoSe,/rGO Hydrothermal 0.5 M H,SO, —0.05 0.15 69 26
MoS,/SnO, Solvothermal 0.5 M H,SO, -0.15 ~0.22 59 22
Exfoliated MoS, Ultrasonication 0.5 M H,SO, —0.12 ~0.21 70 19
MosS, CVD 0.5 M H,SO, -0.15 0.187 43 14
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Fig. 7 (A) LSV polarization curves for GCE modified with different
materials in N>-purged 0.5 M H,SO4 solution. Scan rate: 2 mV s7! (inset:
magnified region close to the onset potentials). (B) Tafel plots for Pt/C,
pure MoSe; and CNT@MoSe,-6 hybrid modified GCE.

sites offered by the catalyst. Therefore, the higher loading
amount of the catalyst may provide more active sites. However,
excessive loading of the CNT@MoSe,-6 catalyst would cause
restacking and aggregation of active edges, thus leading to
inferior HER performance.

18600 | Nanoscale, 2015, 7, 18595-18602

Loading (pL)

Fig. 8 (A) LSV polarization curves for CNT@MoSe,-6 hybrid modified
GCE with different loading amounts in N,-purged 0.5 M H,SO, solution.
Scan rate: 2 mV s~! (inset: magnified region close to the onset poten-
tials). (B) The corresponding current densities at overpotentials of
150 mV and 200 mV.

Long-cycle durability of the HER catalyst is of vital signifi-
cance in practical applications. Hence, cyclic voltammetry (CV)
of CNT@MosSe,-6 modified GCE was conducted for 3000 cycles
from —0.4 V to 0.2 V (vs. RHE) at 100 mV s~ ', with the LSV

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 (A) LSV polarization curves for CNT@MoSe,-6 modified GCE
recorded before and after 3000 cycles of CV scanning. (B) Nyquist plots
for bare CNTSs, pure MoSe,, and CNT@MoSe,-6 modified electrodes.

curves before and after CV tests shown in Fig. 9A. It can be
seen that the catalyst retains the same low onset potential with
a slight decay of the current density, indicating the good dura-
bility of the as-synthesized catalyst. EIS tests were further
conducted for bare CNTs, pure MoSe, and CNT@MoSe,-6
electrodes to investigate their electrochemical behavior during
the HER process. As shown in Fig. 9B, the visible semicircles
in a high frequency region are mainly due to the charge trans-
fer resistance (R.) of H' reduction at the electrode-electrolyte
interface. In addition, the series resistance (R;) can be
deduced from the x-intercept of Nyquist plots. Obviously, R. of
the CNT@MoSe,-6 electrode is lower than that of pure MoSe,,
indicating that the CNTs with a larger surface area can help
the uniform distribution of few-layer MoSe, nanosheets, thus
significantly decreasing the ion transfer resistance along the
electrode-electrolyte interface. Furthermore, the smaller Ry of
the CNT@MoSe,-6 hybrid with respect to pure MoSe, nano-
spheres implies that the intimate coupling between perpendi-
cularly oriented MoSe, and highly conductive CNTs can
provide efficient pathways for fast electron transfer. These
analytical pieces of evidence further highlight the rational
design of this hierarchical CNT@MoSe, nanostructure for a
high-performance noble-metal-free HER catalyst.

This journal is © The Royal Society of Chemistry 2015
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Conclusions

In summary, a one-step low-temperature solvothermal method
has been demonstrated for the successful preparation of per-
pendicularly oriented few-layered MoSe, nanosheets on the
CNT template. This rationally designed hierarchical architec-
ture not only realizes the uniform distribution of MoSe,
nanosheets by virtue of the high surface area of conductive
CNTs, but also affords intimate coupling between these
two components. The resulting open structure of MoSe,
nanosheets with fully exposed active sites facilitates fast ion/
electron transfer, leading to excellent HER catalytic perform-
ance with a low onset potential of —0.07 V vs. RHE and a small
Tafel slope of 58 mV per decade. Therefore, this study opens a
new avenue for the development of a high-performance Pt-free
HER catalyst.
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