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A novel and highly active hybrid catalyst for the hydrogen
evolution reaction (HER) that is constructed by in situ growth of
CoP on the surface of MoS, and CNTs. The CoP/MoS,-CNTs hybrid
catalyst exhibits Pt-like catalytic activity for the HER with
overpotential close to zero, Tafel slope of 42 mV-dec™ and good
stability, which is the best among all the non-noble metal
catalysts.

Nowadays, it is urgent to search alternative energy with the
exhaustion of unrenewable resources such as fossil fuels and
the increase of environmental pollution problems. Hydrogen,
as a secondary energy, which can be considered as the most
perfect green energy with efficient, clean, safe and others
advantages in the current energy systemsl. Right now, with
the mature of electrolysis of water technology, it will become
the main ways to produce hydrogenz. Pt-based noble metal
catalysts are the most efficient hydrogen evolution reaction
(HER) catalyst, but the high price and the shortage of resource
limited their industrial application3. Therefore, the scientists
have focused on the development of highly efficient non-noble
metal electrocatalysts to replace Pt-based materials.

Up to now, both experimental and computational studies
have demonstrated that MoS,
promising catalyst with high HER activity4. The catalytic activity

can be considered as a

originate from the exposed (10-10) planes on the edge of
MoSZS, therefore, more and more research focused on the
enhancement of exposed edge active sites, which produce all
MoS,-based materials with high catalytic
activity. For example, Pu et al.t designed a 3D macroporous
MoS, thin film on Mo foil as a highly catalytic active HER
catalyst. Xie et al” designed a novel strategy to enhance
catalytic active edge sites by controlling defect engineering in

kinds of novel
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MoS, nanosheets. In spite of significant success, the design
and synthesis of MoS,-based catalysts with excellent catalytic
activity and stability are still challenging for the HER.

In recently years, transition-metal phosphide (TMPs),
especially Co-based phosphides, have been widely used in
HER®. Yang et al.’ reported that CoP nanosheet assembly
grown on carbon cloth can be used as a highly active catalyst
for hydrogen evolution. Liu et al.’® synthesized a highly
nanohybrid catalyst that composed of carbon nanotubes
(CNTs) decorated with CoP by a low-temperature
phosphidation method. Recently, the HER activity of CoP can
be improved greatly after combining Ni,P, and the synergetic
coupling effect between CoP and Ni,P was contribute to the
improvement“. Similar promoted effects also have been
demonstrated on CoSz@MoSZ,12 MoSz/CoSez13 and
MOOg/M05214 hybrid catalysts for hydrogen evolution.
Therefore, this work point to the possibility to design novel
and efficient HER catalysts by combining the promising CoP
and MoS,. We found the HER catalytic activity can be
enhanced remarkably after combining (the data were shown in
this work). In order to further improve the catalytic activity,
the as-synthesized CoP/MoS, hybrid was decorated using CNTs
due to the huge surface area and high electrical conductivity.

Herein, we report a novel HER hybrid catalyst with Pt-like
activity that is constructed by in situ thermal decomposition
growth of CoP nanorods (NRs) on the surface of MoS, and
CNTs (denoted as CoP/MoS,-CNTs). It is very nonintuitive that
the as-synthesized CoP/Mo0S,-CNTs hybrid catalyst shows an
onset potential close to commercial 20% Pt/C catalyst and a
small Tafel slope of 42 mV-dec” as well as good stability,
exhibiting the best performance among all the non-noble
metal HER electrocatalysts. This study provides a novel
strategy for designing non-noble metal electrocatalysts with
improved HER performance to replace the state-of-the-art
noble metal catalysts.
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The crystalline phase of the CoP/MoS,-CNTs hybrid catalyst
was confirmed by X-ray diffraction (XRD) (Fig. 1a). Four
diffraction peaks at 31.8°, 46.4°, 48.2° and 52.3° were
observed, which can be attributed to the (002), (112), (211)
and (103) planes of orthorhombic CoP (PDF# 00-029-0497).
The peaks at 14.4°, 29.1°, 32.7°, 33.5°, 35.9°, 39.6°, 44.1°,
49.8°, 56°, 58.4°, 60.2°, 62.5°, 70.1° and 72.8°correspond to
the (002), (004), (100), (101), (102), (103), (104), (105), (106),
(110), (008), (107), (108) and (203) planes of hexagonal MoS,
(PDF# 01-087-2416). In addition, two peaks at 26.6° and 41.1°
were observed, which can be assigned to the (002) and (101)
planes of hexagonal graphite (PDF# 00-001-0640). The XRD
patterns of pure MoS,, CoP and CoP/MoS, hybrid catalyst were
shown in Fig. S1. All these results confirmed the formation of
CoP, CoP/MoS, and CoP/MoS,-CNTs hybrid catalysts.
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Fig. 1 (a) XRD and (b) N, sorption isotherm of the CoP/MoS,-
CNTs catalyst (Inset shows the pore-size distribution curve).
The textural property of the CoP/MoS,-CNTs catalyst was
characterized by N, sorption experiment (Fig. 1b). The
CoP/Mo0S,-CNTs catalyst exhibits a type-IV isotherm with a
distinct H3-type hysteresis loop at the relative pressure from
0.8 to 1.0, revealing the macropores and mesopores natures>.
The pore-size distribution curve also shows two narrow peaks
at 3 and 43 nm, respectively, further confirming the existence
of different pore type. The isotherm and pore-size distribution
of pure MoS,, CoP and CoP/MoS, hybrid catalyst were shown
in Fig. S2. CoP/MoS, hybrid catalyst also shows a type-IV
isotherm with a distinct H3-type hysteresis loop from 0.4 to
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0.9. CoP also exhibits a type-IV isotherm but with H1l-type
hysteresis loop, suggesting the mesoporous characteristic.
However, the adsorption branch and desorption branch of
pure MoS, nearly not changed, no distinct hysteresis loop was
observed, the isotherm belong to type-ll, suggesting no
macropores or mesopores existence. In addition, the
CoP/Mo0S,-CNTs hybrid catalyst exhibits the largest Brunauer-
Emmet-Teller (BET) surface area (62.6 mz-g'l) among all the
catalyst (Table S1), which indicates that it exposed the most
active sites and exhibited the highest catalytic activity for HER.
The morphology of the catalysts was characterized by
scanning electron microscope (SEM) and transmission electron
microscopy (TEM). Pure MoS, only show conglomeration
morphology (Fig. S3a-c). A large number of CoP in situ grown
on the surface of MoS, can be observed from CoP/MoS, hybrid
catalyst (Fig. S3d-f). Pure CoP exhibits nanorod-like structure
with the length of about 18 nm (Fig. S4a). SAED image (Fig.
S4b) shows clear diffraction rings, indicating a polycrystalline
structure. SEM image of the CoP/Mo0S,-CNTs catalyst (Fig. 2a)
demonstrate that CoP was grown on lamellar MoS, and CNTs
with well distribution and high density. TEM image (Fig. 2b)
shows that the CoP exhibited typically nanorod shape
structure with an average size of about 25 nm. It also can be
seen that all the CoP NRs are grown on the MoS, and CNTs and
no aggregated NRs are detected. The high-resolution TEM
image (Fig. 2c) reveals a clear lattice fringe with the spacing of
2.93 A, which can be attributed to the (011) crystalline face of
CoP. The lattice fringes of MoS, also can be observed clearly.
STEM and the energy dispersive X-Ray spectroscopy (EDX)
elemental mapping images (Fig. 2d) reflecting a homogeneous
distribution of Co, Mo, P, S and C elements on the CoP/MoS,-
CNTs catalyst. All these results strongly demonstrate the
successful synthesis of the CoP/MoS,-CNTs hybrid catalyst.
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Fig. 2 (a) SEM, (b) TEM, (c) HRTEM and (d) STEM and the EDX
elemental mapping images of the as-synthesized CoP/MoS,-
CNTs hybrid catalyst.

X-ray photoelectron spectroscopy (XPS) was used to study
the chemical states of the CoP/MoS,-CNTs catalyst (Fig. 3). For
Mo 3d energy level, three peaks can be observed at 231.9,
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228.8 and 225.9 eV, correspond to the Mo 3d3/,, Mo 3ds, and
S2sin MoSzls. For S 2p energy level, two peaks were observed
at 161.6 and 163 eV, correspond to the S 2p;/; and S 2p;,,in
MoS,. For Co 2p3/, energy level, three peaks were observed at
777.7, 780.9 and 785.2 eV, which can be assigned to the Co-P,
oxidized Co species and 2p;/,, satellite peak. Similarly, the
others three peaks were observed at 792.7, 797.3 and 802.7
eV, which also can be attributed to the Co-P, oxidized Co
species and 2p,,, satellite peaklo. For P 2p energy level, two
peaks at 128.7 and 129.6 eV correspond to the P 2p;,, and P
2py;; in CoP. Another peak at 132.5 eV can be assigned
oxidized P species due to the catalyst was exposed in air.
Furthermore, similar with the previous reported result, in
CoP/Mo0S,-CNTs hybrid catalyst, Co also have a small positive
charge and P have a small negative charge, there is electron
transfer between Co and P, which is beneficial for the HER
process”. For comparison, the XPS results of pure MoS,,
CoP/MoS, and pure CoP catalysts were also provided (Fig. S5).
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Fig. 3 XPS spectra of (a) Mo 3d, (b) S 2p, (c) Co 2p and (d) P 2p
regions of the as-synthesized CoP/MoS,-CNTs hybrid catalyst.
The as-synthesized CoP/MoS,-CNTs hybrid catalyst are
further evaluated as electrocatalysts at room temperature for
HER in 0.5 M H,SO, solution. The commercial pure MoS,, CoP,
CoP/MoS, and commercial 20 % Pt/C catalysts were also
tested. Linear sweep voltammetry (LSV) curves (Fig. 4a)
indicates that commercial pure MoS, shows poor HER
performance with onset overpotential of 334 mV. Pure CoP

Binding energy (V)

NRs shows onset overpotential of 139 mV, indicating the
higher catalytic activity than MoS,. The catalytic activity can be
improved remarkably after CoP grown on the MoS,, the
CoP/MoS, catalyst shows an overpotential of 96 mV. To our
surprise, after the introduction of CNTs, the CoP/MoS,-CNTs
hybrid catalyst exhibits Pt-like catalytic activity for HER with
overpotential close to zero and shows a large cathodic current
density at small overpotential, which is the best among all the
non-noble metal catalysts for HER. It can be clearly seen that
the LSV curve of CoP/MoS,-CNTs catalyst nearly coincide with
commercial 20 % Pt/C catalyst. It only need 12 and 25 mV to
reach the current densities of 10 and 20 mA-cm™. All these

This journal is © The Royal Society of Chemistry 20xx

results strongly demonstrate that the CoP/MoS,-CNTs hybrid
can be used as a high-efficient hydrogen evolution catalyst.

Fig. 4b shows the Tafel plot of the as-synthesized hybrid
catalysts. The linear portions are fitted into the Tafel equation
(n =b logj+ a, where b is the Tafel slope), and the obtained
Tafel slope were 159, 96, 87, 42 and 31 mV-dec” for the
commercial pure MoS,, CoP, CoP/MoS,, CoP/MoS,-CNTs and
commercial 20 % Pt/C catalysts, revealing a Volmer-Heyrovsky
mechanism of the CoP/MoS,-CNTs hybrid catalyst. The
exchange current density (jo), which reflects the inherent HER
catalytic activity, was calculated from the Tafel plot using an
extrapolation method (Fig. S6 and Table S2). The CoP/MoS,-
CNTs catalyst shows the largest j, of 3.16 uA-cm'2 among all
the as-synthesized catalyst, further indicating the highest
electrocatalytic activity for HER.

To understand the origin of the superior activity of
CoP/Mo0S,-CNTs hybrid catalyst, we further test the double
layer capacitance (Cy) to estimate the effective
electrochemical active surface area (ECSA) (Fig. S7), because
Cq is considered to be linearly proportional to ECSA, and the
current density can be influenced by ECSA. The CoP/MoS,-
CNTs catalyst has much larger Cy (12.24 mF-cm'Z), which is
about 28.5, 29.8 and 159 times than that of CoP/MoS,, CoP,
and pure MoS, catalysts (Fig. 4c), suggesting the remarkable
catalytic active sites of the CoP/MoS,-CNTs hybrid catalyst for
HER. Moreover, the electrochemical impedance spectroscopy
(EIS) test (Fig. 4d) indicates that the CoP/Mo0S,-CNTs catalyst
shows the lowest semicircle at the same overpotential of 200
mV, indicating the best electron transfer ability, further
suggesting the highest HER activity.
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Fig. 4 (a) LSV curves (iR corrected), (b) Tafel plots, (c) The
relationship between the current density variation and scan
rate and (d) Nyquist plots of the pure MoS,, CoP, CoP/MoS,,
CoP/Mo0S,-CNTs catalysts (Inset in d shows the expansion of
the high frequency region of CoP/MoS,-CNTs catalyst).
Furthermore, the stability test of the as-synthesized
CoP/Mo0S,-CNTs hybrid catalyst was carried out at a scan rate
of 100 mV-s™ for 1000 cycles in 0.5M H,SO,, as shown in Fig. 5.
It can be seen that, after 1000 cycles, the LSV curve show
negligible loss in current density by comparing with the initial
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curve, indicating the excellent stability of CoP/MoS,-CNTs
hybrid catalyst in acid solution. Additionally, the time-
dependent current density curve (inset Fig. 5) shows that the
CoP/Mo0S,-CNTs hybrid catalyst maintain the electrocatalytic
activity for at least 60 000 s.
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Fig. 5 LSV curves of the CoP/MoS,-CNTs hybrid catalyst before
and after 1000 cycles (Inset shows the time-dependent current
density curve with a static overpotential of 50 mV).

The excellent Pt-like catalytic activity of the as-synthesized
CoP/Mo0S,-CNTs hybrid catalyst can be attributed to the
following major reasons: (i) the synergistic effect between CoP
and MoS, have great contribution to the high catalytic activity.
MoS,, not only as an active phase, but also as a support, which
is beneficial for the grown of CoP NRs. TEM results indicates
that CoP NRs were grown on the MoS, with high density and
dispersion, which exposed more catalytic active sites and
improved the HER performance. (2) After the introduction of
CNTs, the BET surface area and electrical conductivity of
CoP/Mo0S,-CNTs hybrid catalyst can be increased gradually,
both are beneficial for the hydrogen evolution. (3) XPS results
indicates that Co and P in CoP has a partial positive and
negative charge, respectively, which indicate that there is
charge transfer from Co to P, suggesting the covalent
character of Co-P bond. It has been reported that the
hydrogen generation mechanism of CoP is similar with the
hydrogenaseslg. Additionally, Sun group also reported that CoP
exhibits high HER catalytic activity and feature a metal center
(8") with a pendant base P (&) close to it*®. The Co and P
centers act as the hydride-acceptor and proton-acceptor,
respectively, which promotes the HER processzoa. In addition,
the P centers also promote the formation of Co-H species,
which is beneficial for hydrogen evolution by electrochemical
desorption process?®®

In summary, we report a novel hybrid catalyst with Pt-like
activity for the HER that is constructed by in situ thermal
decomposition growth of CoP NRs on the surface of MoS, and
CNTs. The as-synthesized CoP/Mo0S,-CNTs hybrid catalyst
exhibits Pt-like catalytic activity for HER with overpotential
close to zero and Tafel slope of 42 mV-dec™, which is the best
among all the non-noble metal catalysts. It only need 12 and
25 mV to reach the current densities of 10 and 20 mA-cm™.

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

This high-efficient catalytic activity nearly coincide with
commercial Pt/C catalyst. The excellent catalytic activity is
attributed to the strong synergistic effect between CoP and
MoS, as well as the introduction of CNTs, which increased
catalytic active sites and charge transfer ability. This study
provides a novel strategy for designing novel and high-
performance catalyst, which has a great potential application
in water splitting.
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A novel hybrid catalyst with Pt-like activity for the hydrogen evolution reaction

that is constructed by in situ growth of CoP on the surface of MoS, and CNTs.



