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Abstract
The ternary alloyed Co(SxSe1�x)2 nanowires (NWs) supported by carbon fiber paper (CFP) have
been successfully synthesized. By adjusting the components of the NWs, it is found that the Co
(S0.73Se0.27)2 NWs on CFP exhibit the highest electrocatalytic activity towards hydrogen
evolution reaction (HER). To drive the current density of 100 mV cm�2, the Co(S0.73Se0.27)2
NWs only require a small overpotential of 157 mV in 0.5 M H2SO4 solution and the corresponding
Tafel slope is only 45.3 mV dec�1. After 20 h continuous electrolysis or cycling for 5000 times in
acid electrolyte, the robust catalytic activity is still perfectly preserved. DFTcalculation results
demonstrate that the high intrinsic activity of Co(S0.73Se0.27)2 NWs towards HER is derived from
the significant reduction of kinetic energy barrier induced by anion doping. This work presents a
new efficient catalyst for HER and the anion doping strategy implemented here could be
extended to other earth-abundant electrocatalysts to improve the catalytic performance.
& 2015 Elsevier Ltd. All rights reserved.

Introduction

Finding a cheap, renewable and clean energy source to
replace fossil fuel is still one of the severest challenges we
have to face nowadays. Hydrogen as a promising solution to
address this issue has drawn extensive interests from
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researchers [1–3]. The electrochemical hydrogen evolution
has been proved to be a facile and efficient method to
produce hydrogen from water [4–6]. However, the high
prices and low reserves of commercially available Pt group
catalysts have strongly hampered the large-scale production
of hydrogen via the electrochemical process. The design and
synthesis of earth-abundant catalysts for hydrogen evolu-
tion reaction (HER) are still the key to bringing the electro-
chemical preparation of hydrogen into practical application
[7]. Transition metal dichalcogenides with the generalized
formula of MX2, where M represents a transition metal and X
represents a chalcogen such as S, Se or Te, have received
increasing interests for their prominent performances in
electrochemical catalysis for HER and a few examples are
NiS2 [8], CoS2 [9], CoSe2 [10,11], MoS2 [12–14], WS2 [15].
However, the activities of present non-precious electroche-
mical catalysts towards HER are still far below the expec-
tance of replacing Pt group materials.

To improve the efficiency of electrocatalysts for HER,
there are two main methods: (i) increasing the electro-
chemically accessible area by nanostructuring; (ii) promot-
ing the pristine activity of the catalysts. In terms of the
latter, introducing dopants into the crystal lattice of the
catalysts has been proven to be an effective way. Although
the doping of metal atoms has been extensively investi-
gated, only a few published works focused on bringing in the
anions as dopants [4,16–18]. For instance, Xu et al. [19]
synthesized the S-doped MoSe2 ultrathin nanosheet showing
a much improved catalytic performance; Xu et al. [20]
synthesized the WS2(1�x)Se2x nanotubes with CVD method
showing a superior catalytic activity than the undoped
counterparts; Kibsgaard et al. [21] introduced S to the
surface of MoP producing the MoP|S with superb catalytic
performance; Gong et al. [22] prepared the ultrathin MoS2
(1�x)Se2x alloy nanoflakes and proved that the doping of Se
could largely reduce the overpotential needed in HER.
Therefore, more researches concentrating on facilitating
the catalytic performance by doping anions are required to
achieve a better understanding on the mechanism.

Herein we for the first time present the synthesis of
component-controllable Co(SxSe1�x)2 nanowires (NWs) sup-
ported by carbon fiber paper (CFP) and their excellent
performances as electrocatalysts for HER. In our previous
work, we reported the necklace-like CoSe2 NWs on CFP as
an efficient catalyst towards HER [23]. By replacing part of the
Se with S in the synthesis process, the pyrite-type Co(SxSe1�x)2
NWs supported by CFP with controllable components were

achieved. Pyrite CoSe2 and CoS2 have the similar crystal
structures that belong to the space group of Pa3 ðT6

hÞ. The
metal atoms octahedrically coordinated with six chalcogens
forming a face centered cubic lattice, as shown in Figure 1. By
partially replacing Se with S atom, the Co(SxSe1�x)2 is still in
the pyrite crystal structure [24] like the CoSe2 and CoS2 and
the catalytic activity could be enhanced simultaneously.
Moreover, the Co(SxSe1�x)2 also shows the metallic feature
as well as the CoSe2 and CoS2, which also ensures a high
activity towards HER [25]. Besides the improvements in the
intrinsic activity, the advanced nanostructure of Co(SxSe1�x)2
NWs also contributes to the superior performance. By arran-
ging the nanocrystals of active materials into NWs that
radically align on the mesoporous CFP, the large electroche-
mically accessible surface area and fast electrolyte diffusion
tunnels are formed. The component-controllable synthesis of
Co(SxSe1�x)2 NWs ensures us to investigate the influence and
mechanism of anion doping strategy on the efficiency in
catalysis. The experimental results and density functional
theory (DFT) calculations help us draw the conclusion that
Co(SxSe1�x)2 NWs are more efficient than either CoSe2 or CoS2
NWs as electrocatalysts towards HER.

Results and discussion

Figure 2 gives a scheme on the whole preparation process.
The synthesis of Co(SxSe1�x)2 NWs on CFP could be divided
into two steps: (1) synthesis of Co(OH)(CO3)0.5 NWs on CFP
via a hydrothermal method; (2) conversion of Co(OH)
(CO3)0.5 NWs to component-controllable Co(SxSe1�x)2 NWs.
During the simple hydrothermal process (STEP 1), Co(OH)
(CO3)0.5 NWs were successfully grown on CFP and a reliable
contact between the NWs and CFP were formed. The XRD
pattern and TEM image of Co(OH)(CO3)0.5 NWs are given in
Figure S1 and the XRD pattern of Co(OH)(CO3)0.5 NWs
perfectly matches the JCPDS PDF48-0058 standard pattern.
The chemical reactions between Co(NO3)2 � 6H2O, CO(NH2)2
and NH4F could be described by the following equations
[26]:

Co2þ þxF�-CoFðx�2Þ�
x ð1Þ

H2NCONH2þH2O-2NH3þCO2: ð2Þ

CO2þH2O-CO2�
3 þ2Hþ ð3Þ

NH3 � H2O-NHþ
4 þOH� ð4Þ

Figure 1 Crystal structures of CoSe2, CoS2 and Co(SxSe1�x)2 in cubic pyrite-type phase.
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