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ABSTRACT: In this Letter, we describe the development of a
CoSe, nanowires array on carbon cloth (CoSe, NW/CC)
through a facile two-step hydrothermal preparative strategy. As
a novel 3D nanoarray electrode for electrochemical hydrogen
evolution, CoSe, NW/CC exhibits excellent catalytic activity
and durability in acidic media. It needs overpotentials of 130
and 164 mV to approach 10 and 100 mA cm™?, respectively,
and its activity is maintained for at least 48 h. This work would
open up new avenues for the rational design of a variety of
arrayed transition-metal chalcogenide cathodes for techno-
logical application toward large-scale hydrogen generation
from water.
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ossil fuels not only create pollution and a carbon footprint
but also face a depletion issue. Hydrogen is a promising
alternative and renewable energy source to replace fossil fuels in
the future. Electrochemical water splitting offers a simple way
to produce highly pure hydrogen. To make the whole process
more energy efficient, an efficient hydrogen evolution reaction
(HER) electrocatalyst is, however, needed to achieve high
current at low overpotential.' Compared to traditional alkaline
technologies, proton-exchange-membrane water electrolysis
possesses several advantages of greater energy efficiency, higher
production rates, and more compact design,” while the strongly
acidic conditions involved require the use of acid-stable HER
catalysts.®> Platinum-group metals show the best catalytic
activity, but the high cost and rareness of such catalysts impede
their widespread use in the industry.* Although earth-abundant
nickel-based transition-metal alloys are capable of efliciently
catalyzing the HER in alkaline media, they suffer from poor
stability in acidic solutions because of a corrosion issue.”~” As
such, it is highly desired to develop and design highly active,
acid-stable HER catalysts based on earth-abundant materials.
Cobalt has emerged as an interesting nonprecious metal with
catalytic power toward hydrogen evolution, and recent years
have witnessed the huge progress achieved in developing
cobalt-based molecular complexes as HER catalysts.* ' Such
homogeneous catalysts, however, usually suffer from a large
overpotential and/or low stability,'® and it is also highly
challenging to graft them onto electrodes for practical
application.'” We and other researchers have recently proven
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that these problems can be overcome by using solid-state cobalt
phosphide based heterogeneous catalysts.">~"* Cobalt chalco-
genides including CoS, and CoSe, are metal conductors,">°
offering them a unique advantage as electrocatalysts, and much
recent efforts have been devoted to making crystalline CoS,/
CoSe, for catalysis of the HER in acidic media.">"”~*' Kong et
al. developed thin films of CoS, and CoSe, by thermal
sulfidation/selenization of an e-beam-evaporated cobalt pre-
cursor on a glassy carbon substrate.'” Faber et al. utilized the
same strategy to prepare a CoS, thin film on a graphite
support.'® Further enhanced catalytic activity can be achieved
by growing a CoS, microwires (MWs) and nanowires (NWs)
film on a 2D substrate'® or developing a CoSe, nanoparticles
film on a 3D carbon fiber paper (CoSe, NP/CP)." Such a
vapor-based high-temperature technique for catalyst prepara-
tion, however, requires a relatively high energy input and lacks
compatibility with substrates, and it is thus likely not cost-
effective for large-scale applications. Xu et al. reported a
hydrothermal—solvothermal—annealing route to make Ni/
NiO/CoSe, nanocomposites at lower temperatures, but this
catalyst is unstable in acidic media.”® More recently, Gao et al.
developed a MoS,/CoSe, hybrid HER electrocatalyst using a
high-temperature hydrazine solvothermal method.”'
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Figure 1. (a) XRD patterns of the precursor and selenized product scratched down from CC. (b and c) SEM images of Co(OH)F NW/CC. (d)
TEM image of a Co(OH)F NW. (e and f) SEM images of CoSe, NW/CC. (g) TEM image of a CoSe, NW. (h) HRTEM image and (i) SAED
pattern taken from a CoSe, NW. (j) STEM image and EDX elemental mapping of cobalt and selenium for a CoSe, NW. (k) SEM image of a CoSe,

MP.

In this Letter, we report a facile two-step approach for the
low-temperature hydrothermal fabrication of a CoSe, NWs
array on carbon cloth (CoSe, NW/CC): hydrothermal growth
of a Co(OH)F NW on CC'" followed by hydrothermal
conversion into a CoSe, NW through an anion-exchange
reaction”” [see the Supporting Information (SI) for preparation
details]. When directly used as an integrated 3D array electrode
for the HER in acidic media, the CoSe, NW/CC shows
exceptionally high catalytic activity, superior to that reported
for CoSe, NP/CP and films of CoS, MWs and CoS, NWs,
with the need for overpotentials of 130 and 164 mV to achieve
10 and 100 mA cm™? respectively. This electrode is also
excellent in durability, with its catalytic activity being
maintained for at least 48 h. This development offers us a
promising hydrogen evolution cathode for large-scale electro-
chemical water-splitting application.

Figure la presents the powder X-ray diffraction (XRD)
patterns of the precursor and selenized product scratched down
from CC. As observed, the precursor shows characteristic peaks
of orthorhombic Co(OH)F (JCPDS 50-0827),"* while the
selenized product only exhibits diffraction peaks corresponding
to cubic-phase CoSe, (JCPDS 09- 0234),'62 suggesting the
successful conversion of Co(OH)F into CoSe,. Figure 1b
shows the low-magnification scanning electron microscopy
(SEM) image of Co(OH)F NW/CC, clearly indicating full
coverage of CC by Co(OH)F NWs. The high-magnification
SEM image (Figure 1c) shows that these NWs have diameters
in the range of 90—160 nm and are a few micrometers in
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length. The transmission electron microscopy (TEM) image
further reveals that such NWs have a smooth surface, as shown
in Figure 1d. After hydrothermal selenization reaction, the
resulting CoSe, product still retains 1D morphology and an
integration feature (Figure lef) but with a rough surface
(Figure 1g). The high-resolution TEM (HRTEM) image taken
from CoSe, NWs (Figure 1h) shows a lattice fringe with an
interplane spacing of 0.26 nm corresponding to the (210) plane
of CoSe,. The corresponding selected-area electron diffraction
(SAED) pattern (Figure 1i) reveals discrete spots indexed to
the (210), (220), (311), and (321) planes of the cubic-phase
CoSe,.'® Scanning TEM (STEM) image and energy-dispersive
X-ray (EDX) elemental mapping images of cobalt and seleniun
for CoSe, NWs further demonstrate the uniform distribution of
both cobalt and selenium elements in the whole NW, as shown
in Figure 1j. The same preparation without the involvement of
CC leads to urchin-like microspheres (MPs) consisting of
Co(OH)F NWs, and the following selenization gives CoSe,
MPs with urchin-like morphology (Figure S1 in the SI and
Figure 1k).

We investigated the HER activity of CoSe, NW/CC (CoSe,
loading: ~1.3 mg cm™2) as a 3D integrated electrode in 0.5 M
H,SO, at room temperature using a typical three-electrode
setup. Commercial Pt/C (20 wt % Pt/XC-72) showing high
HER activity with near-zero overpotential was chosen as a
reference point. The HER activities for both bare CC and
CoSe, MP/CC (CoSe, MP was immobilized on CC with the
same loading using a Nafion solution) were also examined for
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comparison purposes. To reflect the intrinsic electrocatalytic
activity of the catalysts, an iR correction was applied to all initial
data for further analysis.** The measured polarization curves are
shown in Figure 2a. Bare CC has poor HER activity. In
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Figure 2. (a) Polarization curves for Pt/C, CoSe, NW/CC, CoSe,
MP/CC, and CC. (b) Tafel plots for platinum/carbon, CoSe, NW/
CC, and CoSe, MP/CC.

contrast, CoSe, MP/CC is highly active toward the HER with
an onset overpotential of 149 mV, beyond which the cathodic
current rises sharply under more negative potential. This
electrode shows current densities of 10 and 100 mA cm™ at
overpotentials of 193 and 275 mV, respectively. However,
CoSe, NW/CC exhibits a more positive overpotential of 85
mV for the HER with much larger cathodic current densities
(10 and 100 mA cm™2 at 130 and 164 mV, respectively). These
overpotentials are the lowest among all reported values for acid-
stable cobalt chalcogenide HER catalysts except MoS,/CoSe,
(Table S1 in the SI).

The Tafel slope is an inherent property of electrocatalysts,
and a small Tafel slope leads to a strongly enhanced HER rate
at a moderate increase of overpotential.”® According to the
HER kinetic models, Tafel slopes of ~30, ~40, or ~120 mV
dec™" will be achieved if the Tafel, Heyrovsky, or Volmer step is
the rate-determining step, respectively.”' To gain further insight
into the CoSe, NW/CC electrode, we investigated the Tafel
plots for CoSe, NW/CC, CoSe, MP/CC, and Pt/C. The
resulting Tafel slope of CoSe, NW/CC is 32 mV dec™!, which
is much lower than that of CoSe, MP/CC (50 mV dec™) and
very close to the value of Pt/C (30 mV dec™). To the best of
our knowledge, this value is the lowest for all recorded cobalt
chalcogenide catalysts listed in Table S1 in the SI and other
non-noble-metal HER catalysts in acidic media except FeP/CC
(32 mV dec™").?® The Tafel slope for CoSe, NW/CC suggests
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that the HER proceeds via a Volmer—Tafel mechanism, for
which the Tafel step is the rate-determining step.”’ This
performance of the CoSe, NW/CC electrode suggests that it
may hold great promise for practical applications.

To assess the durability of the CoSe, NW/CC and CoSe,
MP/CC electrodes in strongly acidic media, we conducted
potential sweeps between +0.1 and —0.3 V versus RHE for
1000 cycles. After cycling, the CoSe, NW/CC electrode shows
a polarization curve similar to that before testing, while CoSe,
MP/CC exhibits distinct degradation of the activity, as shown
in Figure 3a. We also performed electrolysis experiments on
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Figure 3. (a) Polarization curves for CoSe, NW/CC and CoSe, MP/
CC in 0.5 M H,SO, initially and after 1000 potential sweeps between
+0.1 and —0.3 V vs RHE at a scan rate of 100 mV s%. (b) Time-
dependent current density curves for CoSe, NW/CC and CoSe, MP/
CC at fixed overpotential in 0.5 M H,SO,.

both electrodes. It is seen that CoSe, NW/CC retains its
activity for at least 48 h at an overpotential of 143 mV, but a
dramatic loss in the current density is observed for CoSe, MP/
CC at an overpotential of 214 mV under the same timeframe
(Figure 3b). Furthermore, after 2 h of continuous cyclic
voltammetry, the SEM image (Figure S2a in the SI) of CoSe,
NW/CC shows that it preserves its morphology, and the XRD
pattern (Figure S2b in the SI) further reveals no change in the
crystal structure of CoSe,. These observations imply the
superior stability of CoSe, NW/CC over CoSe, MP/CC in a
long-term electrochemical process.

The excellent HER activity and durability for CoSe, NW/CC
could be rationally explained as follows. (1) The nanoarray
format allows for exposure of more active sites.”” Furthermore,
the 3D configuration of this electrode facilitates efficient
diffusion of the electrolyte, and H, gas evolved. (2) The direct
growth of CoSe, on CC offers intimate contact, good
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mechanical adhesion, and excellent electrical connection
between them. (3) The absence of polymer binder for catalyst
immobilization not only avoids the blocking of active sites and
inhibition®® but decreases the series resistance.”’ Electro-
chemical impedance spectroscopy measurements (Figure S3
in the SI) confirm that CoSe, NW/CC has much lower
impedance and, hence, markedly faster HER kinetics than
CoSe, MP/CC.*°

Note that we have failed to obtain a CoS, NWs array through
the same method using S power as the precursor. The SEM
image indicates that CC was also fully covered by a NWs array
after sulfidation reaction, as shown in Figure S4a in the SI The
EDX spectrum (Figure S4b in the SI) shows incomplete
conversion of Co(OH)F, and the atomic ratio of the product
for Co:S is 55:16. The corresponding XRD pattern for the
product (Figure S4c in the SI) is unmatched with the standard
XRD pattern of CoS,. Although this array is also electroactive
toward the HER, it displays 10 mA cm ™2 at overpotential of 276
mV with inferior activity over CoSe, NW/CC, as shown in
Figure S4d in the SL

In conclusion, a CoSe, NWs array has been developed on
carbon cloth via a two-step hydrothermal approach. This 3D
architecture can be directly used as a nanoarray electrode for
electrochemical hydrogen evolution in acidic solutions with
high activity and durability. This study has opened new avenues
to hydrothermally fabricating binder-free hydrogen-evolving
cathodes based on transition-metal chalcogenides for applica-
tions toward large-scale hydrogen production from water.
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