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CoS,,Se;1x) Nanowire Array: An Efficient Ternary Electrocatalyst
for Hydrogen Evolution Reaction

Kaili Liu*™", Fengmei Wang™®', Kai Xu®, Tofik Ahmed Shifa®®, Zhongzhou Cheng’®, Xueying Zhan®
and Jun He*

Binary transition metal dichalcogenides (TMDs) have emerged as efficient catalysts for hydrogen evolution reaction (HER).
Co-based TMDs, such as CoS; and CoSe,, demonstrate promising HER performance due to their intrinsic metallic nature.
Recently, the ternary electrocatalysts are widely acknowledged for their prominent efficiency as compared to their binary
counterparts due to increased active sites caused by the incorporation of different atoms. Herein, we successfully grow the
ternary CoSxSes iy (X = 0.67) nanowires (NWs) on flexible carbon fiber. As a superior electrocatalyst, ternary CoSxSes iy
NWs arrays demonstrate excellent catalytic activity for electrochemical hydrogen evolution in acidic media, achieving
current densities of 10 mA/cm? and 100 mA/cm? at overpotentials of 129.5 mV and 174 mV, respectively. Notably, the high
stability of CoSxSezng NWs suggests that the ternary CoSxSesig NWs to be a scalable catalyst for electrochemical

hydrogen evolution.

Introduction

In the quest for renewable and spotless energy, hydrogen has been
broadly identified as a potential candidate due to its high energy
capacity and environmental friendliness.! The production of H, has,
therefore, drawn a widespread attention.”™ To this end, direct
reduction of water molecule is promising, yet it is underdeveloped.
The critical step in electrolyzing water is hydrogen evolution
reaction (HER, 2H" + 2e'>H,) demanding the innovation of non-
noble metal electrocatalysts to achieve high current density at low
overpotential.11 Therefore, exploration of economically viable,
highly active, acid-stable HER electrocatalyst is exceedingly
desirable.”” Plethora of materials such as transition metal
carbides,la‘ % metal aIonslS‘ 1
hitherto investigated as catalysts for the electrochemical HER.
However, as compared to Pt, those catalysts still suffer from inferior
catalytic activity in acidic solutions and the performance of which is
still in the exploration stage. Owing to their intriguing chemical and
electronic properties, TMDs such as MoSz,m'21 WSZIO’ 223 and
CoSz24 are emerging as a class of key prospects for HER
electrocatalysts. Among them, Co based materials of various
morphologies such as CoSe, nanoparticles,25 CoSe, film®® and CoSz27

. 17
and metal oxides”” have been
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nanowires have been found to demonstrate impressive HER
performances due to their intrinsic metallic nature. Moreover,
composites of CoSe, nanobelts with Mn3;0, nanopartcile,28 MoS,
nanosheet® and Ni/NiO nanoparticle30 have been reported to
reveal synergism leading to enhanced electrocatalyticzs'30
performance as compared to their single component counterparts.
Notably, the component controllably fabricated ternary systems as
in our previous report"’1 of WS,(1.xSey nanotube, where in it the
number of active sites increased, illustrates the evolution of H, at
remarkably low overpotential, presently. Gong, et al.¥? extended
this framework for MoS;(;_ySe,« alloy nanoflakes showing the fact
that neither of the binary systems performs as good as the ternary
one. It is, thus, believed that optimizing the components of S and Se
atoms can modify the chemical and physical properties in the
ternary system. Inspired by this and speculating the impressive
records of Co based TMDs reported so far, we anticipate that the
ternary CoS,,Se,(1.5 could be prominent electrocatalyst for HER.

Herein, we report a two-step process for synthesizing CoS,,5€;(1.
nanowire arrays on carbon fiber (CoS,Sey15 NWs) meant for
electrocatalyst in HER. Accordingly, the self-supported CoSySey .y
NWs electrode exhibits excellent electrocatalytic activity evidenced
from the achieved current density of 10 mA/(:m2 and 100 mA/(:m2 at
overpotential of only 129.5 mV and 174 mV respectively.
Furthermore, accelerated disintegration test reveals the exceptional
stability of the electrode as its activity endured even after 1000
cycles of cyclic voltammetry (CV) run. Given the very small record of
overpotential required for generation of remarkable current density
and the long term stability, our novel material represents scalable
electrocatalyst for water splitting.

Nanoscale, 2015, 00, 1-3 | 1
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Experimental section
Synthesis of CoO NWs

The CoO NWs were grown on carbon fibers (CFs) by a method that
we have recently reported.33 In detail, the CFs were first
ultrasonically washed by a mixture of acetone, ethanol and
ultrapure water, and then dried at 60 °C. Subsequently, the dried
CFs were soaked in the solution, containing 1.90 g CoCl,-6H,0, 2.424
g CO(NH,), and 40mL ethanol, for 10 min. The soaked CFs were
calcined under a flow of argon at 450 °C for 4 h to form a seed layer
on CFs. Second, the mixture of 1.90 g CoCl,-6H,0, 2.424 g CO(NH,),
and 40 mL ultrapure water was transferred into a 50 mL Teflon-lined
stainless steel autoclave, followed by putting one piece of the
seeded CFs in the solution. The autoclave was then heated in an
electrical oven at 90 °C for 4 h to synthesize Co(OH), NWs.
Eventually, the CoO NWs were formed by annealing the Co(OH),
NWs under a 100 sccm argon flow at 500 °C for 4 h.

Synthesis of C0S,,Sey(;.) NWs

The second step is conducted in a horizontal quartz tube furnace to
convert the CoO NWs into CoS,,Se;(1.x) NWs. The CFs covered by CoO
NWs was placed at the downstream side of the tube furnace and
0.5 g mixed powder with different mass ratio (Se: S) was placed at
the upstream side of the tube furnace. The distance between them
is 22 cm. To create an oxygen-free environment, the tube furnace
was flushed three times under a 100 sccm Ar flow. After flushed
with Ar, the part of the CoO NWs was quickly heated to 450 °C in 20
min and reacted for 95 min. Meanwhile, the zone of sulfur and
selenium powder was fast heated to 125 °C in 20 min and then
increase to 275 °C in 5 min, and the reaction temperature was
slowly increased to 300 °C within 90 min. During the whole process,
the flow of Ar was kept at a rate of 100 sccm. For comparison, the
CoS, and CoSe, NWs were also synthesized through similar method
(see supporting information).

Characterizations

The characterizations of CoO NWs and CoS,Se;.q NWs were
carried out by field emission scanning electron microscopy (FESEM,
Hitach S-4800), transmission electron microscopy (TecnaiF20), X-ray
diffraction (XRD) (Philips X’Pert Pro Super) on an X-ray powder
diffractometer with Cu Ko radiation (A = 1.5418 A) and X-ray
photoelectron spectroscopy (ESCALAB250Xi).

Electrochemical measurements

Electrochemical measurements were performed in a typical three-
electrode system in 0.5 M H,SO, (N, saturated) at an
electrochemical station (CHI 660D). In all measurements, the
potentials were calibrated to a reversible hydrogen electrode (RHE).
The CF, onto which CoS,Se;;, NWs grown on it, served as a
working electrode whereas a platinum wire and a saturated calomel
electrode as the counter electrode and reference electrode,
respectively. Linear sweep voltammetry measurements were
conducted in 80 ml of a 0.5 M H,SO, solution with a scan rate of 2
mV/s. Electrochemical impedance spectroscopy was performed
when the working electrode was biased at a constant -0.118V
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vs.RHE with the frequency ranging from 1 MHz to 0.001 Hz with an
amplitude of 10 mV. Cyclic voltammetry experiments were carried
out from 0 to +0.1 V vs. RHE with different scan rates (20-200 mV/s)
to estimate the double-layer capacitance.
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Fig. 1 (a) Schematic diagram of the preparation of CoS,Se;; .y
nanowires on carbon fiber (CoS,,Se,;.q NWs). SEM images of CoO
NWs (b) and CoS,,Se;(1 NWs (c). (d) EDX spectrum of CoS,,Se;(1.y
NWs.

Results and discussion

Following our recent report?’3 on CoO NWs, we employed a facile
chemical vapor deposition (CVD) method for further converting
them to CoS,Sey1 through simultaneous sulfurization and
selenization reaction. Fig. 1a depicts the schematic diagram of the
synthetic process. The low-magnification scanning electron
microscopy (SEM) images of CoO NWs and CoS,Se;(1. NWs are
revealed in Fig. 1b and c. It is apparent that, the NW morphology of
CoO remains unchanged after successfully converting to CoS,,Se;;-
- The necklace-like ternary NWs expose large accessible area
wherein each NW consists of nanoparticles with size of 200 nm.
Meanwhile, the similar morphology and size of CoS, NWs and CoSe,
NWs are demonstrated in Fig. Sla and b. In order to analyze the
chemical composition of CoS,.Sey (1. NWs, the energy-dispersive X-
ray spectroscopy (EDX) spectrum (Fig. 1d) was conducted. As shown
in Fig. 1d, the EDX demonstrates the presence of Co, S and Se
elements with no discernible O atom confirming the successful
conversion of CoO to CoS,,Se;(1. Moreover, the inset table of Fig.
1d reveals that the atomic ratio of S: Se is close to 2:1 (x = 0.67). The
low-magnification TEM image in Fig. 2a displays the formation of

This journal is © The Royal Society of Chemistry 20xx
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crystalline CoS,,Se,(1.¢ NW with diameter around 200 nm and the
length about 4 micrometers (Fig. Slc). Furthermore, the high-
resolution TEM (HRTEM) image in Fig. 2b indicates that the
interplanar spacing of the crystal lattice in CoS,Se;i5 NWs is
~0.235 nm, which is between that of CoS, (0.226 nm) and CoSe,
(0.239 nm), toward [211] crystal orientation. The change of the
crystal lattice results from the introduction of Se atoms to the CoS,.
Notably, it is also evident from the scanning TEM (STEM) image and

3 : (d) CoS, Se, Ws
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energy-dispersive X-ray (EDX) elemental mapping images (Fig. 2c)
that the elements are distributed uniformly in the CoS,,Sey(1.9 NW.

Fig. 2 TEM image (a) and HRTEM image (b) of a CoS,,5e5(1.4 NW. (c)
STEM image and EDX elemental mapping of a CoS,,5e;(1. NW. (d)
XRD patterns of bare CF, CoO NWs and CoS,,Se(1.q NWs.
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Fig. 3 XPS spectra of (a) Co 2p, (b) Se 3d and (c) S 2p and Se 2p
region.

Fig. 2d presents the powder X-ray diffraction (XRD) patterns of
bare CF, CoO NWs and CoS,,5€;(;. NWs. The observed broadened
peak at the angle region of ~25° in all samples is attributed to the
diffraction characteristics of CFs. Compared with the XRD pattern of
cubic-phased CoO NWs (PDF#74-2391), there is no CoO diffraction
peaks in CoS,,5€;(1.q, CoS, and CoSe, NWs (Fig. S2), suggesting the
complete conversion of CoO NWs as well as further confirming the
previous results. Notably, these synthesized NWs possess cubic
pyrite-structured phase. In comparison with CoS, (PDF# 89-1492)
and CoSe, (PDF# 88-1712), we also found that all the degree of
characteristic diffraction peaks in CoS,,Se;(;., shift owing to the
different size of selenium atom and sulfur atom. This corroborates
the result we obtained from HRTEM. Additionally, X-ray
photoelectron spectroscopy (XPS) analysis of CoS,.Sey1. was
performed to further investigate the chemical states of cobalt and
the chalcogens (Fig. 3a-c and Fig. S3). As shown in Fig. 3a, two peaks
corresponding to Co 2p3;, and 2p,,, are observed. It is noteworthy
that the peaks in CoS,,Se,(;. sample are located at binding energy
of 778.85 eV and 793.94 eV with a slight shift as compared to binary
CoS, and CoSeZ.ZS’ 7 The peaks of Se 3ds;, (Se3d;;,;) and S 2p3),
(S2py,) are located at 55.2 eV (55.8 eV) and 162.78 eV (163.88 eV)
(Fig. 3b), respectively. The oxygen signal depicts the phenomena of
surface oxide contamination.”> Quantitative analysis has been
performed for S and Se in the alloy with the S: Se ratios of 2:1,
which is consistent with the EDX result.
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Fig. 4 (a) Polarization curves for bare CF, Pt, CoS, NWs, CoSe, NWs
and CoS,Se; (1. NWs. (b) Tafel plots for Pt, CoS, NWs, CoSe, NWs
and CoS,Se; (1 NWs. (c) Nyquist plots for bare CF, Pt, CoS, NWs,
CoSe, NWs and CoS,,Se,(1.y NWs carried out under an overpotential
of -0.118V (vs. RHE). Inset is the magnified Nyquist plot at high
frequency region. (d) Linear fitting of the capacitive currents at 0.05
V vs. RHE of the catalysts vs. scan rates.

The catalytic performances of our samples were investigated in a

typical three-electrode configuration with 0.5 M H,SO, electrolyte
(N, saturated) at room temperature (see experimental section). For
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the sake of comparisons, the bare CF, Pt, CoS, NWs and CoSe, NWs
electrodes were also checked. All initial data are presented after iR
correction for assessing the intrinsic activity of the catalysts.34 The
polarization curves of all samples in Fig. 4a indicates that the
catalytic performance of bare CF is very poor, hence, the observed
performance is unambiguously attributable to the NWs grown on CF
substrate. Compared with CoS, NWs (253 mV at 10 mA/cmz) and
CoSe, NWs (181 mV at 10 mA/cmZ), CoS,,5€;(1. NWs grown on CFs
exhibits improved electrocatalytic activity. Notably, the HER activity
of C0S,,5€;(1.4 NWs (x= 0.67) show the best HER performance with
current densities of 10 mA/cm2 and 100 mA/cm2 at overpotentials
of 129.5 mV and 174 mV respectively, among all different samples
with various atomic ratio (Fig. S4). This property is more superior
than some reported results among cobalt-based electrocatalysts.zs‘
27,33 Moreover, the kinetics of CoS, NWs, CoSe, NWs and CoS,,5€51.4
NWs under HER condition were investigated by corresponding Tafel
plots, extracted from the polarization curve in Fig. 4a. The linear
parts of the Tafel plots (Fig. 4b) reveals the low Tafel slope of 44
mV/dec for CoS,Se;14 NWs. In contrast, CoS, NWs and CoSe, NWs
afforded higher Tafel slope of 68.7 and 45.8 mV/dec, respectively.
On the one hand, the best HER performance of the ternary
CoS,,5€;(1.4 NWs may be due to the optimal electronic structure of
the catalyst for hydrogen evolution through incorporating S and Se
atoms.®® For cobalt dichalcogenide, d-electron filling in e, orbitals
contributes primarily to the density of states in the conduction
band.>”*® And the partially filled e, orbital promotes the excellent
electrocatalytic performance. Thus, the superior HER property of
CoS,,5€e5(1.9 NWs is probably owing to the unique electronic
structure. On the other hand, the electrochemically active surface
area is another important parameter to characterize the activity of
catalysts. Since the active surface area can be determined by the
electrochemical double-layer capacitance, Cd|,25 the cyclic
voltammograms (CV) curves of CoS,,Se;. NWs, CoSe, NWs and
CoS, NWs were obtained between 0 and 0.1 V (vs. RHE) at different
scan rates from 20 mV/s to 200 mV/s (Fig. S2a-c). It can be
evidenced from Fig. 4d that the Cy of CoSe, and CoS, NWs are 7.69
mF/cm2 and 3.17 mF/cm2 respectively, whereas, that of CoS,,Se;(1.4
NWs is 18.1 mF/cmZ, suggesting the sharply increased
electrochemically active surface area of ternary CoS,Se;(1.q NWs
than the binary ones. Herein, the binary and ternary NWs possess
the similar morphology, the greatly improved Cgy results from the
increase of active sites on the ternary CoS,,Se;(1) NWs, which is
consistent with some reported results.
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Fig. 5 Stability tests of CoS,Sey . NWs with initial polarization
curve and the one after 1000 potential cycles.

To study the charge-transfer mechanism of HER on the catalysts,
we conducted electrochemical impedance spectroscopy (EIS)
measurement (Fig. 4c). The obtained semicircles of EIS indicate that
the charge-transfer resistance controls the kinetics at the electrode
interface.*® The charge-transfer resistance (R) of CoS,.Sey(1.q NWs
on CF (8.42 Q), which is much lower than the binary ones (17.13 Q
for CoS, and 9.25 Q for CoSe,), reveals a fast charge transport
during the HER process. It is noteworthy that the low series
resistance (R,) value of 1.7 Q (inset plot of Fig. 4c) suggests the small
Ohmic loss in the electrolyte. In general, the superior HER
performance of the ternary CoS,,5e;(1) NWs in acid media is due to
the following points. Firstly, the unique electronic structure of
CoS,,5e;(1.4 could facilitate the electrochemical reaction. Secondly,
large surface area of necklace-like CoS,,Se; (1. NW arrays on CF and
much more active sites are exposed after simultaneously
introducing the S and Se atoms into the NWs, which is consistent
with reported results®® and confirmed by the increased Cgy value in
Fig. 4d. Finally, the electrode is obtained without applying the
inactive binders through fabricating the CoS,,Se;(1., NWs directly on
the conductive CFs, avoiding the complicated catalyst preparation
techniques. Significantly, the stability of the CoS,Se(1. NWs was
evaluated by conducting potential sweeps between 0 V and -0.44 V
vs. RHE for 1000 cycles in the same electrolyte. As is evident from
the TEM image (Fig. S6), the morphology of CoS,.Se;; NWs
reserves even after the stability test. Moreover, from Fig. 5, it is
obvious that the polarization curve of CoS,,Se;(1 NWs after 1000
cycles is similar to the polarization curve of initial CoS,.Sey(1.q NWs.
These results demonstrate the excellent stability of CoS,,5€;(1.9 NWs
on the CFs for HER.

Conclusions

In summary, we have successfully fabricated the ternary CoS,,5e;14
NW arrays on carbon fiber via a two-step process. As an earth-
abundant and binding-free material, CoS,,Se;1.q NWs can be
directly used as a stable electrode for hydrogen evolution in the acid
media. Compared with binary ones, our ternary sample has much
larger active surface area, lower overpotential (129.5 mV at 10
mA/cmZ) and smaller Tafel slope (44 mV/dec). The excellent HER
performance and stability reveals that CoS,Se;1, NWs is an
outstanding electrocatalyst. It offers us a promising catalyst for
large-scale water-splitting application.
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Homogeneous CoS,,5€;1 ( x = 0.67 ) nanowires (NWs) arrays demonstrate excellent catalytic activity for electrochemical hydrogen
evolution in acidic media, achieving current densities of 10 mA/cmzand 100 mA/cm2 at overpotentials of 129.5 mV and 174 mV,

respectively.
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