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o0.85Se/carbon nanowires as
a highly effective and stable electrocatalyst for the
hydrogen evolution reaction†

Baochen Sun, Xinqiang Wang,* Dongxu Yang* and Yuanfu Chen *

Self-assembled Co0.85Se/carbon nanowires, constructed by Co0.85Se nanoparticles homogenously

embedded into carbon nanowires (Co0.85Se@CNWs), have been synthesized through a facile

solvothermal reaction and selenylation process. Compared to the bare Co0.85Se NWs, the

Co0.85Se@CNW hybrid demonstrates high efficiency and stability for HER. It has a small Tafel slope of

43.4 mV dec�1, a low onset potential of 138 mV vs. RHE, and a high cycling stability with more than 95%

current retention after 1500 voltammetry cycles. The outstanding HER performance of Co0.85Se@CNWs

is attributed to its unique particle-in-nanowire architecture, which not only prevents the Co0.85Se

nanoparticles from aggregation, but also provides a highly conductive CNW matrix to promote the

charge transfer in the electrocatalytic reaction, further enhancing the catalytic activity. This work

provides a new strategy to rationally design transition metal-based selenide hybrids as highly effective

and stable electrocatalysts for HER.
1. Introduction

With the advance of modern society, the global energy
conjuncture is becoming ever more serious due to the
consumption of fossil fuels. Therefore, searching for clean
fuels to replace conventional fuels like coal and petroleum is
crucial. Hydrogen can be obtained by the electrolysis of water.
It has, therefore, immediately come to the fore of researchers'
work due to its abundancy and high caloric value without
causing pollution.1–5 The hydrogen evolution reaction (HER)
produces a lot of hydrogen through the energy-efficient
method of electrolyzing water. Currently, it is well known
that platinum is the best electrocatalyst for HER. Although
platinum-based electrocatalysts show superior electrocatalytic
activity and enduring stability, the high costs of platinum and
its extreme rarity in the earth's crust limit the practical
application of platinum-based electrocatalysts. Hence, this
research has extraordinary signicance in order to exploit
highly efficient, low cost and stable non-precious electro-
catalysts as replacements.6

Transition metal dichalcogenides (TMDs), for example
MoSe2,7,50 MoS2,8–12 WSe2,13,14,49,51 and WS2,15,16 have shown
high performance for HER. As one of the TMD series, cobalt
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selenides have been demonstrated as promising HER cata-
lysts on account of their intrinsic high conductivity and
excellent electrocatalytic properties. It is well known that
cobalt mono- and diselenides have been widely investigated
for the HER reaction. However, the electrocatalytic properties
of Co0.85Se have barely been reported and the HER activity of
Co0.85Se is far from satisfactory and still limited by the
unreasonable structural design, lack of active sites and
relatively low conductivity. Thus, the ration design and
synthesis of a Co0.85Se-based nanostructured electrocatalyst
is important.

In order to synthesize high performance HER catalysts, two
effective methods can be adopted. On the one hand, conduc-
tive carbon nanomaterials,32 such as reduced graphene oxide
(rGO),17–20 metal–organic frameworks (MOFs)21 and carbon
nanotubes (CNTs)22–26,37,52 can be incorporated to improve the
HER performance of the electrocatalysts. It is expected that the
nanostructured carbon materials enhance the conductivity
and increase the active area of Co0.85Se. Meanwhile, the
carbon shell can protect Co0.85Se from electrochemical corro-
sion in the electrocatalytic reaction, thus ensuring its long-
term HER performance. On the other hand, by rationally
designing the nanostructure of the catalysts into nano-
sheets,28,48,49 nanocrystals,33 nanowire arrays34,35 or nano-
belts,36 more active sites will be obtained. Thus, in order to
rationally design a Co0.85Se-based nanostructured electro-
catalyst, both approaches will be adopted to achieve good
conductivity and abundant active sites, thus optimizing the
HER performance.27–30
This journal is © The Royal Society of Chemistry 2019
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Herein, we have synthesized a novel nanoparticle-
embedded-nanowire architecture, which is constructed of
Co0.85Se nanoparticles embedded into carbon nanowires
(Co0.85Se@CNWs) via a simple solvothermal method and sele-
nylation process. Compared with the bare Co0.85Se nanowires
(Co0.85Se NWs), the Co0.85Se@CNW hybrid delivers enhanced
electrocatalytic performance. The Co0.85Se@CNW hybrid has
a low onset potential of 138 mV (vs. RHE), a small Tafel slope of
43.4 mV dec�1 and a remarkable sustained cycling stability. The
superior electrocatalytic capability benets from its novel
architecture that can afford plentiful reactive sites and guar-
antee the charge transfer in the electrocatalytic reaction.

2. Experimental
2.1 Synthesis of cobalt–NTA

The nitrilotriacetic acid (NTA) and CoCl2$H2O were adopted as
raw materials to synthesize cobalt–NTA. First of all, 1.9 g
CoCl2$H2O and 0.9 g NTA were dissolved into a solution of
15 mL of deionized water (DIW) and 45 mL of isopropyl alcohol.
Aer that the precursor liquor was transferred into a 100 ml
Teon lined autoclave, and was resolved by a solvothermal
process at 180 �C for 6 h. Finally, the specimen was repeatedly
washed with deionized water and ethanol and dried at 60 �C for
12 h to obtain the cobalt–NTA.

2.2 Synthesis of Co0.85Se@CNWs and Co0.85Se NWs

0.3 g cobalt–NTA and 0.3 g glucose were put into 40mLDIW and
stirred for 30 min. Aer a solvothermal process at 180 �C for
12 h, the product was washed with ethanol and deionized water
many times using a Nutsche lter and then dried at 60 �C. Then,
the obtained powders were annealed at 650 �C for two hours,
with a heating rate of 5 �C min�1 in order to obtain the
Co@CNWs. Finally, amounts of the Co@CNWs powder and of
the selenium powder were mixed and annealed at 650 �C for 2 h
to obtain the Co0.85Se@CNWs. The annealing process and
selenization process for the Co0.85Se@CNWs is shown in
Fig. S2.† The bare Co0.85Se NWs were synthesized in the same
process apart from the addition of the glucose in the sol-
vothermal reaction.

2.3 Characterizations

Scanning electron microscopy (SEM, JSM-7000F, and JEOL) and
transmission electron microscopy (TEM, Tecnai F20 at 200 kV)
were performed to examine the microstructures of Co0.85-
Se@CNWs and Co0.85Se NWs, respectively. The crystal struc-
tures of the Co0.85Se@CNW and Co0.85Se NW specimens were
recorded by X-ray diffraction (XRD, Rigaku D/MAX-rA diffrac-
tometer). X-ray photoelectron spectroscopy (XPS, Kratos
XSAM800 Al Ka Source Gun) was carried out to examine the
chemical forms and compositions.

2.4 Electrochemical measurements

The electrochemical properties of the specimens were studied
at an electrochemical station (CHI660C) using a three-electrode
cell setup in an electrolyte (0.5 M H2SO4). 4 mg of
This journal is © The Royal Society of Chemistry 2019
Co0.85Se@CNWs was scattered in a mixed solvent of 750 mL of
DIW and 250 mL of ethyl alcohol, and this was then sonicated for
about 10 minutes to obtain a well-proportioned suspension.
Subsequently, 50 mL of a Naon D-520 dispersion (Alfa Aesar)
was put in the solution and was sonicated for at least 30 min.
Next, 10 mL of the above dispersion was dripped onto a glassy
carbon electrode (GCE) (3 mm in diameter of a micropipette) to
obtain the disparate working electrode (the catalyst loading was
0.283 mg cm2). A saturated calomel electrode (SCE) was used as
the reference electrode, and the counter electrode was a carbon
electrode. In this work, the reference electrode was coordinated
to the reversible hydrogen electrode (RHE), where ERHE ¼ ESCE +
0.254 V. The linear sweep voltammetry (LSV) curves of the
working electrode were measured at a scan rate of 5 mV s�1. The
electrochemical impedance spectra (EIS) were acquired at 0.2 V
(vs. RHE) on the frequency scale of 0.1 Hz to 100 kHz, with an AC
voltage of 5 mV. To study the stability of the Co0.85Se@CNWs, it
was studied with cyclic voltammetry (CV) with a scan rate of
100 mV s�1 from �0.346 V to 0.254 V (vs. RHE) for 1500 cycles
and a time dependent current density (i–t) curve. In addition,
the onset potential was identied using a current density of 1
mA cm�2.

3. Results and discussion

First, a cobalt–nitrilotriacetic acid (NTA) nanowire precursor
has been obtained by a solvothermal method (Fig. S1†). In the
solvothermal process, the divalent metal ion Co2+ is anchored to
carboxyl groups in the simplest unit of a chemical substance
within NTA to take the preliminary shape of a one-dimensional
long-chain cobalt–NTA coordination complex. The single poly-
mer chain could self-assemble into nanowires and highly
consistent nanostructures. Secondly, during the annealing
process at 650 �C (Fig. S2†), the NTA is pyrolyzed into the low-
density carbon nanowires, while the cobalt ions are reduced
to metallic nanoparticles that are implanted into the carbon
nanowires, thus the Co@CNWs have been obtained. In the
subsequent selenization process (Fig. S2†), the Co nanoparticles
that are embedded in the carbon nanowires react with Se and
are converted to Co0.85Se nanoparticles, thus forming the
Co0.85Se@CNWs.

To analyze the crystal structures and the composition of the
prepared samples, XRD was performed. According to Fig. 1a,
the XRD spectra of the Co0.85Se@CNWs and Co0.85Se NWs have
six diffraction peaks (33.26�, 44.73�, 50.56�, 60.38�, 61.86� and
69.91�), which correspond to the (101), (102), (110), (103), (112)
and (202) planes of the standard hexagonal Co0.85Se (PDF card
no. 52–1008), respectively.45,53 To study the chemical composi-
tion of the Co0.85Se@CNWs, analysis by XPS was carried out.
The electron binding energy of Co 2p at 777.58 eV, 780.46 eV,
792.64 eV and 796.18 eV in the spectrum shown in Fig. 1b can be
ascribed to Co3+ 2p3/2, Co

2+ 2p3/2, Co
3+ 2p1/2, and Co2+ 2p1/2 of

Co0.85Se.38 The peaks at 782.86 eV and 802.12 eV can be attrib-
uted to the satellite peaks of Co3+ 2p3/2 and Co2+ 2p1/2, respec-
tively. The results indicate that Co2+ and Co3+ coexist.46,47 As
shown in Fig. 1c, the peaks at 53.7 eV and 54.54 eV match with
selenium 3d5/2 and 3d3/2 peaks, respectively, indicating the
RSC Adv., 2019, 9, 17238–17245 | 17239
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Fig. 1 (a) The XRD patterns of Co0.85Se@CNWs and Co0.85Se NWs. The high-resolution XPS spectra of (b) Co 2p, (c) Se 3d and (d) C 1 s for
Co0.85Se@CNWs.
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constitution of the chemical bonds between cobalt and sele-
nium.27 The additional peak at the binding energy of 57–62 eV
can be split into two peaks. The peak at 58.62 eV can be assigned
to SeOx, owing to the surface oxidation of Se,46,47 and the peak at
60.3 eV coincides with Co 3p.47 The XPS spectrum (Fig. 1d)
shows that the C1s core level can be divided into three different
peaks. Through analysis of the data, the dominating peak at
284.8 eV is attributed to the C–C bond. The 286.46 eV and
288.8 eV peaks identify the C–O and COOH groups, respec-
tively.44 The analysis of the XRD and XPS results conrms that
the Co0.85Se@CNWs were properly synthesized.

In order to determine the micromorphological characteristics
of the Co0.85Se@CNWs and the Co0.85Se NWs, scanning electron
microscopy (SEM) was used. Fig. 2c and d are SEM images for the
Co0.85Se@CNWs. It is clear that the Co0.85Se@CNWs have
a uniform linear structure, which is similar to the cobalt–NTA
nanowires (Fig. S3†), indicating that the nanowire structure
maintains its structure very well. However, compared with the
Co0.85Se@CNWs, the shape of the Co0.85Se NWs (Fig. 2a and b) is
very uneven and the agglomeration and fracture phenomenon is
severe. The SEM result demonstrates that the nanoparticle-
embedded-nanowire architecture of Co0.85Se@CNWs can effi-
ciently prevent the Co0.85Se nanoparticles from agglomeration
and fracture during the annealing and selenization processes.
Meanwhile, the BET specic surface area and pore size distri-
bution of the Co0.85Se@CNWs have been measured. As displayed
in Fig. S4a,† the Co0.85Se@CNWs present a large BET surface area
of 60.91 m2 g�1, indicating its porous structure. The pore-size
distribution (Fig. S4b†) further reveals that the Co0.85Se@CNWs
17240 | RSC Adv., 2019, 9, 17238–17245
possess clear macropores (6.91 nm and 6.71 nm). The porous
structure of the Co0.85Se@CNWs can facilitate the access of
electrolytes and provide sufficient pathways for electron trans-
port during the HER process.

To further understand the detailed structure of Co0.85-
Se@CNWs, the microstructure of Co0.85Se@CNWs was charac-
terized using transmission electron microscopy (TEM). Fig. 3a
shows that the Co0.85Se@CNWs exhibit a uniform linear struc-
ture that is consistent with the SEM images. Fig. 3b shows the
surface of the nanowires is rough and contains a large number
of Co0.85Se nanoparticles, which are uniformly embedded in the
carbon nanowires. The diameter of the Co0.85Se@CNWs was
measured to be 150 nm. The enlarged image in Fig. 3c further
reveals that the diameter of the Co0.85Se nanoparticles is
approximately 23 nm. From the high-resolution TEM image
(Fig. 3d), the interplanar spacings are measured to be 0.20 nm
and 0.27 nm, corresponding to the spacing values of the (102)
and (101) crystal planes of Co0.85Se, respectively, and this is
consistent with the XRD experimental data shown in Fig. 2a.31

In order to conrm the uniform distribution of Co0.85Se nano-
particles in carbon nanowires, elemental mapping was
measured by energy dispersive X-ray spectroscopy (EDX).
Fig. 3f–i show the elemental (C, N, Co, and Se) mapping of
a typical nanowire structure (Fig. 3e). The Co and Se element
mapping patterns overlap adequately with the carbon element
pattern, and this proves that the Co0.85Se nanoparticles are
evenly distributed in the carbon nanowires. In addition, the
nitrogen element in the Co0.85Se@CNWs is successfully doped
during the pyrolyzation of NTA.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM images of (a and b) Co0.85Se NWs. SEM images of (c and d) Co0.85Se@CNWs.

Fig. 3 (a, b and c) TEM and (d) HR-TEM images of Co0.85Se@CNWs. (e) EDXmapping of an exclusive Co0.85Se@CNW confirms the presence of (f)
C, (g) N, (h) Co, and (i) Se elements in the nanowires.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 17238–17245 | 17241
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A highly efficient HER catalyst requires a large cathode
current density at low potentials, as well as a high stability. In
order to study the HER performance of the Co0.85Se@CNWs and
the Co0.85Se NWS, electrochemical tests were carried out in an
acid electrolyte (0.5 M H2SO4) using a standard three-electrode
setup at room temperature. The LSV image (Fig. 4a) shows that
under identical conditions, the onset potential of the Co0.85-
Se@CNWs (138 mV vs. RHE) is distinctly lower than that of the
Co0.85Se NWs (165 mV vs. RHE). The polarization curve of the
Co0.85Se@CNWs (32.7 mA cm�2 at �250 mV vs. RHE) reveals
a much higher current density than that of the Co0.85Se NWs
(5.7 mA cm�2). It was found that the Pt/C catalyst has the best
electrochemical performance.39,40 By studying the Tafel slope, it
can be seen that the Co0.85Se@CNW (43.4 mV dec�1) catalyst
has a smaller Tafel slope. This can be compared with the
Co0.85Se NW (58 mV dec�1) catalyst, closely followed by the Pt/C
(30 mV dec�1) catalyst, as displayed in Fig. 4b. The results show
that the Co0.85Se@CNW catalyst has excellent catalytic activity,
and is much better than most previously reported Co- and Ni-
based selenide electrocatalysts (Table S1†).

Generally, there are two mechanisms involved in the hydrogen
evolution reaction.16 These two mechanisms have a uniform initial
step, in which the hydrated protons are absorbed onto the surface
of the catalyst through the Volmer reaction process: H3O

+ + e /

Hads + H2O. The next step, the Heyrovsky reaction, includes
a hydronium bond and an electron transfer from the absorbed
hydrogen atom (H3O

+ + Hads + e/H2 + H2O). Another method for
the second step is called the Tafel reaction, in which two absorbed
hydrogen atoms are recombined (Hads + Hads / H2). Based on
previous reports, the Tafel slopes of 120mVdec�1, 40mVdec�1 and
Fig. 4 Electrochemical performance of Co0.85Se@CNWs and Co0.85Se N
Pt/C catalyst recorded at a scan rate of 5 mV s�1 for HER. (b) Correspond
(c) Polarization curves of Co0.85Se@CNWs before and after 1500 CV cy
current density under a static potential of 0.2 V vs. RHE for Co0.85Se@C

17242 | RSC Adv., 2019, 9, 17238–17245
30 mV dec�1 match those for the Volmer reaction, the Heyrovsky
reaction and the Tafel reaction, respectively.43,54 The Tafel slope for
the Co0.85Se@CNWs is 43.4 mV dec�1, therefore the Volmer–Heyr-
ovsky mechanism plays a major role in this HER process.

The stability is also important for the electrocatalyst to be
considered for pragmatic application. In order to investigate
the stability of Co0.85Se@CNWs under electrocatalytic
testing, cyclic voltammetry with a scan rate of 100 mV s�1 and
a cycle number of 1500 was performed in an acid electrolyte
(0.5 M H2SO4). As shown in Fig. 4c, the polarization curve
aer 1500 CV cycles is very close to that of the initial cycle,
indicating that decay of the electrocatalyst is negligible. The
morphology of the Co0.85Se@CNWs aer the long-term HER
stability test in acidic media has been characterized by SEM.
As shown in Fig. S5,† there are almost no obvious changes in
the morphology aer the long-term HER test, conrming the
good stability of the Co0.85Se@CNWs during the long-term
electrochemical process. To further evaluate the stability of
the Co0.85Se@CNWs, its current density curve over time
(Fig. 4d) was measured. The catalytic reaction was continued
without interruption at a constant overpotential (0.2 V vs.
RHE) for 18 h in an acid electrolyte (0.5 M H2SO4). As shown
in Fig. S6,† which shows a hackle-like current curve, the
heightened vertical readings illustrate the alternating accu-
mulation and release of bubbles during the reaction.42

In order to discover the reason for the enhanced catalytic
performance of the Co0.85Se@CNWs compared to the bare
Co0.85Se NWs, the double-layer capacitance (Cdl) was tested
by a cyclic voltammetry technique to estimate a supercial
area of the electrochemical.41 At diverse scan rates of 20–
Ws. (a) Polarization curves of Co0.85Se@CNWs, Co0.85Se NWs and the
ing Tafel plots of Co0.85Se@CNWs, Co0.85Se NWs and the Pt/C catalyst.
cles at room temperature as a stability test. (d) Time dependence of
NWs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Voltammograms of (a) Co0.85Se@CNWs and (b) Co0.85Se NWs. (c) Estimated Cdl of Co0.85Se@CNWs and Co0.85Se NWs. (d) Nyquist plots
(100 kHz to 100 mHz) of Co0.85Se@CNWs and Co0.85Se NWs, performed at 0.2 V (vs. RHE).
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200 mV s�1, cyclic voltammetry was performed over the
potential range of 0.1 to 0.3 V (vs. RHE). Fig. 5a and b show
the voltammograms of the Co0.85Se@CNWs and of the
Co0.85Se NWs, respectively. From these results, half of the
difference between the positive and negative current densi-
ties (DJ ¼ Janodic � Jcathodic) at the potential of 0.2 V (vs. RHE)
can be plotted as the CV scan rate, and the curves can be t as
a linear function. It can be clearly seen from Fig. 5c that the
Cdl quantitative values of the Co0.85Se@CNWs and the
Co0.85Se NWs are 16.3 mF cm�2 and 10.4 mF cm�2, respec-
tively. The above analysis indicates that the Co0.85Se@CNW
catalyst has a sizeable active surface area and a substantial
mass of active sites compared to the Co0.85Se NW catalyst. In
addition, the electrode kinetics for the HER process was
studied using electrochemical impedance spectroscopy (EIS).
The Nyquist plots and equivalent circuit for the Co0.85-
Se@CNWs and Co0.85Se NWs is shown in Fig. 5d and S7,†
respectively. The charge transfer resistances (Rct) for the
Co0.85Se@CNWs and Co0.85Se NWs are 39 U and 508 U,
respectively. The small Rct numerical value for the Co0.85-
Se@CNW catalyst indicates that it has faster kinetic proper-
ties, compared to the Co0.85Se NW catalyst.

As described above, the rst-class HER property of
Co0.85Se@CNWs is mainly due to several major factors. First
of all, since Co0.85Se has an intrinsic semi-metal property, it
has a high conductivity, which is advantageous for increasing
the efficiency of the charge transfer. Secondly, the
outstanding HER property of the Co0.85Se@CNW catalyst is
attributed to its characteristic particle-in-nanowire architec-
ture, which can prevent Co0.85Se nanoparticles from aggre-
gation and afford abundant reactive sites, leading to high
This journal is © The Royal Society of Chemistry 2019
catalytic activity. Moreover, the carbon shell can protect
Co0.85Se from electrochemical corrosion in the electro-
catalytic reaction, thus ensuring its long-term HER
performance.
4. Conclusions

In summary, a Co0.85Se@CNW catalyst was synthesized by simple
solvothermal and subsequent selenization processes. The Co0.85-
Se@CNW catalyst has favorable performance in acidic electrolyte.
Compared with Co0.85Se NWs, the Co0.85Se@CNWs demonstrate
superior efficiency and remarkable stability in the HER reaction. It
has a small Tafel slope (43.4 mV dec�1) and a low onset potential
(138mV vs. RHE). Meanwhile, a superior cycling stability withmore
than 95% high current retention is achieved aer being tested over
1500 voltammetry cycles. The superior electrocatalytic performance
is due to its unique architecture that can afford plentiful reactive
sites and guarantee the charge transfer in the electrocatalytic reac-
tion. The Co0.85Se@CNW catalyst is expected to be a highly efficient
non-preciousmetal catalyst with remarkable performance and a low
synthetic cost.
5. Experimental section

Further experimental details and characterizations and other
relevant measurements for the electrocatalytic properties are
offered in the ESI.†
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