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Three-dimensional-networked Ni-Co-Se nanosheet/nanowire arrays
on carbon cloth: A flexible electrode for efficient hydrogen evolution
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Transition metal diselenides have been considered as one of the most promising earth-abundant
electrocatalysts as alternatives to noble metal for the hydrogen evolution reaction (HER). Here,
hierarchically three-dimensional nickel cobalt diselenides (Nij;3Co/3Se,) with networked nanowires
and nanosheets characteristics have been successfully synthesized. Such morphological features may not
only provide large surface area allowing for exposure of more active sites, but also benefit deep
electrolyte penetration for electrons and electrolyte ions. The resulting binder-free flexible electrodes

ﬁ%:;vords" with large production yield exhibit superior electrochemical HER activity and excellent durability after
CoSe22 potential sweep tests for 1000 cycles. Besides their catalytic activity remain stable for electrolysis over 8 h

anion exchange reaction
hydrogen evolution reaction
electrocatalysis

at mixed overpotential. The outstanding electrocatalytic performance makes the present nickel cobalt
diselenide as a promising earth-abundant electrocatalyst for HER application.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Owing to the virtues of high energy density and zero
environmental impact of the combustion product, hydrogen is
generally considered as a promising alternative and renewable
energy source to replace fossil fuels in the future [1-4]. One of the
main methods to produce highly pure hydrogen is the electro-
chemical water splitting, in which the catalysts are usually based
on noble metals like platinum (Pt) and their alloys [5-7]. Although
Pt-group metals exhibit superior catalytic activity, the high cost
and rareness have hampered their widespread application for
hydrogen evolution reaction (HER) [8,9]. Therefore, it is still very
attractive to develop and design novel high-performance HER
catalysts based on active materials that are abundant on earth.
Recently, various new HER catalysts are reported, such as transition
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metal dichalcogenides (MX;, X=S, Se) including MoS, [10], WS,
[11], MoSe; [12], WSe; [13], metal carbides (Mo,C [14], WC [15]),
metal phosohides (Ni,P [16], Co,P [17] and MoP [18]), metal boride
(MoB [19]) and metal nitrides (TiN [20]). However, most of them
still suffer from the low intrinsic activity and relatively poor
electrochemical stability compared with Pt-based materials.

Due to the earth abundance and detailed theoretical analyses of
nickel element, a multitude of nickel-based materials have
emerged as most promising catalyst for HER [21,22]. It is worth
noting that although Ni-based materials are usually capable of
efficient HER power, they also suffer from poor stability in acidic
solutions because of corrosion issue [23]. According to previous
reports, the stability of Ni-based materials can be enhanced by
synergistically incorporating other functional materials [24]. For
example, Sun et al. reported the preparation of Ni.S,-MoS, hybrid
microspheres by one-pot hydrothermal route. The resulting
composite exhibits superior HER catalytic activity and stability
over sole MoS, and Ni,Sy [25]. As one of typical non-noble metal
chalcogenides, CoSe, has displayed a particular advantage as
electrocatalysts for hydrogen evolution, and various efforts have
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hydrothermal selenization

Fig 1. Schematic illustration of the formation mechanism of Ni;;3Co,/3Se, nanowires and nanosheets grown on carbon cloth.

been devoted to synthesis CoSe, resultant hybrid materials to
achieve excellent catalytic performance with enhanced activity
and stability [26]. For example, Yu et al. reported the preparation of
CoSe,/DETA (DETA =diethylenetriamine) which showed high
catalytic properties for both HER and OER [27,28]. Recently, Zheng
group found that the hybrid CoSe,/MoS, materials exhibited
greatly improved activity and stability than that of pure CoSe,,
mainly due to the strong synergistic effect and increased active
sites [29]. All above mentioned research inspires us that
functionalizing CoSe, with Ni species could be one possible
method to boost their catalytic behavior. Xu et al. reported the
preparation of CoSe, nanobelts decorated by Ni/NiO nanoparticles
via a simple solvothermal method and a subsequent annealing
process, which reveals enhanced electrochemical HER catalytic
performance [30]. Cui et al. successfully converted e-beam
evaporated cobalt/nickel double-layer thin-films into ternary
nickel cobalt diselenides film using the selenization reaction in
a horizontal tube furnace [31]. However, it is still highly necessary
and imperative to develop a simple and cost-effectively prepara-
tion strategy toward the fabrication of economically ternary nickel
cobalt diselenides with large production yield and expected HER
catalytic performance.

Generally, in order to further enhance electrochemical HER
performance, one of the most effective method is to fabricate and
design nanostructured electrocatalysts, which may not only
facilitate efficient diffusion of the electrolyte, but also provide
enough active sites [32]. Besides, the conductivity of the electrode
is also a key factor towards HER. Further enhanced catalytic
performance can be achieved by directly growing nanostructured
active materials on a conductive 3D substrate such as carbon cloth
(CC) to produce binder-free flexible electrodes for HER. The
resulting flexible 3D electrodes can not only provide excellent
mechanical strength and avoid the use of polymer binders,
leading to good mechanical adhesion and improved electrical

conductivity, but also effectively increase the catalyst loading and
the utilization of catalytic sites [32-34]. Therefore, fabrication of
advanced 3D electrodes and optimization of the morphological
design are crucial to improve the catalytic performance of
catalysts for HER.

In this paper, we describe a facile two-step approach to
fabricate nickel cobalt diselenide nanowires and nanosheets on
carbon cloth (Niy;3C0,/35e, nanowires/CC and Ni;3Co,/35€e, nano-
sheets/CC): a first low-temperature hydrothermal synthesis of Ni-
Co precursor nanowires and electrodeposition of Ni-Co precursor
nanosheets respectively on CC followed by hydrothermal
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Fig. 2. XRD patterns of Ni;;3C0,/35e; nanowires (a) and nanosheets (b).
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conversion into Nij;3Coy3Se; via an anion-exchange process
(detailed preparation procedure in Supporting Information). The
resulting 3D binder-free flexible HER electrodes composed of Niy,
3Coy/35e; nanowires or nanosheets show expected high HER
performance, with Tafel slop of 40.1 mVdec! and 46.3 mVdec !,
respectively, as well as excellent durability after potential sweeps
for 1000 cycles, also maintaining its catalytic activity without
distinct loss for at least 8h. Both the facile preparation and
excellent HER behavior have guaranteed the potential application
of the obtained 3D binder-free catalytic electrodes toward large-
scale hydrogen production from water.

2. Results and discussion
2.1. Structural and morphological characterization
The synthesis of Niy;3C0,/35e, nanowires and nanosheets on

CC can be divided into two steps: (1) low-temperature
hydrothermal synthesis and electrodeposition of NiCo,04

nanowires and nanosheets respectively; (2) conversion of
NiCo,04 to Nij;3C0,3Se, by the ion-exchange reaction under
hydrothermal treatment (Fig. 1). To determine the phase
structures of the products, the X-ray diffraction (XRD) measure-
ments are carried out. The XRD results (Fig. S1) of NiCo,04
nanowires and nanosheets display a number of peaks at 260=18.9°,
31.1°, 36.6°, 44.6°, 59.0° and 64.9°, respectively corresponding to
(111),(220), (311), (400), (511) and (440) facets of NiCo,04, which
perfectly match the standard PDF card JCPDS no. 20-0781 [35].
The broad diffraction peak located at around 26=26.3° corre-
sponds to the carbon cloth substrate [36]. Fig. 2 shows the XRD
patterns of Niy;3C0,/35€e; nanowires (a) and nanosheets (b) on CC
substrate. Apparently, the resulting Ni;3Co,/35e, nanowires and
nanosheets are mainly composed of NiSe, (JCPDS card no: 18-
0886) [37] and CoSe, (JCPDS card no: 09-0234) [38], presenting
several similar diffraction angles at around 26=30.4°, 33.9°, 43.2°,
56.4°, 58.8°, the location of which are extremely close. Except
above bands, the peaks positioned at 20=28.5°, 35.3°, 47.1°, 49.5°
are observed corresponding to (011), (120), (211) and (130) crystal
planes of NiSe;, as well as additional peaks at 20=37.6°, 63.4°

Fig. 3. SEM images for NiCo,04 nanowires (a, b), and Niy;3Co,/3Se, nanowires (c-f). The inset of (d) is a typical photograph of the flexible electrode.
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Fig. 4. TEM images (a-c) and EDS spectrum (d) of Ni3Co,/3Se, nanowires.

attributed to (211) and (400) facets of CoSe,, suggesting the
successful conversion of NiCo,04 to the composite of NiSe, and
CoSe,, which can be approximately labeled as Nij;3C02/35€;. To
further confirm the formation of the samples, Raman tests are
performed. In Fig. S2, both Ni;/3C0,/3Se; nanowires and nano-
sheets exhibit the characteristic peak at around 179cm™!
attributed to the phase of CoSe, [39], as well as the other one
located at 224cm™! corresponding to bending mode of NiSe,
[40,41]. Above results demonstrate that the NiSe, and CoSe; are of
co-existence to form ternary diselenides.

SEM images of pure carbon cloth substrate are shown in
Fig. S3, which is woven by carbon microfiber with clean and
smooth surface. Fig. 3(a,b) shows the NiCo,04 nanowire arrays
aligned on carbon cloth fabricated by a facile modified
hydrothermal process. It is observed that NiCo,04 nanowires
exhibit sharp tips and their length can reach approximately 4 pm.
The final products with high density and yield are distributed on
the surface of conductive substrate to form a binder-free
electrode. As illustrated by SEM images (Fig. 3(c-f)), after
hydrothermal selenization reaction, the Nij;3Co0,/35e; product
still maintains the 3D integration feature composed of well-
aligned nanowire arrays, suggesting the strong adhesion to CC
substrate, which is proposed to be beneficial to the outstanding
durability performance. Notably, the length of nanowires turns

shorten and the sharp tips disappear, and meanwhile the
diameter becomes lager. It is worth noting that according to
the higher magnification SEM images Nij;3Co,/35e, nanowires
with a diameter of approximate 150nm are characteristically
composed of flaky stacks of nanosheets, which is further
investigated by Transmission Electron Microscopy (TEM) in
Fig. 4(a, b). HRTEM image (Fig. 4c) shows that some of the
nanosheets have several folded edges that present different layers
of Niy/3C0,/3Se; sheets with interlayer spacing of average 0.64 nm.
The corresponding selected area electron diffraction (SAED) in
Fig. S4a indicates the polycrystalline nature, which is consistent
with the XRD results. As demonstrated by the EDS image of the
product (Fig. 4d), Ni, Co, and Se elements are coexistent, as well as
the Cu element originated from the copper substrate. Fig. 5(a,b)
displays the SEM images of NiCo,04 nanosheets with different
magnifications. Via the electrodepostion process, the surface of
carbon cloth is covered with plenty of ordered nanosheets. After
the ion-exchange process, Niq;3C0,/35€, nanosheets are obtained,
which is shown in Fig. 5(c-f). Each carbon fiber are still uniformly
covered by nanosheets, which are interconnected with each other
to form a wall-like structure, revealing a 3D hierarchically
networked feature with enormous empty space among the
adjacent nanosheets. From TEM images (Fig. 6(a,b)), Ni;/3C02/35e>
nanosheets are stacked randomly to form the connected
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Fig. 5. SEM images for NiCo,0,4 nanosheets (a, b), and Niy;3Co,/3Se, nanosheets (c-f). The inset of (d) is shows the flexibility of the electrode.

nanosheet structure and plenty of fold edges are also observed in
HRTEM (Fig. 6(c)). The SAED pattern of Niy;3C0/35e, nanosheets
in Fig. S4b is composed of not only bright dots but also rings.
Similarly, Ni, Co and Se elements are all observed in the EDS image
(Fig. 6d). Therefore, we can draw a conclusion that after the ion-
exchange treatment, the 3D nanowires and nanosheets structure
characteristics maintain well, but the Niy;3C02/35Se, nanowires are
composed of enormous corrugated nanosheets.

XPS measurements are performed to further investigate the
chemical bonding state and composition of the as-synthesized
Nij/3Coy/3Se, nanowires and nanosheets. All of the binding
energies obtained in the XPS analysis are corrected for specimen
charging by referencing the C 1s peak to 284.6 eV. Fig. 7a displays
a high-resolution XPS spectrum of Ni 2p, where two weak peaks
centered at 853.6 eV and 869.8 eV can be ascribed to Ni 2ps;, and
Ni 2py)2 orbits, respectively [42]. The Co 2p core level spectrum
shows two main peaks with binding energy peaks located at
7784 and 793.3eV belonging to Co 2ps3, and Co 2pqp;

respectively, suggesting the existent of Co®* in CoSe, (Fig. 7b)
[32,33]. Fig. 7c reveals two distinct binding energies of 54.8 and
55.7 eV, respectively, which are in good coincidence with the
reported data of Se 3ds, and Se 3dsj; [43]. As indicated by the
survey spectra of the obtained products in Fig. 7d, after the ion-
exchange process under hydrothermal treatment, the NiCo,04
precursors are successfully converted to ternary nickel and cobalt
diselenides.

2.2. HER activity of catalysts

Commercial Pt/C with high HER activity is chosen as a reference
point and the bare carbon cloth substrate is also examined for
comparison purpose. In order to reflect the intrinsic electrochemi-
cal HER activity, an iR correction is applied to the whole initial data
for further analysis [33]. Fig. 8a exhibits the measured polarization
curves of Nij;3C0,35e, nanowires and nanosheets, bare CC and
commercial Pt/C electrode. Clearly, the Pt/C electrode shows the
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Fig. 6. TEM images (a-c) and EDS spectrum (d) of Ni;;3Co,/3Se, nanosheets.

best HER properties with near-zero overpotential, whereas bare CC
presents poor activity of HER with negligible current flow,
suggesting that the HER activities of Nij;3C0235€, nanowires
and nanosheets 3D electrodes are all contributed to the coating
active material on CC substrate. To drive the current density of
0.01 Acm 2, the Ni; ;3C02/35Se, nanowires and nanosheets require
the overpotential of 131 mVgyg and 145 mVyyg, respectively, which
are lower than that of some previous reports listed in Table S1 in
supporting information. Besides, Tafel slope is another key
parameter to evaluate the electrochemical HER activity and a
smaller Tafel slope indicates enhanced HER rate at a moderate
increase of overpotential. The corresponding Tafel slopes of Niy,
3C0y/3Se, nanowires, nanosheets and commercial Pt/C electrode
are provided in Fig. 8b. Compared with a very small Tafel slope of
30 mVdec ! for Pt/C, the Ni, /3C02/3Se, nanowires electrode reveals
a Tafel slopes of 40.1 mVdec~!, which is slightly smaller than that of
Nij;3Co,/35e, nanosheets (46.3 deec”), as well as the data
reported in some works listed in Table S1, suggesting its great
promise for practical hydrogen generation applications. The
electrocatalytic parameters of different Ni-Co-Se samples includ-
ing exchange current density obtained by an extrapolation method
is also provided in Table S2.

Stability is another key parameter for hydrogen evolution
application. In order to evaluate the durability of the products,
stability test is conducted by continuous cyclic voltammetry with
the potential range of 200 to —400 mV (vs RHE) for 1000 cycles at
an accelerated scanning rate of 100mVs ', The polarization
curves before and after 1000 cycles are provided in Fig. 8c. More
delightfully, it is evident that the cathodic current densities of
both Ni;;3Co0,/35e, nanowires and nanosheets electrodes deliver
no distinct loss after cycling test. The morphologies of Ni;;3Coy,
3Se, nanowires and nanosheets after stability test are also
examined and provided in Fig. S5, in which the hierarchical
nanowire and nanosheet arrays feature retain well, implying the
good adhesion between active materials and carbon cloth.
Furthermore, the durability of electrocatalysts is also evaluated
by electrolysis at a fixed overpotential to drive an initial current
density of 0.025Acm™2 for 8h. Clearly, nearly no loss for the
current density of both Ni;3C0,/35e, nanowires and nanosheets is
observed in Fig. 8d, demonstrating the excepted -catalytic
durability.

In order to further understand the electrochemical properties
of the Nij;3C0,35e; nanowires and nanosheets electrodes/
solution interfaces, electrochemical impedance spectroscopy
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Fig. 7. XPS spectra of Ni;;3C0,/3Se, nanowires (blue line) and nanosheets (pink line): high resolution of Ni 2p (a), Co 2p (b), Se 3d (c) and survey spectra (d).

(EIS) tests are carried out within the frequency ranging from
100kHz to 0.1 kHz with an amplitude of 10 mV to investigate the
facile kinetics process toward hydrogen evolution. The Nyqusit
plots and data fitting to a simplified Randles circuit are supplied
in Fig. 8e. Niy;3C0,/35Se, nanowires and nanosheets electrodes
exhibit small charge-transfer resistance (Rct) of approximate
220 and 2.8(), respectively. In addition, the low series
resistance (about 2.7()) is observed for both Nij;5Co,/3Se;
nanowires and nanosheets electrodes. It is believed that the
larger accessible surface area ensured by the hierarchically 3D
networked nanowire arrays and high intrinsic conductivity by
directly growing Ni;;3C05/35€e, nanowires on carbon cloth mainly
contribute to the better electrochemical HER performance. The
excellent HER activity and durability for Ni;;3C0,/35e, nanowires
and nanosheets is mainly due to the following factors: (1) The
unique nanowire arrays and nanosheets with network structure
not only provide large surface area allowing for exposure of more
active sites, but also facilitates efficient pathways for electrolyte
and H; evolution. As shown in Fig. 8f, the particular 3D structures
provide deep electrolyte penetration for electrons and electrolyte
ions during the hydrogen evolution process. (2) The nanowire and

nanosheet arrays grow directly on conductive CC substrate to
form integrated electrode, which is regarded as beneficial to
improve the electric connection between the catalytic material
and current collector. (3) Another key advantage of the as-
prepared flexible electrodes is the good mechanical adhesion,
which can accommodate structural strains and favor an enhanced
durability. (4) The direct contact of active materials with
conductive substrate can ensure good mechanical adhesion,
avoiding the use of polymer binders that generally increase the
series resistance and blocking of active sites [23,44].

3. Conclusion

In summary, Niy;3C0,3Se, nanowires and nanosheets have
been fabricated on carbon cloth through a facile two-step approach
including the first hydrothermal preparation of corresponding
NiCo,04 nanowires and electrodeposition of NiCo,04 nanosheets,
accompanied by selenization treatment via simple hydrothermal
process. Particularly, the final Ni;;3Co,/35e; nanowires are com-
posed of enormous thin nanosheets, which interconnect with each
other to form a hierarchically three-dimensional-networked
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Fig. 8. (a) Polarization curves of Ni;3C0,/3Se, nanowires and nanosheets, along with bare CC and 20% wt Pt/C. (b) Tafel plots for Ni; 5Co,/3Se, nanowires, nanosheets and 20%
wt Pt/C. (c) Stability tests of Ni;;3C0,/35e, nanowires and nanosheets catalyst through potential cycling, in which the polarization curves before and after 1000 potential cycles
are displayed. (d) Time dependent current density curves for Niy;3C0,/3Se; nanowires and nanosheets at fixed overpotential in 0.5 M H,SO,. () Nyqusit plots for the HER of

Niy3C0/3Se, nanowires and nanosheets (Inset is the simplified Randles equivalent circuit). (f) Schematic illustration for the HER process of Nij;3Co,/35e; nanowires and
nanosheets.
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structure. Such 3D flexible electrodes anchored by nickel cobalt
ternary diselenides can be directly used as binder-free electrode
for electrochemical hydrogen evolution reaction. The final
products show high electrochemical HER activity, excellent
durability after potential sweep tests for 1000 cycles and catalytic
stability for electrolysis over 8 h. The Ni;;3C023Se, nanowires and
nanosheets electrodes have been proved be advanced catalyst for
the HER application.
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