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Abstract: Inorganic nanowire arrays hold great promise for
next-generation energy storage and conversion devices. Under-
standing the growth mechanism of nanowire arrays is of
considerable interest for expanding the range of applications.
Herein, we report the solution-liquid-solid (SLS) synthesis of
hexagonal nickel selenide nanowires by using a nonmetal
molecular crystal (selenium) as catalyst, which successfully
brings SLS into the realm of conventional low-temperature
solution synthesis. As a proof-of-concept application, the NiSe
nanowire array was used as a catalyst for electrochemical water
oxidation. This approach offers a new possibility to design
arrays of inorganic nanowires.

One-dimensional inorganic nanowires have attracted tre-
mendous interest as a result of their unique physical and
chemical properties arising from the quantum confinement
effect, and show promising applications in catalysis and
electronics, as well as for energy storage and conversion.[1–4] In
particular, inorganic nanowire arrays are highly desirable for
energy storage and conversion devices because they can
provide enough open space to ensure the efficient use of
active materials.[5, 6] Nanowire arrays could also facilitate the
penetration of the electrolyte and reduce the ionic diffusion
path.[7] For example, arrays of metal oxide nanowires have
been shown to exhibit extremely high electrocatalytic activity
in the oxidation of water.[8] Conducting arrays of polymer
nanowires have proven to be an ideal electrode material for
high-performance supercapacitors.[9] However, as the growth
mechanism of most of the nanowire arrays is still unclear,
their further applications in diverse fields are limited.

Vapor-liquid-solid (VLS) and solution-liquid-solid (SLS)
methods have been widely used to synthesis inorganic nano-
wires.[10–12] In a typical VLS growth process, the vapor-phase
precursor reacts in a liquid droplet of the catalyst, before the
solid product crystallizes and is finally deposited to grow
nanowires.[13] Analogous to the VLS process, SLS also needs
catalyst droplets to catalyze the growth of nanowires, but it is

a low-temperature route (< 300 88C) and cost-effective, which
opens up a new possibility to control the growth of nanowires
in solution.[14, 15] In SLS processes, low-melting-point metals,
such as In, Sn, or Bi, are usually applied as liquid catalysts to
grow nanowires, the shape and size of which influence the
diameter of the grown nanowires.[16–18] However, after the
SLS growth process, etching treatment is required to remove
the metal catalysts so that pure nanowires can be obtained.
The introduction and removal of metal catalysts make the
synthesis of nanowires cumbersome.

Compared with metals such as In, Sn, and Bi, molecular
crystals of nonmetals, including S, Se, and I2, usually have
weaker interaction forces between molecules, thereby result-
ing in lower melting points. The use of a nonmetallic
molecular crystal as a catalyst for SLS growth would offer
more advantages: the lowering of the melting point could
enable SLS nanowires to grow in a wide variety of solutions,
and it is more convenient to remove the capping catalyst after
the SLS process. Moreover, a nonmetal molecular crystal is
cheaper than a metal-based catalyst. In this regard, we
wondered whether a nonmetal molecular catalyst could assist
the growth of nanowires. To the best of our knowledge,
however, most of studies consider a metal-assisted SLS
mechanism. Herein, we report that an array of hexagonal
nickel selenide nanowires can be synthesized by SLS using
a nonmetal molecular crystal as a catalyst, and thus bring SLS
into the realm of conventional low-temperature solution
synthesis. In our case, a Se crystal in solution serves as both
the growth catalyst and Se source for the growth of NiSe
nanowires. As a proof-of-concept application, the array of
NiSe nanowires was used as an efficient electrocatalyst for the
oxygen evolution reaction (OER). This study not only
provides a new approach for designing inorganic nanowire
arrays, but also provides insight into the SLS synthesis of
inorganic nanowires by using a nonmetal catalyst.

In our case, the array of NiSe nanowires grown on a Ni
foam was achieved by a conventional low-temperature syn-
thesis method in solution, whereby a bare Ni foam was treated
with Se powder in a solution of NaBH4. X-ray diffraction
(XRD) was first performed to study the phase and purity of
the obtained sample. As shown in Figure 1a, the XRD pattern
could be well indexed to pure hexagonal NiSe (JCPDS Card
No. 02-0892; space group: P63/mmc ; a = b = 3.66 è; c =

5.33 è), thus suggesting that the obtained NiSe nanowires
were of high purity. The two strong peaks at 44.588 and 5288
arise from the Ni foam substrate (Figure S3). Scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) studies were conducted to unravel the
morphology of the NiSe samples. The SEM images of the
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samples demonstrated the structure of the nanowire arrays
(Figure 1b and Figure S4). The TEM image presented in
Figure 1c (inset) also reveals that the obtained samples were
nanowires. Furthermore, high-resolution transmission elec-
tron microscopy (HRTEM) and energy-dispersive X-ray
(EDX) studies were carried
out to investigate the micro-
scopic structure and ele-
mental compositions of the
obtained nanowires. The
HRTEM image of an NiSe
nanowire exhibited a distinct
lattice fringe of 0.273 nm,
which agreed well with the
(101) lattice plane of hexag-
onal NiSe (Figure 1c). The
EDX results further con-
firmed that only Se and Ni
elements exist in the NiSe
nanowires (see Figure S5),
which also proves that our
obtained NiSe nanowires
are of high quality.
HAADF-STEM studies
and the corresponding ele-
mental mappings were also
carried out to examine the
elemental distribution in the
nanowires (Figure 1d).
Both Ni and Se were found
to be homogeneously dis-
tributed within the NiSe
nanowires. The above
results clearly demonstrated
that hexagonal NiSe nano-
wires were successfully
grown on the Ni foam.

Time-dependent morphology experiments were carried
out by SEM to understand the formation mechanism of the
NiSe nanowires. The original Ni foam substrate has a clean
surface (Figure S2), thus offering the opportunity to grow
nanowires on its surface. In an initial stage, some droplets
were formed and randomly deposited on the Ni foam
substrate (Figure 2 a). As the reaction proceeded, nanowires
started to form between the Ni foam substrate and the Se
droplets (Figure 2b,c). At the end of the reaction, the Ni foam
surface was covered with a dense array of long nanowires.
Tiny droplets (particle) were still readily observed at the tips
of most nanowires, thus suggesting that the mechanism of
nanowire growth follows the SLS approach (Figure 2d). The
TEM images show that as-formed spherical particles were
located at the tips of the nanowires during the SLS reaction
(Figure 2 f,g). It is noteworthy that the tiny particles disappear
after heat treatment and a red substance, which may be
selenium, appears on the quartz tube. To verify whether the
droplet is selenium, HAADF-STEM and corresponding
elemental mappings were utilized. Elemental mapping of an
NiSe nanowire with a tiny particle at its tip (Figure 2h)
reveals that the tip was rich in Se, thus giving evidence that the
particles were selenium. Thus, the growth mechanism of the
array of NiSe nanowires was established as following a SLS
growth mechanism with a nonmetal Se catalyst.

As a proof-of-concept application, the NiSe nanowires/Ni
foam were directly used as an electrocatalyst for the OER.

Figure 1. a) XRD pattern of NiSe nanowires grown on an Ni foam.
b) SEM image of the NiSe nanowire array. c) HRTEM image of an
NiSe nanowire; inset: TEM image. d) HAADF-STEM image and
corresponding elemental mappings of the NiSe nanowire.

Figure 2. SEM image of the intermediate products at different reactions stages: a) 0.5 h, b) 1 h, c) 2 h, d) 3 h.
e) Schematic illustration of the growth of NiSe nanowires by using a nonmetallic molecular crystal (Se) as
catalyst. f,g) TEM images of the intermediate products. h) HAADF-STEM image of the intermediate product
and corresponding elemental mapping.
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Previous studies have demonstrated that Ni-based com-
pounds are good candidates for OER catalysts because of
their unique number of 3d electrons and special eg orbi-
tals.[19–21] Since a nanowire array grown directly on a con-
ductive substrate could result in faster penetration of the
electrolyte and diffusion of ionic species, it could also be
expected that the NiSe nanowires/Ni foam would show
a reasonable electrochemical performance for the electro-
catalytic oxidation of water. To evaluate the electrocatalytic
performance of the NiSe nanowires/Ni foam for the OER, the
electrochemical measurements were carried out in an O2-
saturated alkaline solution of 1m KOH. About 20 cycles were
needed to activate the electrode before recording the cyclic
voltammetry (CV) polarization curves of the NiSe/Ni foam.
As a comparison, bare Ni foam and commercial Pt/C
deposited on an Ni foam were also tested under the same
conditions. Their CV curves were normalized by the geo-
metric area of the Ni foam (Figure 3 a). The broad redox

peaks located at 1.45 V versus the reversible hydrogen
electrode (RHE) arise from the Ni2+/Ni3+ couple. Apparently,
the NiSe nanowire/Ni foam takes on a much earlier onset
potential and also presents a higher current density under
a certain applied voltage, compared with the bare Ni foam
and commercial Pt/C. For example, at an overpotential of
0.4 V, the OER current density of the NiSe nanowire/Ni foam
was 35 mAcm¢2, approximately 5- and 3.6-fold higher than
that of the Ni foam and commercial Pt/C, respectively.
Furthermore, we determined the Tafel slopes for the NiSe
nanowire/Ni foam and Pt/C (Figure 3b). The Tafel slope of
the NiSe nanowire/Ni foam is 54 mV dec¢1, smaller than that
of Pt/C (75 mV dec¢1), which suggests that the OER rate for
the NiSe nanowire/Ni foam is more rapid. It is well known

that stability is a key parameter to evaluate electrocatalysts.
Chronopotentiometry was performed to evaluate the stability
of the NiSe nanowire/Ni foam in the OER. As shown in
Figure 3c, the current density of the OER shows no
significant degradation during 15 h of continuous operation,
which suggests that the NiSe nanowire/Ni foam has excellent
stability for the electrochemical oxidation of water. Thus, the
NiSe nanowire/Ni foam with its high catalytic activity as well
as excellent stability would be a strong candidate for future
electrochemical oxidation reactions of water.

To gain insight into the electrocatalytic mechanism of the
NiSe nanowires, we performed “post-morten” X-ray photo-
electron spectroscopy (XPS) and XRD analyses of the NiSe
nanowires/Ni foam after prolonged electrochemical tests. In
Figure 4a, the two peaks located at 855.4 eVand 873.2 eV can

be ascribed to Ni 2P3/2 and Ni 2P1/2, respectively. The peaks at
860.9 eV and 880.3 eV can be assigned to Ni satellite peaks of
NiO, thus indicating the existence of surface oxidation on the
NiSe nanowires.[22] Other peaks at 852.9 eV and 870.4 eV can
be attributed to metallic Ni 2p originating from the Ni foam
substrate.[23] Notably, the satellite peaks of NiO become
relatively stronger after 1000 OER cycles, which demon-
strates that the surface oxides become thicker. However, the
nickel oxides/hydrated nickel oxides still couldnÏt be detected
by XRD (Figure 4b), thereby indicating the major phase was
always NiSe nanowires during the OER process. On the basis
of the above analysis, it is reasonable to believe that NiSe
nanowire cores inside with a very thin nickel oxide/hydroxide
shell are the actual active sites during the OER process.

Figure 3. a) Cyclic voltammetry curves of the NiSe nanowires/Ni foam,
Pt/C, and blank Ni foam (not iR-corrected). b) Tafel plots of the NiSe
nanowires/Ni foam and Pt/C. Note: to avoid the interference of the
oxidation peak in the NiSe nanowires/Ni foam, we used the cathodic
sweep as the OER current for the Tafel plots of the NiSe nanowires/Ni
foam. c) Chronopotentiometry of NiSe nanowires/Ni foam at an over-
potential of 0.35 V. NF =Ni foam.

Figure 4. a) XPS spectrum of the initial NiSe nanowires/Ni foam and
after 1000 OER cycles. b) XRD pattern of the NiSe nanowires/Ni foam
after 1000 OER cycles.
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In summary, we have demonstrated that NiSe nanowire
arrays can be synthesized by a SLS approach by using
a nonmetal molecular crystal (selenium) as a catalyst. This
synthesis brings SLS into the realm of conventional low-
temperature solution synthesis. Studies of the time-dependent
evolution of the morphology and elemental mapping have
shown that selenium acts as the SLS catalyst. Intriguingly, the
obtained array of NiSe nanowires was used as an electro-
catalyst for the water oxidation, and exhibited a high activity
and excellent stability. This study not only opens up a new
approach to synthesize inorganic nanowire arrays, but also
broadens our horizons to the SLS synthesis of inorganic
nanowires with a nonmetal catalyst.
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