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Foamlike nickel hierarchical structures of ultrathin
nanosheets supported on thin wires composed of
nanoparticles are prepared by a facile one-pot synthesis via
controlled nucleation and growth process. By further
sulfidation, the sulfide derivative of loose porous fibrous
structure shows a high electrochemical capacity for potential
pseudocapacitor application.

Nanomaterials have received considerable attention and have
shown significant advantages in the cutting-edge applications
including catalysis and energy conversion and storage, due to
their enhanced surface area and specific activity.'! Some two-
dimensional (2D) nanosheet-like structures, such as graphene-
based nanoassemblies, metal oxide or silicate lamellae, have been
reported as new kinds of higher-specific-energy materials.”!
These exotic 2D systems, which possess nanoscale dimensions
only in thickness and have infinite length in the plane, are
emerging as important new materials and recently intensively
researched due to their unique properties.”) However, the 2D
nanostructures, especially the ultrathin lamellae of transition or
noble metals, have not yet been extensively exploited. There is
limited literature available which shows that only a few kinds of
elements have been successfully developed.”" *! Metallic 2D
materials are rare and often difficult for direct fabrication by a
wet chemical route, partly due to their higher surface energy.
Though the high-temperature thermochemical reduction method
was able to grow some metallic nanoplates or platelets,"** a kind
of relatively low-temperature solvent route is still challenging.
For the energy storage, batteries and capacitors are two
commonly used, effective electrochemical devices. Compared to
batteries, the supercapacitor including pseudocapacitor (i.e. redox
supercapacitor) would offer a much higher power density and
longer cycle life, making it a bright development perspective for
e.g. electric vehicles (EVs) and heavy-duty applications for rapid
and efficient delivery of electrical energy. The high power
density of pseudocapacitor is primarily based on the high surface
area and the rapid diffusion due to shortened path for the highly
reversible Faradaic surface (redox) reactions.®® Effects to
develop more practical pseudocapacitive materials are now quite
active.’ At present the researches mostly focus on some
promising active materials of, e.g., transition metal oxides;"**"
although some materials such as nickel hydroxide (Ni(OH),) or

%0
a5

A

3

ruthenium dioxide (RuO,) may possess higher capacitance or
power density, yet they still find themselves limited in
commercial applications due to relatively poor stability or high
cost.!) In recent years, the performances of metal hydroxides
have been improved by a delicate hybridization with nanocarbon
frameworks.[”? Some researches on transition metal sulfides were
also carried out and received high appraisals due to a comparable
capacitance to that of hydroxides.® In spite of not yet being so
clear in the difference/relevance of the behaviors of sulfides in
alkaline electrolytes with that of oxides or hydroxides, this kind
of materials have show relatively higher stability than many
hydroxides."!

Taking transition metal nickel as a example, which can be
fabricated into various nanostructures and morphologies by
exquisite design and techniques,'”’ however, 2D nanosheets or
nano-patches are still of rare breeds.!"") As a continuation of our
previous work,!'®) we here reveal a route for the one-pot
preparation of a novel surface topography of ultrathin layer
structure, i.e. Ni nanosheets radiating from the homogenous Ni
spine, by further regulation of the nucleation and growth process
(Scheme 1), since it is well known that an important requirement
in the fabrication of advanced inorganic materials and even some
polymer materials is control over crystallization (i.e. crystal
nucleation and growth), as well as Ostwald ripening or Kirkendall
effect.!'>"! The scanning electron microscopy (SEM, Figure 1)
indicates that Ni nanoscale layers patch into thin wires, which
further assembly into an intertwined structure and form a loose
sponge-like morphology. The radiated nanosheets show a mean
thickness of ~15 nm, which is comparable to that of previously
reported value of ca. 10 nm of triangular and hexagonal single
crystalline nanosheets,!'' ensuring more surface active sites
exposed to the external environment. The X-ray diffraction (XRD)
analysis confirms the face-centered cubic (fcc) phase structure of
the as-synthesized samples with three typical characteristic peaks
indexed as (111), (200), and (220) planes via reference to the
Joint Commission on Powder Diffraction Standards database
(JCPDS card no. 04-0850).I"%! Through the transmission electron
microscopy (TEM) it can be further found that the radiately
grown nanosheets are actually composed of a geometrical axis (or
spine) of chainlike polycrystalline thin wires, which may be
nicknamed as ‘Ni nanosheets intergrowth on homogeneous
necklace-like backbones’ or ‘angry mini-snakes’, and the
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ultrathin metal Ni layer exhibits a very low contrast ratio to the
visible amorphous carbon film on the TEM grid (Figure 2). With
an altered nucleation process, the polyhedral crystals of the
backbone of Ni thin wires were imperfectly developed, and left a
graphene-like  wrinkled  lamellar or  honeycomb-like
microstructure (Figure S1 in ESI{), probably due to the
competing reaction pathways for nanosheets and nanoparticles.

And this kind of metal nickel nanosheets undergoes a
morphology and composition evolution via an air annealing. For
instance, it may emerge with a minor NiO phase but with almost
no morphology alteration; with higher annealing temperature, the
metal Ni nanosheets become pierced by Kirkendall effect,!'>"
where the interface diffusion rate of oxygen and nickel atoms
differ; at an even higher temperature, the nanosheets degrade
dramatically into crystal whiskers and the backbone is
simultaneously partially hollowed out and ends up with a pure
NiO crystalline phase, proved by the related XRD spectra
(Figure 3, and Figure S2 in ESI{). The conversion of such
nanosheets by Kirkendall effect is somewhat distinguished from
that of nanoparticles, i.e., resulting in a porous nanosheet-like
structure rather than a hollow nanostructure.'**¥! The controllable
oxidation may have conferred the pristine metal nanofoams with
other properties or applications,'"* such as catalysis for easier
magnetic separation and recycling.

The novel hierarchically structured metal foam with more
exposed surface, recently reported with another advantage for
surface metallic layer", may provide a solid foundation for its
superior performances and further applications.'"” We here test

the electrochemical properties as one of the potential applications.

An exquisite design and preparation of the nickel sulfide is
derived from the above-mentioned nickel nanofoam. The general
sulfidation process of inorganic materials uses sulfide precursors
or hydrogen sulfide (H,S) gas,** ' however, the former will
mainly be applicable in the initial stage of the product formation,
and the latter is prone to a biological damage or environmental
pollution. Here we have successfully tried an alternative solution
by a high-pressure sulfur vapor to react with the as-prepared
metal Ni nanosponge.["® The reaction takes place in a steel kettle
sealed with Al-foil under 200400 °C, and the sulfidation process
can be accomplished in a short time such as 2 h with a recyclable
deposited sulfur inside. The as-prepared black sponge at 300 °C
for 2 h is determined to be nickel disulfide (NiS,) by energy
dispersive X-ray spectrum (EDS) and XRD analysis, and the
crystal lattice is well consistent with the standard spectrum
(JCPDS file no. 89-3058, 11-0099; see Figure 4), where the
sharp peaks reveal a fine crystal structure and a cubic phase.!'”
The macromorphology of the Ni nanosponge is well retained in
the reaction process with sulfur vapor except for an increase in
weight. From SEM observation it can be found that the Ni
nanosheets on the thin-wire spine after sulfidation transformed
into a polycrystalline layer of assembled polyhedral subsystems
of NiS,, along with some morphological degradation. The surface
of the spine also appears some polyhedral polycrystalline
structure, while the interior of the spine presents a porous
structure (Figure 5), which can be mainly attributed to the above-
mentioned Kirkendall effect as well. In the time-dependent
sulfidation of Ni-nanofoam, sulfur vapor reacts readily with
nickel nanocrystals at the boundaries, the predominant outward
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diffusion of nickel through the sulfide shell, in addition to the

e inward transport of sulfur, results in supersaturation of vacancies,

and leads to the formation of hollow or porous NiS;
nanostructures.!** TEM observation validates the inward loose
structure of the sulfide wires, and the selected area electron
diffraction (SAED) verifies their polycrystal structure (elemental
analysis by energy dispersive X-ray spectrum, EDS, see Figure
S3 in ESIf). With the increase of sulfidation temperature e.g. up
to 400 °C, a more obvious degradation of the thin layer structure
emerges, and the whole thin wire eventually evolved into a
polycrystalline, polyhedral assembled structure without
nanosheets on the surface. Furthermore, the as-prepared NiS, can
also be developed into different sulfides, oxides, or chalcogenides
by controlling the pyrolysis environment and temperature (Figure
S4 in ESIt).1'®!

The as-prepared sponge-like NiS, materials are composed of
loose thin wires with nanocrystalline substructure, and hence
would offer larger exposed surface and enhanced surface activity.
As for the electrochemical activity in pseudocapacitor, the
measurements are performed in a 2 M potassium hydroxide
aqueous solution. NiS, active materials are loaded on a piece of
commercial nickel foam (as current collector), which serves as
working electrode, with platinum plate as counter electrode, and
calomel electrode as reference. Cyclic voltammetry (CV)
scanning shows that the oxidation/reduction peaks are at ca. 0.32
V and 0.16 V (with scanning rate of 1 mV s "), respectively; with
an increasing rate of scanning, redox peaks move towards both
ends separately (Figure 6 a).

In a constant current charge/discharge mode, as shown in
Figure 6 b and Figure S5, it reveals an oxidation plateau at ~0.3 V,
and reduction plateau ~0.2 V (with saturated calomel electrode,
SCE, as reference), which is based on the valence conversion of
Ni element during the redox reaction, with a probable formula as
follows,

NiS, + OH < NiS,OH + ¢~ 1)
however there are also some reports arguing that the sulfides will
eventually be transformed into hydroxides,"'” which shows the
complexity of reaction mechanism for sulfides as active electrode
materials of pseudocapacitors. The peak area of oxidation and
reduction shows a basic symmetry plus a sharp decline feature in
each electrochemical discharge cycle beyond the reduction
plateau, i.e. lower than 0.2 V. The calculation of the discharge
capacity via the constant current mode, shows that the values of
1788, 1685, 1545, 1223, and 750 F gfl, can be obtained at various
current densities of 0.3, 1, 3, 10, and 30 A gfl, respectively
(Figure 6 c), according to an equation for specific capacitance as
follows,

C,=1x At/ (AV * m) ?2)
where C,, (F g ") indicates the specific capacitance, I (A) and At
(s) are the discharge current and time, respectively, AV (V) is the
potential change during discharge, and m (g) is the mass of active
material in the electrode.

Figure 6 d shows the cycling performance of the as-prepared
electrode materials. A range of specific capacity from ca. 1400 to
1000 F g™! can be delivered with a retention ratio of 78% after
1000 cycles, indicating its high capacitance and the cycling

15 stability needs improvement via better adhesion to the current

collector. The obtained capacity is even higher than that of the
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general transition metal oxides, which can be probably attributed
to its specific structure with higher exposed surface area and
affinity for electrolyte solution, i.e. the hierarchical porous
structure facilitates the electrolyte penetration and shortens the
diffusion path of OH % But the sulfides themselves may also
gradually react with the aqueous alkaline solution by extension of
time, which could lead to a reduction in adhesion to the current
collector, electric conduction and capacity thereof. And a
conductive carbon coating or composite may contribute to the
further improvement of the performances.!")

In summary, here we have first exploited a novel one-pot
approach for the large-scale, wet-chemical synthesis of
hierarchical sponge-like metal nickel nanomaterials comprised of
nanosheets-decorated  thin Furthermore, by an
environment-friendly sulfur vapor post-treatment, the nickel
sulfide derivatives can be obtained. The highly porous sulfide
thin-wire material shows an extremely high capacitance and
relatively good cycle performance, indicating its potential
application in pseudocapacitors. This study may provide
beneficial reference for the fabrication of other transition metal
sulfides as supercapacitor electrode materials.

wires.

Experimental Section

For a typical synthesis of Ni foam of nanosheets-wrapped thin
wires, into a 500-mL single-necked flask was added a nickel
acetate/glycerol solution with mass ratio of 5 g vs. 250 g
(Ni(Ac),'4H,0, Aldrich; glycerol: Alfa Aesar) and followed by
controlled refluxing at a tailor-made heating jacket of ca. 380 °C
for ca. 40 min in atmospheric pressure with no magnetic stirring,
the crystalline growth procedure was controlled at around 10 min
or over, i.e. the period from initially turning black to the
flocculent mass formation, by a controlled heat absorption power.
A black and magnetic sponge would float on the liquid surface, it
was then collected after cooling to room temperature, rinsed by
deionized water with the assistance of a magnet, and dried at 60
°C overnight for further use. The sulfidation of as-synthesized Ni
sponge was performed, by a high-pressure vapor-phase
infusion/reaction method, in a self-made Al-foil-sealed steel
autoclave with separately placed built-in container at 200400 °C
for 2—6 h (For further details see Figure S6 in ESI¥).

The morphology and internal structure of materials were
characterized by the field emission scanning electron microscopy
(FESEM, JEOL JSM-6700F, 5 kV) and transmission electron
microscopy (TEM, JEOL JEM-2010, 200 kV). Powder X-ray
diffraction (XRD, Bruker D2 PHASER; Cu Ko radiation, A =
1.5406 A) was used to identify the crystalline structure and
composition of the materials. Energy dispersive X-ray
spectroscopy (EDS) was performed on SEM-X-ray
microanalysis spectrometer (JEOL JED-2300) at an accelerating
voltage of 15 kV. Thermogravimetric analysis (TGA,
PerkinElmer Diamond TG/DTA) was carried out under a Ny/air
flow of 200 mL min ' with a temperature ramp of 20 °C min .
The slurry was prepared by mixing 80 wt% of the nickel

a

sulfide, 10 wt% of Super P carbon black (Alfa Aesar) and 10 wt%

of PVDF in NMP solution (Aldrich) as binder, and then coated on
a commercial Ni-foam with active material content of ca. 3 mg
cm 2. Cyclic voltammetry (CV) studies were performed on a CHI
660 electrochemical workstation (CH Instruments).
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Hierarchical nickel of exposed ultrathin nanosheets on thin-wire backbones is controllably synthesized and
NiS2 derivative shows high capacity for pseudocapacitors.
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