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Biomolecule-Assisted Synthesis and Electrochemical Hydrogen Storage of
Porous Spongelike Ni,;S, Nanostructures Grown Directly on Nickel Foils
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Abstract: Nanothread-based porous
spongelike Ni;S, nanostructures were
synthesized directly on Ni foil by using
a simple biomolecule-assisted method.
By varying the experimental parame-
ters, other novel Ni;S, nanostructures
could also be fabricated on the nickel
substrate. The electrochemical hydro-
gen-storage behavior of these novel

1.4wt% hydrogen in single-walled
nanotubes (SWNT)). A novel two-
charging-plateaux phenomenon was
observed in the synthesized porous
spongelike Ni;S, nanostructures, sug-
gesting two independent steps in the
charging process. We have demonstrat-
ed that the morphology of the synthe-
sized Ni;S, nanostructures had a no-

This is probably due to the size and
density of the pores as well as the mi-
crocosmic morphology of different
nickel sulfide nanostructures. These
novel porous NiS, nanostructures
should find wide applications in hydro-
gen storage, high-energy batteries, lu-
minescence, and catalytic fields. This
facile, environmentally benign, and so-

porous Ni;S, nanostructures was inves-  ticeable influence on their electro- lution-phase biomolecule-assisted
tigated as an example of the potential chemical hydrogen-storage capacity. method can be potentially extended to
properties of such porous materials. the preparation of other metal sulfide
The thread-based porous spongelike Keywords: biomolecules hydro- nanostructures on metal substrates,

Ni;S, could electrochemically charge
and discharge with the high capacity of
380 mAhg™! (corresponding to

gen storage

Introduction

During the past few decades, much effort has been focused
on designing novel methods to prepare metal chalcogenide
nanomaterials. These materials are significant for the under-
standing of fundamental concepts and offer potential appli-
cations in various fields.!! A variety of methods have been
developed for generating metal sulfide nanostructures.*?
The biomolecule-assisted synthesis method is a new and
promising focus in the preparation of various nanomaterials,
because of the special structure of biomolecules.”! Nanopar-
ticles and one-dimensional nanomaterials of metal sulfides
have been prepared with the assistance of macrobiomole-
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such as Cu, Fe, Sn, and Pb foils.

cules in the presence of Na,S or H,S.”! However, the pun-
gent H,S gas was often released during the preparation of
sulfides. Therefore, it deserves our special attention to ex-
plore a simple, inexpensive, efficient, and environmentally
benign biological approach for the high-throughput prepara-
tion of metal sulfide nanomaterials. Recently, Komarneni
et al. used glutathione (GSH), a large polypeptide molecule,
as both the assembling molecule and the sulfur source to
synthesize the highly ordered snowflaking structure of bis-
muth sulfide nanorods under microwave irradiation.”! In a
very recent communication, Qian and co-workers synthe-
sized antimony sulfide nanowires in the presence of cys-
teine.”! This inspired us to explore a simpler and more eco-
nomical method to prepare metal sulfides by using a small
biomolecule. Moreover, most of the synthesized metal sul-
fides were in powder form.""? However, before the possible
optical, catalytic, and electrochemical properties of these
sulfide nanomaterials, as well as their potential applications,
can be identified, their assembly into well-organized nano-
structures must be investigated.”! Recently, the oriented
growth of sulfide nanomaterials on substrates was consid-
ered as a solution to this difficult problem.”! Zhang et al. de-
veloped a hydrothermal approach to fabricate oriented
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nanostructured films of metal chalcogenides on metal foils
in the presence of powdered sulfur, aqueous hydrazine, and
the surfactant cetyltrimethylammonium (CTAB).”

Porous materials have attracted attention because of their
broad applications in catalysis, biosensors, luminescence, bi-
ofiltration, gas storage, magnetics, and heat dissipation.’®!
For example, nanoporous ZnS nanoparticles demonstrate a
very high photocatalytic activity.”) Suslick et al. also ob-
served that the micro- and macroporous form of MoS, had
higher thiophene hydrodesulfurization (HDS) activity than
that of conventional MoS, particles.'”!

Here, we concentrate mainly on the preparation of
porous nickel sulfides, because of their good catalytic activi-
ty if supported on SiC or A1,05.[" In addition, nickel sul-
fide is a well-known layered material,l'’! and, thus, may ex-
hibit excellent electrochemical properties, as seen from
other fullerene-like materials>'*! (e.g., carbon and MoS,
nanotubes). Here, we present a novel facile solution-phase
biomolecule-assisted method to synthesize Ni;S, nano-
thread-based porous spongelike structures and other novel
nanostructures on a large scale by using hydrothermal treat-
ment of Ni foil and a small biomolecule, L-cysteine
(HSCH,CH(NH,)—~COOH). The electrochemical hydrogen-
storage behaviors of these novel porous Ni;S, nanostruc-
tures were investigated as an example of the potential prop-
erties of such porous materials. The nickel sulfide’s mor-
phology exerted a marked effect on the electrochemical
properties of these nanomaterials.

Results and Discussion

Characterization of structure and morphology of nickel sul-
fide nanostructures: The X-ray diffraction (XRD) technique
was adopted to analyze the crystal structure and phase com-
position of the products. The powder XRD pattern of the
sample is shown in Figure 1, in which the sharp and weak
peaks can be indexed to the rhombohedral phase of Ni,S,
(JCPDS 85-1802). Moreover, the two strong peaks, attribut-
ed to the characteristic peaks of (111) and (200) of Ni foil,
can also be observed in this pattern, confirming that Ni;S,
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Figure 1. XRD pattern of the spongelike nickel sulfide prepared from
0.769 g Ni foil, 2 mmol L-cysteine, and 20 mL H,O at 120°C for 24 h. This
pattern indicates that the product is the rhombohedral phase of Ni,S,
with high crystallinity.
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nanostructures are developed directly on the Ni substrate.
No impurity peaks from other phases were detected, indicat-
ing the high purity of the products. X-ray photoelectron
spectroscopy (XPS) was also used to analyze the atomic
ratio of Ni to S in the samples obtained. The two strong
peaks at around 856.4 and 874.2 eV displayed in Figure 2a
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Figure 2. XPS spectra of the nanothread-based porous spongelike Ni;S,
nanostructures prepared from 0.769 g Ni foil, 2 mmol L-cysteine, and
20 mL H,O at 120°C for 24 h. a) Ni 2p; b) S 2p.

can be attributed to Ni 2p;, and Ni 2p,,, respectively. The
peak at 162.5eV in Figure 2b can be assigned to S 2p.
Taking into account the atomic sensitivity factor of S and
Ni, the atomic ratio of Ni:S is approximately 3:2, revealing
the stoichiometric composition of Ni;S,. No peaks of ele-
ments other than Ni, S, C, and O are observed in the wide
XPS spectrum (Figure S1, Supporting Information), which
further confirms the high purity of the Ni,S, product.

The morphology of the Ni;S, products prepared was also
examined by using field emission scanning electron micro-
scopy (FESEM). Figure 3 shows low-magnification SEM
images of porous nickel sulfide nanostructures on Ni foils
following the hydrothermal treatment of 0.769 g of nickel
foil and 2 mmol cysteine in distilled water at 120°C. The
low-magnification FESEM image (Figure 3a) shows the
products to be irregular porous spheres with morphologies
very similar to the MoS, netlike nanostructures prepared by
using the ultrasonic spray pyrolysis (USP) method with a
sacrificial colloidal silica template."”’ These latter products
were in powder form and were obtained at 700°C by using
USP apparatus, whereas our biomolecule-assisted approach
requires a very low temperature and the porous samples are
grown directly on nickel foil substrate. A high-magnification
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Figure 3. Typical SEM images of porous nickel sulfide nanostructures
grown on Ni foils at different magnifications. The products were pre-
pared from 0.769 g of nickel foil and 2 mmol cysteine hydrothermally
treated in Milli-Q water at 120°C.

SEM image (Figure 3b) further shows that the nickel sulfide
samples prepared are porous structures. The microstructure
of the porous Ni;S, can be seen even more clearly in the
higher-magnification SEM image shown in Figure 3c. This
demonstrates that the porous spongelike nickel sulfide
nanostructure is composed of nanothreads with a diameter
of 60-400 nm. The image in Figure 3d shows that the nano-
threads in the porous products are quite flexible. These
SEM results reveal that the porous spongelike nickel sulfide
nanostructures can be developed directly on the Ni substrate
on a large scale.

Influence of reaction temperature and mass of cysteine: The
reaction temperature and the mass of cysteine are vital fac-
tors in the synthesis and control of the morphology of the
Ni,;S, nanostructures grown directly on Ni foils. As the hy-
drothermal temperature was decreased to 90°C, compact
and uniform films were obtained directly on the substrate
(Figure 4a). A high-magnification SEM image (Figure 4b)
shows that the Ni;S, film obtained is composed of vertically
aligned nanoflake arrays. As the mixture of 0.769 g Ni foil,
3 mmol L-cysteine, and 20 mL H,O was maintained under
hydrothermal conditions at 90°C for 24 h, flakelike porous
Ni;S, nanostructures were observed (Figure 4c). In contrast
to the samples shown in Figure 3, this product was com-
posed of flakes, and the arrangement of flakes was more
compact and the pores were smaller. By decreasing the mass
of cysteine to 2 mmol and increasing the hydrothermal tem-
perature 150°C, compactly arranged Ni;S, spheres could be
developed directly on the nickel foil. As seen in Figure 4d,
the products are composed of Ni;S, microspheres deposited
on the Ni substrate, with an average diameter of 900 nm.
Note that the structure and phase composition of all three
samples obtained under different conditions proved to be
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the pure rhombohedral phase of Ni;S, established from
XRD analysis. Hence, the successful preparation of novel
porous Ni;S, nanostructures reveals that L-cysteine does not
only function as a sulfur source, but also as the shape-con-
trolling agent in the synthesis of Ni;S, nanostructures on
nickel foils. This indicates that the morphologies of the
porous nickel nanostructures are sensitive to the hydrother-
mal temperature.

The mechanism of formation of the porous Ni;S, nanostruc-
tures: If the reaction solutions were initially deaerated with
N, for 15 min without changing the other experimental con-
ditions, the nickel sulfide nanostructures could not be ob-
tained on the Ni foil surface. This suggests that O, is re-
quired for the formation of the nanostructures. Nickel ions
may be released during the reaction between the nickel foil
and O,, which is consistent with the observations of Wen
etal. of the growth of Cu(OH), nanostructures on Cu
foils.'” In the cysteine molecule, there are many functional
groups, such as —NH,, —COOH, and —SH, that have a
strong tendency to coordinate with inorganic cations and
metals. Based on observations from mass spectrometry, Bur-
ford and co-workers reported that metal ions could react
with cysteine to form complexes.['®! Therefore, it is reasona-
ble to conclude that, in our approach, the released Ni** on
the nickel foil can coordinate with cysteine to form initial
precursor complexes. In the following process, the coordina-
tion bonds between the hydrosulfide group and Ni** rupture
because of the high reaction temperature (120°C). The pro-
posed reaction procedure is shown in Scheme 1.

Figure 4. SEM images of Ni;S, nanostructures grown directly on nickel
foils by adopting the biomolecule-assisted method under different experi-
mental conditions. a,b) Flake-based Ni;S, films obtained from 0.769 g Ni
foil, 2 mmol L-cysteine, and 20 mL H,O at 90°C for 24 h. c) Flakelike
porous Ni;S, nanostructures prepared from 0.769 g Ni foil, 3 mmol L-cys-
teine, and 20 mL H,O at 90°C for 24 h. d) Compactly arranged Ni,S,
spheres obtained from 0.769 g Ni foil, 2 mmol L-cysteine, and 20 mL H,O
at 150°C for 24 h.
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Scheme 1. A possible mechanism for the formation of nickel sulfide
nanostructures on Ni foils.

To form further nanostructures of nickel sulfide on the
surface of Ni foil, the Ni ions must be constantly transferred
to the initially grown Ni;S, surface. Therefore, channels for
the transfer of nickel ions on the Ni;S, surfaces must exist.
As the sulfur source of L-cysteine was completely consumed,
these channels remained and became pores in the final
products (see Figures 3 and 4a—c). To investigate the effect
of the Ni substrate on the growth of nickel sulfide nanoma-
terials, we replaced the Ni foil with Ni and NiCl, powders,
respectively. Interestingly, only spherical samples of nickel
sulfide were obtained. The XRD measurements demon-
strate that the former product is the rhombohedral phase of
Ni;S, (not shown), whereas the latter samples, obtained by
using NiCl, as the nickel source, are the cubic phase of NiS,
(see Figure S2, Supporting Information). This suggests that
the nickel ions are released omnidirectionally from the Ni
powder and NiC1,,"! and reveals that the Ni source plays an
important role in the morphology and structure of nickel
sulfide nanomaterials. This further confirms that the release
rate of Ni** is essential for the growth of novel porous
nanostructures in our biomolecule-assisted method. The
presence of L-cysteine mole-
cules, which have a strong ten-

age capacity. Figure 5 displays the charge/discharge voltage
difference of porous spongelike nickel sulfide nanostruc-
tures as a function of capacity at a constant current density
of 30 mA g'. The charge curve (Figure 5a) reveals a voltage
plateau from 0 to 120 mAhg™'. As the electrochemical ca-
pacity increases, the potential decreases quickly to —1.5V
and remains unchanged as the charge capacity reaches
158 mAhg . A second voltage potential plateau is observed
between 158 and 360 mAhg . This indicates that two differ-
ent hydrogen-adsorption sites exist in the porous spongelike
Ni;S, nanostructures; in other words, there are two different
electrochemical steps in the charging process. It was as-
sumed that the hydrogen initially adsorbed into the pores of
nickel sulfide and then entered the interstitial sites between
layers (the layered structure of nickel sulfide). This two-pla-
teaux phenomenon was also observed in the flake-based
porous Ni;S, nanostructures electrode (Figure 5¢). However,
in compactly arranged Nis;S, spheres, only one charging pla-
teau is seen (Figure 5d), providing proof for the above-men-
tioned assumption. In fact, a similar two-step hydrogen-ad-
sorption mechanism of single-walled carbon nanotubes was
proposed by Lee et al. on the basis of density functional cal-
culations.!"”! As shown in Figure 5a, the plateau of the dis-
charging potential is observed at approximately —1.4 V and
the discharging capacity of 380 mAhg™! can be obtained,
which amounts to a hydrogen-storage capacity of 1.4 wt%
in SWNTSs.™® The value of the discharging capacity is higher
than those of MoS,, boron nitride (BN) nanotubes as well as
selenium submicrotubes.'®*1*2 This indicates that this type
of nickel sulfide nanostructure can be applied as the materi-
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Figure 5. Charge/discharge curves of the different Ni;S, nanostructures electrodes at a constant current density
of 30 mA g'. a) Nanothread-based porous spongelike nanostructures; b) flake-based Ni,;S, films; c) flakelike
porous Ni;S, nanostructures; d) compactly arranged Ni;S, spheres. The thick lines show the axis of the charg-
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al of electrochemical hydrogen storage. The high capacity
was considered to be pertinent to the enhanced electrocata-
lytic activity of the highly porous and layered structures of
the synthesized Ni;S,. The discharge capacity of the material
decreases by only 0.5% after a preliminary test of ten con-
secutive charge/discharge cycles, suggesting the good rever-
sibility of hydrogen storage. Replacement of the electrode
material by the vertically aligned nanoflakes-based film of
Ni,;S, resulted in the decrease in the discharge capacity to
218 mAhg™' (0.78 wt% hydrogen in SWNTs, Figure 5b),
which reveals that the capacity of electrochemical hydrogen
storage of the final products is sensitive to the morphology
of nickel sulfide. Although there are two voltage plateaux in
the charge curve of the vertically aligned nanoflakes film
electrode, the first potential plateau is very weak and almost
imperceptible (Figure 5b). Careful analysis of its SEM
images revealed that there are a few spaces/pores in the ver-
tically aligned nanoflakes films (Figure 4b). Therefore, the
pores are undoubtedly responsible for the first charging po-
tential plateau and play an important role in hydrogen-stor-
age capacity. For the flakelike porous Ni;S, nanostructures
electrode, the value of discharge capacity is 293 mAhg™',
whereas the discharge capacity of compactly arranged Ni,S,
spheres is only 70 mAhg ', lower than that of porous
spongelike Ni;S, nanostrucutres. This further confirms that
the morphologies exert a noticeable influence on the elec-
trochemical hydrogen-storage ability of Ni;S, on nickel foils,
and also indicates that the porous structure of the nickel sul-
fide products is a crucial factor for the high hydrogen-stor-
age ability of Ni;S, nanostrucutres. To demonstrate the influ-
ence of the morphology on the hydrogen-storage capacity of
Ni;S, nanostructures on nickel foils, the morphologies and
their corresponding discharging capacities are displayed in
Table S1 in the Supporting Information. A simple charge/
discharge mechanism of Ni;S, nanostructures is proposed in
Scheme 2. It is concluded that the size and density of pores
as well as the microcosmic morphology of different nickel
sulfide nanostructures resulted in differences in the electro-
chemical capacity of hydrogen storage.

NINi;S, + HoO 46—t

T NVHL/ NisS; + O

Scheme 2. A proposed mechanism for the electrochemical hydrogen stor-
age of Ni;S, nanostructures.

Conclusion

In summary, a novel simple L-cysteine-assisted hydrothermal
method has been developed to synthesize nanothread-based
porous spongelike nanostructures on Ni foil in a high yield
at a low temperature. By varying the experimental parame-
ters, other morphologies of Ni;S, nanostructures (including
nanoflake-based film of Ni;S, and flakelike porous Ni;S,
nanostructures and compactly arranged Ni,;S, spheres) could
also be obtained. We have demonstrated that these novel
nickel sulfide nanomaterials grown on Ni foils could electro-
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chemically charge and discharge with a maximum capacity
of 380 mAhg™' (corresponding to 1.4 wt% hydrogen in
SWNTSs). The capacity of electrochemical hydrogen storage
was susceptible to the morphology and structure of nickel
sulfide nanostructures. These novel porous Ni;S, nanostruc-
tures should find applications in the fields of hydrogen stor-
age, high-energy batteries, luminescence, and catalysis. In
addition, this facile, environmentally benign, and solution-
phase biomolecule-assisted method can be potentially ex-
tended to the preparation of other metal sulfide nanostruc-
tures on metal substrates, such as Cu, Fe, Sn, Pb foils.

Experimental Section

Synthesis of the porous Ni;S, nanostructures: In a typical procedure,
nickel foil was rinsed with acetone followed by ethanol twice. L-Cysteine
(2 mmol), fresh Milli-Q water (20 mL), and nickel foil (0.769 g, purity:
99.99 %, thickness: 0.2 mm) were placed into a 50 mL Teflon-lined auto-
clave. The autoclave was sealed, maintained at 120°C for 24 h, and then
allowed to cool to room temperature. The Ni foil was collected and
washed with absolute ethanol followed by water three times. The sample
was then dried in vacuum at 50°C for 6 h.

Characterization: The X-ray diffraction (XRD) patterns of the products
were recorded by using a Rigaku Dmax Diffraction System with a Cuy,
source (4=0.154178 nm). The scanning electron microscopy images were
taken by using a JEOL-JSM-6700F field-emitting scanning electron mi-
croscope (FESEM, 15kV). Transmission electron microscopy (TEM)
images and electron diffraction patterns were obtained with a Hitachi
800 system at 200 kV. The specimens for TEM measurements were pre-
pared by spreading a droplet of ethanol suspension onto a copper grid
that was coated with a thin layer of amorphous carbon film, and allowed
to air dry. X-ray photoelectron spectroscopy (XPS) was performed by
using an ESCALAB MK II X-ray photoelectron spectrometer with non-
monochromatized Al/Mgg, X-ray as the excitation source.

Electrochemical hydrogen storage: The electrochemical measurements
were taken by following the method reported in ref. [14a] with slight
modification. Briefly, the electrode was fabricated by welding directly the
nickel foil with the Ni;S, nanostructures on a sheet of nickel foam. The
active Ni;S, samples were estimated by using the sulfur content of L-cys-
teine on the assumption that the sulfur component of cysteine was com-
pletely transformed into Ni,S,. The calculation method is reasonable and
conservative because in our electrochemical measurements the only
sulfur source of the final products is L-cysteine (HSCH,CH-
(NH,)COOH). All the experiments were performed in a three-electrode
cell in 5M KOH at 25°C under normal atmosphere. The Ni;S, nanostruc-
tures (including the nickel foil) were used as the working electrode,
Ni(OH),/NiOOH as the counter electrode, and Hg/HgO as a reference
electrode. The Ni;S, nanostructures electrode was charged for 3 h at a
current density after a 2 s rest. All the electrochemical hydrogen-storage
experiments were carried out by using the Land battery system
(CT2001A).
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