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ABSTRACT: Self-supported Ni;S, ultrathin nanosheets were in situ formed by [ —

direct sulfurization of commercially available nickel foam using thioacetamide as Hydrothermal \f:r

sulfur source under hydrothermal process. The morphology and structure of the as- m
Ni foam b

obtained sample were analyzed by using XRD, XPS, SEM, and TEM, revealing that
an ultrathin nanosheets Ni;S, were grown on the surface of Ni form. The as-obtained
Ni;S,/Ni composite with uniform architecture was used as cathode material for
alkaline Ni/Zn battery, which delivered high capacity of 125 mAh g™ after 100
cycles with no obvious capacity fading, extraordinary rate capability (68 mAh g~' at
the current density of 5.0 A g™'), and high operating voltage (1.75 V).

Zn Ni,S,/Ni
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Riclently, energetic multivalent ion (such as Zn>*, Mg*,
3+) batteries are receiving growing attention as
alternatives to dominant lithium-ion batteries for energy
conversion and storage because of the limited resource of
Li.' = Among them, Zn-based batteries have several advantages
including high energy density, low cost, nontoxicity, and so on.
Especially, the aqueous electrolyte can be used, which greatly
reduces the cost and ensures the safety of the batteries. These
advantages make them have great competitive power in large
scale application as energy storage devices. The rechargeable
alkaline Ni/Zn batteries present high operating voltage and
capacity on the basis of the reversible electrochemical reaction
between active material and OH™ on cathode.*””

B-Ni(OH), are commonly used as cathode active material for
conventional alkaline Ni/Zn batteries.*” However, the practical
application of the material is limited by the short cycling life
and low energy density (ca. 70 Wh kg™!).*'" Recently, other
Ni-based compounds (such as a-Ni(OH),,'" NiAlCo-layered
double hydroxide® and NiO”) have been utilized as cathode
materials aimed to improve the capacity and stability of the
battery. However, poor rate property remain the main
drawback because of the poor electronic conductivity and
sluggish mass transfer of those materials. Therefore, novel
materials and structures need to be designed to achieve the
excellent kinetic property of the electrode.

Transition metal sulfides (TMSs) (such as Ni,S,, NiCo,S,,
Ni,Co;_,S,, etc.)”~"* have attracted considerable attention and
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are extensively applied as electrode materials in Li/Na-ion
batteries and supercapacitors because of their high capacity,
catalytic activity, and highly reversible electrochemical process.
More importantly, TMSs exhibit higher electronic conductivity
than those of the oxide counterpart, which allows fast charge
transfer during the Faradaic redox reactions. Especially, Ni;S,
delivers a high electronic conductivity of 5.5 X 10* S cm™ at
the ambient temperature,''® being considered as an effective
metallic conductor, which makes them become a promising
candidate of electrode materials for fast charge transfer.
Nevertheless, to the best of our knowledge, there was no
attempt to utilize TMS as cathode for alkaline Zn/Ni
rechargeable batteries. In alkaline solution, Ni;S, exhibits high
reversible electrochemical properties derived from the rever-
sible redox of Ni(II) < Ni(III) with fast Faradaic reaction
between TMS and OH™.

On the basis of the promising electrochemical response of
Ni;S, in alkaline electrolyte, in the present work, self-supported
Ni;S, nanosheets without any binders and additives were
investigated as cathode for alkaline Zn/Ni batteries. As shown
in Scheme 1, the Ni;S, nanosheets were in situ grown on Ni
foam substrate using thioacetamide (TAA) as sulfur source
under hydrothermal process. Rechargeable Ni/Zn batteries are
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Scheme 1. Schematics of the Preparation of Ni;S,/Ni and
the Ni/Zn Battery Structure
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constructed by directly grown Ni;S,/Ni as cathode and Zn as
anode in the mixture solution containing 1 M KOH and 20
mM Zn(CH;COO), as electrolyte. This self-supported
electrode with desirable architecture is important to facilitate
the mass and charge transfer during the fast electrochemical
redox reaction. The reversible redox reaction of cathode and
anode could be described as following

cathode: Ni,S, + xOH™ = Ni;S,(OH), + xe” 6))

anode: Zn(OH),>” + 2¢” = Zn + 40H"~ 2)

The self-supported electrode was fabricated by in situ
sulfurization of commercially available Ni foam under hydro-
thermal condition. Figure la shows the typical X-ray
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Figure 1. (a) XRD pattern; (b) Raman and (c, d) XPS spectra of the
as-obtained Ni;S,/Ni.

diffraction(XRD) pattern of the as-obtained material, in
which all the peaks can be well-indexed to the heazlewoodite-
phase Ni,S, with the R32 space group except the diffraction
peaks at 44.5, 51.8, and 76.5°, corresponding to metallic Ni
(JCPDS no. 65—2865). No impurity peak, such as NiS or NiS,,
was detected, implying that the surface atom of Ni foam was
sulfurized to Ni;S,. This result suggests that the obtained
material is composed of Ni;S, and Ni (denoted as Ni;S,/Ni).

Raman and X-ray photoelectron spectroscopy (XPS) were
conducted to shed more light on surface components of the as-
prepared Ni;S,/Ni. As displayed in Figurelb, the obvious peaks
at 191, 202, 224, 306, 326, and 351 cm™! of the Raman shift can
be ascribed to six Raman-active modes (2A1 + 4E) of
heazlewoodite-phase Ni;S,, in agreement with the literature
reported by Cheng et al.'” XPS spectra for Ni 2p and S 2p are
shown in Figurelc,d, respectively. The Ni 2p spectrum shows
two spin—orbit doublets peaks at 855.9 (Ni 2p;/,) and 873.7
eV (Ni 2p, ;) and two corresponding satellite peaks. It could be
clearly found that the peak at 852.8 eV appears near Ni 2p;,,
identical to the characteristic peak of Ni;S,. Binding energy of
162.5 eV in Figure 2d can be attributed to S 2p spectrum. The
above data together suggest successful synthesis of Ni;S,/Ni
composite.

200pm

Figure 2. (a—c) Typical scanning electron microscope (SEM) images
of Ni;S,/Ni and (d, ) elemental maps of S and Ni in Ni,;S,/Ni; (f, g)
transmission electron microscope (TEM) images and (h) high-
resolution transmission electron microscope (HR-TEM) of Ni,S,
nanosheet.

The morphology of the Ni;S,/Ni maintains the 3D grid
structure with hierarchical macro-porosity as the pristine Ni
foam. The magnified SEM image (Figure 2b) reveals that the
rippled Ni;S, nanosheets with thickness of ca. 80 nm grow
uniformly on the surface of Ni foam with a well-defined
interconnected structure. Ni foam not only acts as the 3D
skeleton to support the active material, but also provides the
source of Ni for the preparation of Ni;S,. The energy-disperse
spectroscopy (EDS) mapping clearly shows that element S
distributes uniformly in the entire surface, indicative of the
homogeneous growth of Ni,S, (Figure 2.). The tight coupling
architecture of the self-supported electrode without any
additives is believed to facilitate the infiltration of electrolyte
and electron transport for the fast electrochemical reaction.

TEM images (Figure 2f—h) further confirm its sheetlike
morphology with micrometer scale. The dark strips are
probably folded edges or wrinkles of the nanosheets. The
selected-area electron diffraction (SAED) pattern shows well-
defined diffraction dots, suggesting their single-crystalline
characteristics. Moreover, the magnified TEM image (Figure
2g) indicates the highly porous nature of the nanosheets, which
is favorable for the infiltration of electrolyte. The HRTEM
image (Figure 2h) taken from the region marked by a blue
rectangle in Figure 2f gives a lattice spacing of 2.35 A, which
could be indexed to the theoretical interplanar spacing of
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heazlewoodite-phase Ni;S, (021) planes. This is consistent with
the above results of XRD and Raman spectroscopy.

The as-prepared Ni;S,/Ni was used as the cathode material
of rechargeable alkaline Zn battery. The electrochemical
performance of the Zn—Ni,;S, battery was evaluated, as
shown in Figure 3. Cyclic voltammetry (CV) curves of the
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Figure 3. (a) Cyclic voltammetry of the zinc and Ni;S,/Ni in 1 M
KOH and 20 mM Zn(Ac), at the scan rate of 0.2 and § mV s7%,
respectively; (b) cycle performance and (c) high C-rate capacity of the
battery; (d) charge—discharge curves of batteries cycling at varied
current densities.

Zn and Ni;S, electrodes were tested separately by using
saturation calomel electrode (SCE) and Pt as reference and
counter electrode in the mixed electrolyte containing 1 M KOH
and 20 mM Zn(CH;COO),. It can be clearly seen that two sets
of redox peaks were observed at —1.3 to —1.5 V (vs SCE) for
Zn and 0.2—0.5 V (vs SCE) for Ni;S,/Ni. The redox peaks at
the potential of around —1.4 V (vs SCE) can be attributed to
the reversible dissolution and deposition of Zn with the redox
reaction of Zn(OH),” /Zn in alkaline solution of electro-
lyte.”'® The pair of redox peaks appeared at the potential of ca.
0.3 V (vs SCE) for Ni;S,/Ni electrode can be attributed to the
reversible redox processes of Ni**/Ni*".'"” These results could
be further clarified in a three-electrode configuration using Zn
as reference (Figure S2). The redox potential around 0 V (vs
Zn/Zn*") demonstrates the stripping/plating of Zn. Character-
istic reversible redox peaks appear at around 1.9 V, whereas no
obvious peaks can be observed in that potential for pristine Ni
foam, confirming that the favorable redox reaction with high
reversibility was derived from active Ni;S, nanosheets, as
described in (eq 1), and the capacity contribution from pristine
Ni foam can be negligible.

To explore the cycling performance and rate capability, the
electrochemical performance of Zn battery is evaluated in the
potential range of 1.4—1.9 V. As shown in Figure 3b, the
electrode exhibits a high stable discharge capacity of 150 mAh
g~ ! after the initial several cycles. It maintains a capacity of 125
mAh g™' after 100 cycles with no obvious capacity fading,
suggesting the outstanding cycling stability. The comparison of
SEM images for the Ni;S,/Ni electrode before cycling and after
100 cycles clearly show that the morphology of the Ni;S,/Ni
was well-maintained, implying high stability of Ni;S, in alkaline
condition (Figure S3). CV curves with long-term scan show a
slight negative shift of reduction potential (0.02 V) after 200

cycles, indicating again the excellent stability of Ni,S,/Ni
electrode (as shown in Figure S4). It should be noted that the
battery exhibits relatively low Coulombic efficiency of 76% in
the initial cycles, which might be attributed to the onset of O,/
H, evolution occurring during the tail end of charge. The
Coulombic efficiency increases gradually with cycling for the
initial few cycles and reaches up to 92% at 20th cycle. CV
curves of both Ni;S,/Ni and pristine Ni foam using Zn as
reference and counter electrode suggest that the decomposition
of H,O with evolution of O, occurs at oxidative potential above
2.0 V. (Figure S2).

The high-rate capability of the battery at different current
densities is displayed in Figure 3c. The reversible capacity of the
battery is 148 mAh g~' at the current density of 0.2 A g' and
still reaches 68 mAh g™' even when the current density
increases to 5.0 A g, indicating the excellent high-rate
capability. Figure 3d presents the corresponding charge—
discharge voltage profiles at varied current densities. At the
current density of 0.5 A ¢!, one charge plateau and one
discharge plateau at around 1.8 V with a polarization of ca. 0.1
V are observed. The separation of potential between charge—
discharge plateaus slightly increases with the increasing of
current density, indicating the fast electrochemical kinetics and
weak polarization. This fast kinetics property can be further
verified by the CV analysis. When the scan rate increases from 1
to 10 mV s™', the current enhances accordingly and the peak
potential shifts only ca. 0.2 V without distortion (Figure SSa). It
can be seen that the peak currents (Ip) versus square root of
sweep rate (v'/?) plots are expected to be a linear relationship
(Figure S5b), indicating semi-infinite diffusion controlled
kinetics of redox reaction. The extraordinary rate capability
ensures the high power density of the batteries thus satisfying
the application in electric vehicles.

The redox potential of Ni**/Ni** for the Ni;S,/Ni electrode
(ca. 0.3 V vs SCE) is similar to other sulfides in alkaline
condition as pseudocapacitive materials reported previously. In
present study, it is noted that the discharge plateau of Zn—
Ni;S,/Ni battery is above 1.65 V at moderate current rates,
which is higher than most aqueous batteries, such as LiFePO,/
LiTi,(PO,); battery,”® Na;V,(PO,);/NaTi,(PO,); battery,”'
and/or electrochemical capacitors. Although pseudocapacitors
using active carbon (AC) exhibits an electrochemical activity in
relatively large potential range (Figure S6), the capacity of AC
is much lower than that of Zn. Moreover, the discharge
potential of as-assembled AC/Ni,$S, electrochemical system (ca.
1.2 V) is also lower than that of the present Zn/Nji,S, system
(ca. 1.7 V), as shown in (Figure S7).

Although some drawbacks in terms of dendrites, corrosion
and shape change of Zn electrodes need to be solved for the
practical application of Ni/Zn batteries, it is believed that the
combined property of the batteries can be further improved by
optimization such as designing porous Zn anode and using
solid-state electrolyte, and the batteries based on TMS as
cathode have great potential in large scale applications of
energy storage.

In summary, we have constructed an alkaline Ni/Zn battery
using Ni;S,/Ni composite as cathode, which was fabricated by
in situ sulfurization of commercially available Ni foam under
hydrothermal process. The battery demonstrated excellent
stability, rate capability and safety. Such advanced alkaline
batteries could be a promising candidate for large-scale energy
storage system. The cathode materials could be extended to
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other transition metal sulfides to exploit high-performance
alkaline Zn-based batteries.
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