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Abstract:

A NizS2/MnS composite with unique 3-D morphology was synthesized by a novel
method consisting of etching and pre-oxidation of Ni foam followed by in situ
hydrothermal method. The etching process created a flower-like structure with the Ni
foam which was not only used as a substrate but also providing Ni source for
subsequent growth of NisSz and NisS2/MnS composite. The synthesized material
showed hierarchical structure consisting of porous NizS; which was coated with
vertically grown MnS nanorods. The superior morphology enables the access of more
active sites in the electrochemical charge/discharge process. In the meantime, the
charges involved in redox reaction can be effectively transferred via NisS; with
relatively high conductivity to Nickel foam substrate, which improved the availability
of MnS. Therefore, when the NizS,/MnS composite was used as a supercapacitor
electrode, it showed a remarkable electrochemical performance of 6.70 mAh cm?
which is over two-fold higher than that of the NisS; (3.15 mAh cm?) and MnS (2.34
mAh cm) at current density of 2 mA cm, respectively. Impressively, the specific
capacity of NizS/MnS still retained 6.41 mAh cm with the capacity retention of 96.5%
even after 1000 cycles. Further, the electrochemical properties of asymmetric
supercapacitors (ACSs) deliver a maximum energy density of 0.47 mWh cm? at

power density of 10 mW cm, together with 82.1% retention after long-term test.
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1 Introduction:

The increasing world population and the application of electronic devices put
forward new challenges for clean and safe energy storage systems [1-5]. Among
various energy conversion and storage devices, supercapacitors as a promising energy
storage system have drawn increasingly public attention due to their high power
density, good safety, relatively high capacity and superior cycling durability
compared to other types of energy storage systems such as batteries [5, 6]. According
to the charge storage mechanism in the electrochemical processes, there are two
distinct families of supercapacitors: electrical double-layer capacitors (EDLCs) that
take advantage of the charge storage of ion adsorption/desorption and
pseudo-capacitors that rely on charge storage involving fast faradaic redox reactions
at the electrode/electrolyte interface surface [5]. Consequently, the energy storage
capacities of the pseudo-capacitors are much higher than those of EDLCs. The main
materials for EDLCs are carbon materials, while transition metal oxides/sulfides with
variable valence state have been widely explored as materials for pseudo-capacitors
[8—13]. Metal sulfides such as MnS, NiS, NisSz, CoS, CuS, MoS; and WS; have been
reported to exhibit excellent electrochemical performance due to their good
conductivity and higher electrochemical activities [14-19]. Furthermore, metal
sulfides possess good mechanical stability when used in the supercapacitors. Among
the transition metal sulfides, the inexpensive manganese and nickel sulfides offer
incomparable electrochemical performance. Nickel sulfides contain several different
types of compound such as NiSz, NisSs, NisSz, o-NiS, B-NiS, NieSs, NizSs, etc.
Among them, NisSz has been reported to possess promising performance as an
electrode for supercapacitors. NisS; with Specific capacity up to 1.74 F cm? and 1315
Fglat1lA g?!was reported previously [15, 20, 21]. Meanwhile, high energy density
supercapacitors based on MnS-based device were also demonstrated previously
(about 37.6 Wh kg™) [14, 22]. Since the performance of supercapacitors strongly
relies on the active surface exposed for the redox reactions, preparation of
nanostructured materials with high specific surface available for redox reactions and a
short diffusion length for the ions and electrons is critical to achieve supercapcatiors

with both high energy and high power density [6, 7, 23, 24].



In this study, we developed a new method to synthesize nanostructured NisS2/MnS
composite by a facial in-situ hydrothermal approach combined with etching and
pre-oxidization process. The etching of Ni foam by NH4F was found to create a high
surface substrate, which acted a template for the formation of porous structure with
the composite. The method has the following advantages. Firstly, the pre-treated Ni
foam had much more surface area available for in situ growth of nanostructured NizS:
and MnS in the hydrothermal reaction. The porous structure was maintained even
after the hydrothermal reaction which was favoured for charge transfer with OH" ions
in the charge/discharge process. Secondly, there were no binders or conductive agents
involved in the synthesis process of the electrode, which could significantly reduce
the resistance and increase the specific capacity of the electrode material. Thirdly, the
MnS nanorods that vertically grown on the NisS; material with relative high
conductivity can be effectively utilized for energy storage. Owing to the unique
hierarchical structure and the synergetic effect of NisS> and MnS, the Ni3S2/MnS
composite delivered a very high specific capacity and good stability. The new
material synthesis method may open up a new route for preparation of the metal

sulfides based supercapacitor materials.

2 Experimental section

2.1 Preparation of NisS;

All chemicals purchased from Wako Chemical were of analytical degree and used
without any purification.

The Ni foam was washed in acetone, 2 M HCI, ethanol and deionized water (DI
water) in sequence in order to remove possible residual inorganic/organics on the
surface. The Ni foam was then etched by NH4F solution (0.15 mol L) at 100 ‘C for
5 h through a hydrothermal method (labelled as Ni-NF).

In order to obtain NisS2 and NizS2/MnS, Ni-NF substrate (1.5 cm < 1.5 cm) was
first subject to oxidation at 500 ‘C for 1.5 h (named as Ni-NF-O). Then, the
Ni-NF-O was transferred into a Teflon-lined stainless steel autoclave containing NaxS

aqueous solution (0.1 g NaS was dissolved in 60 mL DI water) and
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Na2S/MnCl2 4H20 solution (0.2 g for NazS, 0.1 g for MnCl, 4H>0O dissolved in /60
mL DI water), respectively. After hydrothermal reaction at 160 C for 12 h, the
autoclave was cooled to room temperature, and NisS2 and NisS2/MnS composite
grafted on Ni-NF substrate were collected.

All the prepared samples were washed 3 times by DI water and ethanol and dried at

60 ‘C ina vacuum oven for 12 h before being tested.
2.2 Materials Characterization

The crystalline structures of the samples were characterized by X-ray diffraction
(XRD; RIGAKU) and the morphology was investigated by scanning electron
microscopy (FE-SEM, Hitachi 5200). The microstructure and chemical composite of
the material were analyzed by high resolution-transmission electron microscopy;
(HR-TEM, Tecnai G2 F20 S-TWIN (200KV) equipped with EDX (Energy-dispersive
X-ray spectrum). X-ray photoelectron spectroscopy (XPS, KRATOS) was used to

verify the chemical composition and the valence states of elements in the material.

2.3 Electrochemical Measurement

The electrochemical measurements were performed in a traditional
three-electrode cell. The as-synthesized sample on Ni foam was cut into 1 cm < 1cm
pieces and directly used as the working electrode. A platinum net (Pt, 2 cm > 2cm)
served as the counter electrode and Hg/HgO electrode acted as the reference electrode.
NisS2/MnS and AC (activated carbon) were used as positive and negative electrode to
assemble ASCs, presented in Supporting Information. Prior to the electrochemical
test, the samples immersed in 50 mL of a 3 M KOH electrolyte solution were vacuum
treated for 30 min at room temperature.

With the 3-electrode system, cyclic voltammograms (CV) tests and galvanostatic
charge-discharge (GCD) performance were carried out with the potential window of

0~ 0.6 V and 0~ 0.5V, respectively. Electrochemical impedance spectra (EIS) were



implemented using a Solartron electrochemical station (1287 and 1255B connected)

between 1IMHz and 10 mHz at AC amplitude of 10 mV.

3. Results and discussion

The scheme in Fig. 1 shows the typical fabrication process for the materials
in this work and the obtained structure of NisSz, MnS and NizS2@MnS on
Ni-NF substrate. The morphology of Ni-NF is dominated by flower-like porous
structure, which is very different from that of pristine Nickel foam, as shown in
Fig. S1(a, b). After being subjected to oxidation, the pore wall of the pores
becomes thicker. However, the Ni-NF-O still possesses the porous feature,
which is confirmed in Fig. S1(c). Finally, MnS is vertically and orderly grown
on NisS2 by one-step hydrothermal reaction. However, when the Ni-NF was

used as substrate, randomly distributed MnS nanorods was obtained.

The XRD patterns of the as prepared NisSz, MnS and NisS2/MnS composite
are depicted in Fig. 2. The XRD spectra of three sharp peaks around 45.1<
52.4<and 76.8<are attributed to the Ni foam. The diffraction peaks at 21.6<
31.7< 37.8< 50.1< and 55.2 <of NizS2 sample belong to the (101), (110), (003),
(113), and (122) planes of NisS: respectively (JCPDS No. 44-1418) [13, 15, 20,
21, 25]. The absence of other peaks indicates the purity of the synthesized
material. Sharp peaks located at 31.7< 35.0< 38.4< 50.3< 50.7< 55.2< 69.6<
73.4< and 78.3<are observed in the XRD pattern of the as-synthesized MnS
material, which match well with the diffraction of (111), (200), (102), (220),
(103), (201), (203), (210), and (105) facets of MnS, respectively [14, 22, 26,
27]. Meanwhile, all the XRD peaks in the composite can be ascribed to either
MnS or NisS,. Therefore, it is reasonable to conclude that NisS:@MnS

composite was fabricated.

XPS was performed to further verify the composition and elemental valence

states of the NizSo/MnS composite. The typical survey spectrum of NizS2/MnS
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composite is shown in Fig. 2(a), indicating the existence of Ni, Mn, O, C, and S
elements. In Fig. 2(b), the two main peaks centred at 855.2 eV and 872.8 eV are
assigned to Ni 2pz2 and Ni 2py2 accompanied by distinct satellite peaks. The
splitting between the two peaks is 17.6 eV, suggesting the coexistence of Ni%*
and Ni®* according to previous reports [19, 23, 25, 28]. The peaks at 641.5 eV
and 653.0 eV in the high-resolution XPS spectrum (Fig. 2(c)) are indexed to
Mn 2p3z2 and Mn 2py2, respectively [14]. The binding energy at 161.6 eV and
162.5 eV of S corresponds to S 2p3/2 and S 2pl/2. In addition, the peak at
167.8 eV is observed, which suggests that partial S> was oxidized to sulfate [14,
19, 25]. Therefore, the XPS spectrum reveals that the composite was
successfully synthesized, which is in good agreement with XRD.

Before evaluating the electrochemical performance of NizS;, MnS and
NizS.@MnS, their structure and morphology were characterized by FESEM.
As shown in Fig. 3(a-b), the morphologies of NizS2 and MnS are very different.
Ni3S2 has a relative smooth surface with many small pores. In order to gain
understanding of the morphology evolution of NisS,, the SEM of Ni-NF
substrate and oxidized Ni-NF were monitored. As shown in Fig. S1, the Ni
foam etched by NH4F shows flower-like structure consisting of thin nanosheets,
which is expected to effectively increase the surface area of the material. The
pore walls of the flower become thicker with sunken holes after oxidization,
(Fig.S1f,). Compared to the NiO, the subsequent sulfuration does not
dramatically change the morphology of the material except a rougher surface
with protuberance (Fig. 3(c)). The porous structure is produced to provide more
effective sites for in situ growth of MnS material during the hydrothermal
process. As exhibited in Fig. 3(b, d), agglomerated MnS nanorods are randomly
distributed on the Ni-NF foam skeleton.

In contrast the MnS nanorods are vertically grown on the NisS2 surface
without agglomeration as shown in Fig. 4(a, d). This is attributed to the in situ
induction force of NisS>. Due to the unique structure, the MnS in the

composites should have more effective active sites for the electrochemical
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reaction. The charges involved in the redox reaction can be effectively
transferred via the relatively high conductive NisS;, which benefits the
electrochemical performance when compared to individual material. In order to
investigate more detailed microstructure and the chemical composition of the
composite sample, the as-synthesized NisSo/MnS were further measured by
TEM and EDX. It can be seen in Fig. 4(b, e) that small MnS nanorods could be
clearly observed in the composites. In addition, selected areas are highlighted
by using red lines. The relative dark regions could be indexed to NizS, and
MnS. Notably, the high-resolution magnification of an area (red circle) in the
dark region in Figure 4(b) confirms the existence of nanorods, which is
consistent with the results in Fig.4(d). The HR-TEM image of Fig. 4(c)
confirms that NizS2 and MnS are well crystallized. The observed fringe spacing
of 0.28 nm and 0.41 nm correspond to the (110) and (101) crystal plane of
NisS2 respectively, while the lattice spacing of 0.31 nm is consistent to the (111)
interplanar spacing of MnS [13, 24, 29]. The selected area electron diffraction
(SAED) pattern shown in the inset of Fig. 4(f) indicates the polycrystallinity
nature of the NisS2 and MnS. The EDX spectrum shows the existence of Ni,
Mn and S, which further confirms the successful preparation of the NisS2 and

MnS. The signals of C and Cu are attributed to the copper grid.

The electrochemical behaviour of the samples was evaluated by CV at a
scanning rate of 50 mV s. As shown in Fig. 5(a), it is observed that all the
samples possess a pair of redox peaks, which is different from EDLCs based
material. It suggests the energy storage of the material should come from the
Faradaic reaction [6, 19]. Compared to NisSz; and MnS, the NizS/MnS
composite show the largest area in the CV plot, indicating its highest capacity.
The above results can be verified by GCD patterns at 2 mA cm? The
composite has the longest discharge time reaching to 900 s whereas the
discharge duration of NisS2 and MnS is only 475 s and 275 s, respectively,

confirming the highest capacity of the composite.



In order to further study the reversibility and rate capability of the
as-synthesized NisSz, MnS and NisS2/MnS, the CV and GCD plots were
measured at different scanning rates and current densities. The CV patterns are
illustrated in Fig. 6(a, b) and Figure S3. Similar to Fig. 5(a), all the CV curves
contain redox peaks, implying the faradaic feature. The redox peaks of
NizS2@MnS can be indexed to those of individual NizS; and MnS. Moreover,
the responding current densities increase with the increased scanning rates and
the composite displays higher current densities at the same scanning rate.
Meanwhile, it is noticed that the anodic peaks shift to more positive voltage
while the cathodic peaks shift to much more negative voltage with the increase of
the scanning voltage rate, which is caused by the kinetics of the interfacial
reaction and the sluggish rate of the ionic and electronic transport [15]. The
reversible electrochemical reactions are proposed in the following [15, 22]:

Ni3S2 + 30H" <> Ni3S, (OH)3 +3e” (1)
MnS +OH & MnSOH + e (2)
MnSOH + OH- & MnSO + H20 +e=  (2)

Fig. 6(c-d) and Fig. S3(b) are the discharge patterns of the synthesized Ni3S,,
Ni3S2/MnS and MnS at various current densities of 2, 5, 10, 20, 30, 40, and 50
mA cm™. A plateau is distinctly observed in the discharge curves due to the
electrochemical and concentration polarizations [30]. The discharge time of the
Ni3zS2/MnS is longer than that of individual NizS2 and MnS under the same
current density. Finally, the discharge curves are used to calculate the specific
area capacity according to the following equation:

Cs=1x At

(Cs: specific capacity; I: current density; At: discharge time,).



The specific area capacity as a function of discharge current density is
employed to investigate the rate capability, as shown in Fig. 7(a). The areal
capacity of the NizS2/MnS composite is 6.7 mAh cm™ at the current density of
2 mA cm, while the Cs is only 3.15 mAh cm for NisS, and 2.34 mAh ¢cm
for MnS (Fig. S3), respectively. As the discharge density gradually increases,
the Cs decreases owing to limited diffusion of OH anions in the electrolyte.
This phenomenon is much more pronounced under the higher discharge
currents. Nevertheless, the Cs of NizS2/MnS composite is still 1.89 mAh cm2
even at 50 mA c¢cm™2, much higher than its corresponding counterparts (Ni3S2:
1.21 mAh cm? and MnS: 1.06 mAh cm™?). The results fully prove that the
fabricated NisS2@MnS composite with unique hierarchical structure is an
effective way to realize enhanced electrochemical performance compared to the

individual sulfide material.

The cycling performance is an important index of the supercapacitor
electrode. The cycling stability of NisSz2, MnS and NisS2/MnS composite was
evaluated under continuous charge-discharge measurements at 2 mA cm™2. As
shown in Fig. 7(b), there is no obvious decay in the Cs of the Ni3S2/MnS in the
first 500 cycles. Even after 1000 cycles, the Cs of NizSz/MnS is 6.43 mAh cm™2
with the retention rate of 96.5%. In contrast, the capacity retention of MnS is
71.5% and the NisS; is 86.1%. The inset plots in the Fig. 7(b) are the 1%, 29, 39,
500%™, 501t 502%™, 997, 998™ 999" and 1000™ cycles of NizS/MnS. The
shape of the charge-discharge curves is nearly unchanged, which agrees with
the above results. The cycling performance of NizS;, MnS, and NizS2/MnS
composite at larger current density is also tested and shown in Fig. S4. When
the current density reaches to 10 mA cm2, the NizSz/MnS still demonstrates
high Cs of 3.65 mAh cm™ while the Cs of NisS, and MnS is only 2.39 mAh
cm™ and 1.85 mAh cm™ after 1000 cycles. Based on the above results, it is
naturally to conclude that the NisS2/MnS composite possesses high

electrochemical performance.



EIS measurements were performed in the frequency range of 10°-102 Hz
under open circuit voltage condition. The impedance spectra were analyzed by
the Zview software and the equivalent circuit model used to fit the EIS
spectrum is shown in Fig. 8(a), where Rs represents series resistance, Rct is the
resistance of charge transfer, CPE is a constant phase elements with double
layer capacitance characteristic, Cps is pseudocapacitive element and W is
Warburg impedance. The intercept in real part of the Nyquist plot at high
frequency (enlarged Nyquist is shown in the inset of Fig. 8(a)) provides the
value of Rs and the Rct resistance due to Faradaic reactions corresponds to the
diameter of the quasi semicircle in the middle frequency range. The Rct and Rs
of the composite are 0.52 Q and 0.25 Q, which indicate the contact resistance
and charge transfer resistance in the composite electrode is quite low. In the
low frequency range, the relatively vertical line observed with the composite
suggests good ion /electrolyte diffusion to the surface of electrode [8, 31, 32].
The Bode plot of the NizS2/MnS composite which demonstrates the evolution
of phase angle as a function of the applied frequency is also analyzed. The
phase angle of the composite is about 60 <instead of 90< suggesting its capacity
mainly comes from the redox reaction between the Ni3S2/MnS and OH™ [30, 33].
The impedance modulus versus angle frequency (Fig. 8c) shows a very good
linear relationship between 1g|Z| and Igw with about a -1/2 slope in the low and
medium frequencies, while Ig|Z| is constant in the high frequency range. This is
consistent with the results in Fig. 8(a) and Fig. 8(b). Asymmetric
supercapacitors were constructed and the results were displayed in Fig. S6.

The aforementioned electrochemical properties reveal that, compared to
individual NisS2 and MnS, the NizS2/MnS composite possesses high specific
capacity and rate capability along with good cycling stability when employed
as supercapacitor electrode. The superior property can be explained from three
aspects: 1) The NisS2/MnS grown on pre-treated Ni foam has good conductivity.

Nickel foam was directly used as substrate and current collector. More
10



importantly, the in situ converted NizSz and grown MnS reduce the contact
resistance. Furthermore, no binder and additives was used in the preparation
process. 2) The composite on Nickel foam possesses more accessible active
sites for the redox reaction. The Nickel foam treated by NH4F has much more
effective surface, ensuring the NisS2 obtained by oxidation and sulfuration
method has larger surface. In addition, the MnS nanorods were vertically grown
on NisS2 surface without agglomeration, guaranteeing MnS has effective
surface for OH ions in the same time; 3)The nanostructured composite has

shorter charge transfer and ion diffusion distance.

Conclusions

We developed a novel and simple in situ method for the preparation of
Ni3S2/MnS composite for electrochemical energy storage system. NisS2 with
flower-like structure combined with the rod-like MnS produced superior energy
storage performance. As the electrochemical results showed that at
charged/discharged at 2 mA cm?, the initial specific capacity of NisSz/MnS
(6.7 mAh cm2) was almost two-fold higher than that of NisSz (3.15 mAh cm)
and MnS (2.3 mAh cm?). After 1000 cycles, NisSz/MnS composite still
retained 96.5% of the initial specific capacity. Asymmetric supercapacitors
were constructed and exhibited high power and energy density. The idea of
Ni3S2 combined with MnS in this work could offer some guidelines to develop

more efficient composite material for supercapacitors.
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Scheme 1. The procedure for preparation NisSz, MnS and NisS;@MnS composite. Note: Yellow

sphere represents formation of NizS; and nanorods represents MnS material.
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Fig. 2 XPS spectra of NizS2/MnS composite (a) the survey spectrum, (b) the Ni, (c) the Mn and
(d) the S spectrum.

Fig. 3 FE-SEM images of (a, c) the as-synthesized NisS; and (b, d) the as-synthesized MnS.
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Fig. 4 SEM images (a, d) of NizS/MnS composite, morphology (b, €) of NisS,/MnS characterized by
TEM, and HRTEM images (c) of NisS; /MnS and EDX spectrum of NizS,/MnS.
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