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Direct growth of MoS,-Ni3S, core-shell nanowire array on nickel foam as a
bifunctional electrode for supercapacitor and electro-oxidation of methanol
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Herein, molybdenum sulfide-nickel sulfide (MoS,-NisS,) core shell nanowires were
directly grown on nickel foam by one step hydrothermal process. The MoS,-NisS, was
employed as electrode for supercapacitor electrode and methanol oxidation. The MoS,-
NisS, electrode exhibited the specific capacitance of 792 F g™* at a current density of 1 A g’
Lin a three electrode cell configuration in 1 M KOH electrolyte and maintained the current
density up to 168.7 A g in 1 M KOH electrolyte mixes with 0.5 M methanol. This work
confirmed the suitability of the transition metal sulfides for energy storage and electro-
oxidation of methanol.
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1. Introduction

With the rapidly growing energy crisis and regular worsening of the environment due to
the extensive consumption of fossil fuel has collectively drawn researchers to the development of
green and sustainable energy storage/conversion devices [1]. Rechargeable batteries and
supercapacitors are emerging as advance energy storage device to meet the current energy
demands [2, 3]. The limited charge-discharge rate and low power density can be considered as the
major drawbacks for delivering high energy [4]. On the other hand, supercapacitors as green
energy storage systems have multiple fascinating properties including superior power density,
rapid charge-discharge process, outstanding lifecycle stability, low cost, and ease of operation [5].
Owing to the aforementioned functionalities, huge efforts have been devoted on fabricating
inexpensive, multifunctional, state-of-art high performance electrode materials for supercapacitors.
The commonly used electrode materials for supercapacitors include transition metal
oxides/hydroxides, nitrides, phosphides, sulfides, polymers, and carbon based materials [6-11].
Especially, transition metal oxides/hydroxides are frequently used materials for redox-type
supercapacitors [12]. However, they are still struggling for achieving high cycling performance
and rate capabilities. Therefore, it is highly desirable to design green electrode materials with high
capacitance, rate capability and conductivity on the account of volume expansion and sluggish
ions diffusion during the charge-discharge process.

Transition metal dichalcogenides (TMDS) have becoming most promising electrode
materials for high performance supercapacitor, owing to its good redox reaction and conductivity
[13]. Among the transition metal dichalcogenides nickel sulfide (NisS;) has attracted immense
attention as electrode material for SCs because of its high theoretical capacitance, oxidation-
reduction reversibility, non-toxicity, abundant availability, and good metallic conductivity with
resistivity of 1.8 x 10° Q cm™ at room temperature, providing easy transportation of
electrons/ions [3, 14]. Besides, the low electronegativity of the sulfur anchors the electronic
transmission easily [15, 16]. Even though, NisS, based electrodes are used for supercapacitors,
however the reports demonstrated very limited specific capacitance for supercapacitors, far from
its theoretical capacitance [17]. Various studies demonstrated that the electrochemical performance
of Ni3zS, could be enhanced by combining NizS, with two dimensional conductive additives [13].
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Lie and co-workers reported flower like NisS,-CoS composite electrode with a specific
capacitance of 712.12F g at 1 A g [18].

Another transition metal sulfide, molybdenum sulfide (MoS;) possesses a distinct place in
the field of energy storage/ conversion because of its fascinating electrochemical properties. The
structure of Molybdenum sulfide (MaS,) is similar to that of graphene, composed of three atoms
(S-Mo-S) in which Mo atom is sandwiched by two S atoms through weak van der Walls
attractions, similar structure to that of graphene [19]. The large spacing of the adjacent layers and
weak van der Walls interactions enable the easy insertion/deinsertion of the electrolyte ions (K",
Na"), providing a large electroactive surface area for intercalation and transportation. In addition,
the Mo ions can exhibit a wide range of oxidation states from +2 to +6, endowing its ability to the
faradaic redox reaction, which significantly plays a crucial role in enhancing the electrochemical
charge storage capabilities [6]. Various studies have revealed that the electrochemical properties of
Ni3S; can be improved by combining Ni3S, and MoS, to form the hybrid structure [16]. However,
these methods are complex, and the fabrication cost will restrict for day-to-day synthesis. Wang et
al synthesized NisS,@MoS, nanorod array on Ni foam using P123 and achieves high
capacitance[20]. The combination of 1D core and 2D shell materials simultaneously resulted high
electrochemical performance. Moreover, core-shell nanostructure generally fabricated either by
multistep transformation route or by using surfactant. Therefore, it is highly desirable to fabricate
hierarchical core-shell nanowire arrays with well-defined morphologies and high electrochemical
activities at a low fabrication cost.

Based on above considerations, in this work, MoS,-NisS, nanowire arrays were vertically
grown on a nickel foam by one step hydrothermal process and used as electrode material for
supercapacitor and electro-oxidation of methanol. The MoS,-NisS, electrode showed the enhanced
charge storage capacity than pure NisS,. The MoS, and NisS, both participate in the
electrochemical activities. Their synergistic effect can enhance the materials conductivity and the
MoS, shell can provide more driving force for the redox kinetics. Therefore, we thought it is
worthwhile to prepare the MoS,-NisS, core shell nanowire and explore it as an effective electrode
material for supercapacitor and methanol oxidation.

2. Experimental

2.1. Material synthesis

MoS,-Ni3S, nanowire arrays were prepared using simple one-step hydrothermal process.
In detail, 1 mM of sodium molybdate dihydrate (Na,M00,.2H,0, Sigma Aldrich, USA) was
dissolved in mixture of ethanol (10 mL) and ultrapure water (40 mL) and stirred for 30 minutes. 6
mM of thiourea ((NH,CSNH,, SAMCHUN, Korea) was added to the solution with constant
stirring for 30 minutes to get the homogenous solution. A pre-cleaned nickel foam (2 cm x 3 cm,
Goodfellow) was immersed into the solution and transferred to the autoclave and heated at 160 °C
for 10 hours. After the autoclave was cooled down to room temperature, the nickel foam was
rinsed with ultrapure water and ethanol subsequently and then dried in a vacuum oven for 14 hours
at 60 °C. Pure NisS, nanowire was also prepared by similar process without adding
Na,Mo00,.2H,0.

2.2. Electrochemical measurements

The electrochemical workstation (Zieve SP2) was used to perform the electrochemical
measurements of the prepared electrode at room temperature. The prepared electrode (1 cm?) is
directly used as working electrode while the Ag/AgCI (saturated KCI) and platinum wire was used
as reference electrode and counter electrode, respectively. The electrochemical measurements
were conducted in 1 M KOH solution. Cyclic voltammetry (CV) and galvanostatic charge
discharge test were carried out to understand the oxidation-reduction behavior of the electrodes.
Electrochemical impedance spectroscopy (EIS) was recorded at frequencies ranging from 0.01 Hz
to 100 kHz with the potential amplitude of 5 mV. The specific capacitance of the electrodes was
calculated using GCD curve by using given equation[10]:
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I x At

Specific capacitance (Csp) = X Av
where, I (A), At (sec), m (g), and Av (V) are the charge discharge current, discharge time, active
mass of electrodes, and operating potential voltage, respectively. The electrocatalytic activities of
MoS,-NizS, electrode towards electro-oxidation of methanol were analyzed by CV,
chronoamperometry and EIS techniques at room temperature using 1 M KOH and (0.5 M
methanol + 1 M KOH) as electrolytes in standard three electrode cell configuration.

3. Result and discussion

3.1. Morphological and structural study

Scheme 1 illustrates the formation of MoS;-Ni3S, nanowire array on the Ni foam. The Ni
foam not only acted as a template but also provide nickel source for the growth of NisS,. During
the reaction, sulfur ions are released from thiourea, which react with the exposed Ni surface to
form Ni3S; nanowire, and in the presence of MoO, ions, it produce MoS, nanosheets according to
the following equation [20, 21].

NH2CSNH2 + Hzo — 2NH3 + 2H25 + C02

3Ni + 2H,S — Ni;S; + H,
MOO4_ + 3HQS — MoS, + 3H2 + 804_

NaMoO,.2H,0
and Thiourea ™=

Scheme 1. Schematic representation for the synthesis of MoS,-NisS, nanowire on Ni-foam.

The morphology and detailed crystallographic structure of the samples were studied by
field-emission scanning electron microscopy (FE-SEM, Hitachi S 7400, Japan, 200 kV) and
transmission electron microscopy (TEM, JEM-2200, JEOL, Japan). Figure 1 (a), and (b) shows the
dense and vertically aligned NisS, nanowire are grown uniformly on the Ni-foam with a diameter
of 60 nm and several micrometers in length. The FE-SEM image (Figure 1 (c) and (d)) of MoS,-
Ni3S, displayed that uniform thin sheet of MoS, were formed on the vertically aligned NisS;
nanowire. The diameter of NisS, nanowire is slightly reduced on the presence of Mo precursor,
this might be due to the etching effect of Mo ions. A close look to the FE-SEM image of MoS,-
NisS, displays the uniform coverage of MoS, nanosheets on Ni3S, nanowires forming core shell
structure (inset of Figure 1 (d)). The FE-SEM elemental distribution x-ray spectroscopy (EDX)
mapping and corresponding spectra presented in Figure 1 (e) and (f), revealed the distribution of
Ni, Mo, and S elements uniformly. For the detailed study of the compositional and
crystallographic structure of MoS,-NisS, nanowire array on Ni foam, the MoS,-NisS, were
separated from Ni foam by sonication and analyzed by TEM technique. The TEM image (Figure 2
(a) and (b)) depicts that the Ni3S, nanowires were wrapped uniformly by thin sheets, forming
hierarchical core-shell structure, consistent to FE-SEM results. Such type of structure is favorable
for increasing the active surface area of electrodes and anchored the electrochemical performances.
Figure 2 (c) shows the HR-TEM image of MoS,-Ni3S, nanowire obtained from the yellow dotted
region. The lattice spacing in the HR-TEM were determined to be 0.28 nm for the nanowire core
and 0.27 nm for the nanosheets shell, which corresponds to the (110) planes of NisS, and (100)
planes of MoS,, respectively [22]. The SAED pattern corresponds the nature of NizS,-MoS,
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composites. Furthermore, the TEM EDX color mapping reveals evenly distributed Ni, Mo, and S
elements, confirming the formation of MoS,-NisS, hierarchical core shell structure. The phase
purity and crystal structure of Ni-foam, NisS, and MoS;-Ni3S;, were studied by X-ray diffraction
(XRD, Rigaku Co., Japan, Cu Ka, A = 1.540 A, 30 kV, 40 mA) analysis and presented in Figure 3.
The pristine Ni foam shows high intensity crystalline diffraction peaks pointed 26 = 44.6°, 52° and
76.2° [23]. In the XRD pattern of Ni3S, depicts well-defined diffraction peaks at 21.76, 31.1, 37.79,
49.72, 55.3, and 73.51 corresponds to the (101), (110), (003), (113), (300), and (312) planes of
heazlewoodite NisS, (JCPDS card N0.071-1682) [24]. As seen in the XRD pattern of the MoS,-
NisS,, additional peaks at 33.3, 35.8, 39, and 58.5 are clearly distinct, which is related to the (100),
(102), (103), and (110) planes of MoS, (JCPDS No. 37-1492) [25]. Additionally, the peak
intensity of NisS, phase decreases slightly due to the formation of thin MoS, nanosheets on the
surface of Ni3S, nanowires.

KUNSAN 3.0kV 5.7mm x600 SE(U) 07/20/2021

Energy [keV]

Fig. 1. FE-SEM image of NisS, ((a) and (b)) and MoS,-NisS, ((c) and (d)) grown on Ni-foam at
different magnification, () EDX colour mapping of MoS,-NisS, and (f) corresponding EDX spectrum.
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Fig. 2. (a), (b) TEM and HR-TEM images of MoS,-NisS, at various resolution (inset of c; SAED
pattern) and (d) TEM-EDX elemental distribution of Mo, Ni and S.

—— Ni Foam —Ni,S, MoS,-Ni,S,

Intensities (a.u.)

[Ni3Sy JCPDS card No. 071-168 |

0 20 30

40 50 60 70 80
20 degree

Fig. 3. XRD patterns of bare Ni foam, NisS, and MoS,-Ni3S,.

3.2. Electrochemical performance

The electrochemical performance of the electrodes was studied in a three electrode cell
configuration using CV, GCD and EIS in 1 M KOH solution. The CV was performed within a
potential window of 0 to 0.6 V. Figure 4 (a) shows the CV profiles of NisS, and Mo0S,-Ni3S;
electrodes at the scan rates of 10 mV s™, and evidently, both CV curves contains a pair of current
peaks. The redox peaks present in the CV curves suggests that the capacitance performance of
these electrodes is primarily governed by the pseudocapacitive process, being characteristic

reversible faradaic transition between the redox couples of MoS,-Ni3S; as following reaction [26,
27].

Nigsz + 30H <« ngSz(OH)g + 3¢
MoS; + K* +&” <> MoS-SK
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Fig. 4. () CV curves of Ni-foam, NizS, and MoS,-NisS, electrode at 10 mV s™, CV curves of (c) NisS,
and (d) MoS,-Ni3S, at various scan rates, (d) variation of current response with respect to square
root of scan rates, GCD curves of (e) NisS,, (f) MoS,-NisS, at various current density, (g) specific

capacitance of electrode at different current densities, (h) Nyquist plot of both electrodes (inset;
shows the magnified Nyquist plots at high frequency region), and (i) cyclic stability of both electrodes
(inset; initial and final GCD curves).

The MoS,-Ni3S, electrode exhibited higher CV enclosed area than that of the pure NisS,,
reveling the enhancement of its capacitance. Figure 4 (b) and (c) depicts the CV curves of the
NisS, and MoS,-NisS, electrodes, respectively. MoS,-NisS, electrode still preserved a similar at
various scan rates from 10 mV s™ to 100 mV s™. However, the peak current shift towards opposite
potential with the increase in the scan rates due to the partial intercalation and deintercalation of
the electrolyte ions at higher scan rates. As shown in the Figure 4 (d) the linear relationship
between the peak current and square root of scan rates revealed the redox reaction on the electrode
is controlled by the ion diffusion process [28]. Figure 4 (e), and (f) presents GCD curves of NisS,
and MoS,-Ni3S; electrodes at various current densities within the operational potential ranges from
0 to 0.5 V. The symmetric charge discharge curves showed excellent reversibility in the redox
process, which is consistent to the CV results. It is clear that the MoS,-NisS, electrode
demonstrates longer discharge time implying higher specific capacitance than NisS,. The specific
capacitance of both electrodes at various current densities were computed from their GCD curves.
As expected, the MoS,-Ni5S, exhibit the high specific capacitance of 792 F g* at 1 A g™, and even
retains 500 at high current density of 50 A g™ (nearly 63 % of its initial capacitance) (Figure 4 (g)).
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Whereas the Ni3S, alone exhibit lower specific capacitance of 390 at 1A g* and only 42.30 % of
its initial capacitance was retained at 20 A g. The introduction of MoS, significantly improves the
specific capacitance and rate capability. On the contrary, the MoS,-NisS, electrode proclaims the
utility of thin MoS, nanosheets to form more exfoliated and porous morphologies. This more
exposed electroactive sites in the MoS,-NisS, electrode helps to channelizing electron/ions in
efficient manner ameliorating the kinetics of the redox reaction and hence the capacitive
performance of the MoS,-NisS, electrode.

To aim the deeper insight into the charge transfer behavior of the prepared electrodes EIS
was conducted and corresponding Nyquist plot of both electrodes are illustrated in Figure 4 (h).
Obviously, the Nyquist curves are composed of a semicircular at the high frequency region and
oblique line in the lower frequency region. The semicircular region at higher frequency region
represents the charge transfer resistance associated with faradaic reaction whereas the inclined line
in the lower frequency region represents diffusion resistance [26, 29]. As displayed in inset of
Figure 4 (h), MoS,-NisS, electrode exhibit smaller arc diameter at higher frequency zone with
upward deviation in the lower frequency region than NisS,, which suggest that the assembly of
MoS, nanosheets on NisS, nanowire on Ni foam could enhance the conductivity of complete
system. Long term cyclic stability of the electrode is important factor for the practical application.
The cycle life of the electrodes was executed over 5000 charge discharge cycles at 50 A g™ (Figure
4(i)). The hierarchical MoS,-Ni3S, core-shell electrode exhibits superior cyclic performance of 91 %
of its initial capacitance after 5000 cycles, which is higher than NisS; electrode (79 % of its initial
capacitance was maintained). The electrochemical performance of as prepared MoS,-NisS, is
superior to the previously reported works [30-33].

The superior electrochemical performance of the hierarchical MoS,-Ni;S, core-shell
electrode could be ascribed to the following reasons: (a) the highly conductive NisS, core
nanowire endows the quick transportation of the electrons to the conductive substrate, (b) the void
space between the MoS; nanosheets and NizS, nanowires can serve as ion bank to facilitate the
electrolyte ion transfer and protect, (c) the ultrathin layered MoS, not only allow the easy
transportation of electrolyte ions to the core but also protect the core nanowire from electrolyte
dissolution during the charge-discharge process and results high efficiency of the electrodes, and
(d) most importantly the direct growth of the MoS,-NisS; hierarchical core-shell nanowire array on
conductive Ni foam with no adhesive guarantee close contact between active material and current
collector, in favor of electron transfer during redox reaction.

3.3. Electrocatalytic performance of MoS,-NisS, for methanol oxidation

The electrolytic methanol oxidation by MoS,-NisS, has been studied in detail for the first
time. Figure 5 (a) displays the CV curves of M0S,-Ni;S; in 1 M KOH with and without 0.5 M
methanol at 50 mV s, It is already discussed that the MoS,-Ni3S, electrode displays distinct redox
peaks in 1 M KOH electrolyte, which may provide enough electroactive sites for methanol
oxidation. However, after the addition of 0.5 M methanol, the Mo0S,-NisS, electrode exhibit
dissimilar and intense sharp end toward higher potential. The increase in anodic current response
with the addition of methanol suggests the electrocatalytic oxidation behavior of the MoS,-NisS,
towards methanol [12]. Figure 5 (b) shows the chronoamperometric (CA) profile of M0S,-NisS,
obtained. A steady decay in the current density (188 A g to 175.5 A g™) was observed for first
500 s and remains almost constant for 2000 s, which might be attributed to the accumulation of
intermediate product originated during the adsorption and desorption of methanol towards the
surface of electrodes [17]. Nevertheless, the MoS,-NisS, electrode still delivered 89.36 % of
retention in current response suggesting the admirable stability towards electrocatalytic oxidation
of methanol. The long term stability of MoS,-Ni3S, electrode was further investigated by recording
CV curves (Figure 5 (c)) for 500 continuous cycles (in 1 M KOH + 0.5 M methanol) at 50 mV s™.
This reveals that the voltammogram is fairly stable even after 500 cycles. The charge transfer
resistance of the MoS,-Ni3S; electrode was inspected by the EIS measurements carried out in pure
1 M KOH and 1 M KOH + 0.5 M methanol electrolytes recorded at 5 mV within the frequency
range of 0.01 Hz to 100 kHz. Figure 5 (d) represent the Nyquist plot of for both electrolytes. The
smaller semicircle can be observed in both electrolytes, indicating a smaller charge transfer
resistance between the electrolytes and electrode materials. The MoS,-Ni3S, exhibit the superior
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electrochemical performances and anti-poisoning ability towards methanol. This can be attributed
to its robust structural stability and availability of abundant electroactive sites.
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Fig. 5. (a) CV curves of M0S,-Ni3S, in 1 M KOH and (1 M KOH + 0.5 M methanol) electrolytes at 10
mV s, (b) chronoamperometric curve of MoS,-NisS, electrode in (1 M KOH + 0.5 M methanol)
electrolyte, (c) CV curves of MoS,-NisS, electrode at 10 mV s™ in the 1 M KOH + 0.5 M methanol)
electrolyte for different number of cycles, and (d) EIS of M0S,-NisS, electrode in both electrolytes.

4. Conclusions

In summary, we have successfully synthesized MoS,-Ni3S, core shell nanowire arrays by
one step hydrothermal process. Benefiting from the synergetic effect of ultrathin MoS, nanosheets
and Ni3S, nanowire directly grown in Ni foam, it showed good electrochemical performance in
supercapacitor and methanol oxidation. The MoS,-Ni3S, electrode delivered excellent specific
capacitance of 792 F g* at 1 A g™* with high rate capability and longer life cycle. Additionally, the
prepared MoS,-NisS; electrode showed admirable electro-oxidation activity and electro-oxidation
stability.

The porous and uniform nanostructure formed by the combination of thin MoS,
nanosheets and NisS, nanowire provides sufficient ion/electron diffusion channel and effective
contact area, endowing excellent conductivity, thus greatly facilitated easy transfer if ions within
the electrode. The overall results suggested that the MoS,-NisS, can be used as potential electrode
material for supercapacitor and oxidation of methanol.
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