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al synthesis of MnS nanoclusters
on nickel foam for high performance all-solid-state
asymmetric supercapacitors†

Vijay S. Kumbhar,a Yong Rok Lee,a Choon Sup Ra,b Dirk Tuma,c Bong-Ki Mind

and Jae-Jin Shim*a

Novel MnS nanoclusters were synthesized on nickel foam (NF) using a successive ionic layer adsorption and

reaction (SILAR) method. MnS nanoclusters with different sizes were obtained by varying the number of

deposition cycles. The crystal structure, chemical composition, and surface microstructure of the

electrodes were characterized by X-ray diffraction, X-ray photoelectron spectroscopy, field emission

scanning electron microscopy, and high resolution transmission electron microscopy. The electrochemical

behavior of the MnS nanoclusters was examined by cyclic voltammetry, galvanostatic charge–discharge,

cycling test, and electrochemical impedance spectroscopy. The MnS nanoclusters prepared with 90 SILAR

cycles showed the best supercapacitance in a 6 M KOH aqueous electrolyte with a specific capacitance of

828 F g�1 at a scan rate of 5 mV s�1 and cycling stability of 85.2% after 5000 charge–discharge cycles.

Moreover, an asymmetric supercapacitor (ASC) was assembled with the as-prepared MnS electrode on NF

as the positive electrode, hydrothermally prepared reduced graphene oxide (rGO) on NF as the negative

electrode, and PVA–KOH gel as the electrolyte. The MnS@NF//rGO@NF ASC showed excellent

electrochemical performance with maximum energy and power densities of 34.1 W h kg�1 and 12.8 kW

kg�1, respectively. The ASC also showed a capacitive retention of 86.5% after 2000 charge–discharge

cycles, highlighting its practical application for energy storage.
1. Introduction

The demand for affordable and safe energy is growing rapidly to
balance living standards and energy consumption. For example,
portable electronic devices, such as mobile phones, digital
cameras, and laptops, need to be charged within a short time
and are expected to possess a long discharge time.1–3 The two
most commonly used energy storage devices are electrolytic
capacitors and lithium ion batteries. Capacitors have a low
energy density and can explode due to the high gas pressures or
spark ignition of free oxygen and hydrogen gases liberated at
the electrodes.4 In contrast, batteries have a low power density
and a short cycle life, suffer from ageing, and may explode if
overcharged.5 Therefore, none of them are secure and suitable
when high power and energy densities are required. Recently,
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a new class of energy storage device called supercapacitor (SC)
have emerged to fulll the demands of both high power density
and energy density. SCs have a longer cycle life and higher
power density than batteries, but a low energy density, which
limits their widespread applications.6–8

SCs are classied as electric double layer capacitors (EDLCs)
and pseudocapacitors. In the carbon-based electrodes of EDLCs,
such as carbon nanotubes, graphene, nitrogen-doped carbon
nanobers, carbon hollow nanospheres, and activated carbon,
the charges are adsorbed physically at the electrode–electrolyte
interface, resulting in high power density and long cycle life.9–14

Pseudocapacitors consisting of metal oxide/hydroxide or con-
ducting polymer electrodes undergo electrochemical redox reac-
tions during the charge–discharge processes, enabling a higher
specic capacitance (Cs) and a higher energy density than
EDLCs.15–18 Even if pseudocapacitors show a higher energy
density than carbon-based electrodes, the performance is not
comparable to that of batteries.19 Therefore, organic electrolytes
with a high decomposition potential are used to increase the
energy density of supercapacitors, but they are generally toxic and
unsafe. In contrast, aqueous electrolyte-based asymmetric
supercapacitors (ASCs) are designed for safe use and enhanced
energy density. In ASC, two electrodes with complementary
potential windows, i.e., a positive potential from a pseudocapa-
citive electrode and a negative potential from a carbon-based
This journal is © The Royal Society of Chemistry 2017
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electrode are integrated together to widen the potential
window.20–22 On the other hand, aqueous electrolytes used in
ASCs evaporate gradually, resulting in a decrease in performance
with time. Consequently, there is a need to fabricate all-solid-
state ASCs with high Cs, energy density, and power density.

Metal suldes, such as nickel sulde (NiS), cobalt sulde
(CoS), molybdenum sulde (MoS2), copper sulde (CuS),
manganese sulde (MnS), and nickel cobalt sulde (Ni–Co–S),
are being assessed as high performance pseudocapacitive elec-
trodes.23–29 The high electrical conductivity of metal sulde offers
faster charge transfer than its corresponding oxide/hydroxides,
which improve the electrochemical performance of an electrode
in terms of Cs, energy density, and power density. Therefore, it is
important to synthesize highly conductive and low-cost metal
suldes that exhibit excellent supercapacitive behavior as a posi-
tive electrode in ASCs. Among the many metal suldes, MnS has
been studied widely as a dilute magnetic semiconductor or as an
anode in lithium-ion batteries.30–33 As Mn has multiple oxidation
states, MnS can be used for charge storage via redox reactions
along with non-faradaic processes. Moreover, the layered crystal
structure of MnS can facilitate the easy intercalation and de-
intercalation of electrolyte ions and enhance the electro-
chemical stability of a supercapacitor; however, there are few
reports on the preparation of MnS electrodes and their use in
ASCs.

Tang et al.34 hydrothermally prepared MnS nanocrystals of
hollow spindle-like nanospheres and tetrapod nanorods with a Cs

of 704 F g�1 and 400.6 F g�1, respectively. Li et al.35 synthesized
a g-MnS/reduced graphene oxide (rGO) composite via a facile one-
pot solvothermal approach and obtained a Cs of 846.4 F g�1. Chen
et al.36 prepared MnS nanocrystals using a hydrothermal method
and fabricated a MnS//activated carbon ASC with saturated KOH
agar-gel as the electrolyte and separator that showed a maximum
Cs of 73.63 F g�1 at a 1 mV s�1 scan rate in an aqueous 2 M KOH
electrolyte. Tang et.al.37 obtained GO-anchored porous manga-
nese sulde (MnS/GO-NH3) nanocrystals by a hydrothermal
method based on the Kirkendall effect. The MnS/GO-NH3 nano-
crystals showed a Cs of 390.8 F g�1. They also fabricated a MnS/
GO-NH3//activated carbon ASC with the highest Cs of 73.63 F g�1

as well as the highest energy and power densities of 14.9W h kg�1

and 4.6 kW kg�1, respectively. Quan et al.38 used a one-step sol-
vothermal approach to synthesize a hybrid electrode consisting of
MnS nanoparticles and nitrogen-doped rGO (N-rGO). With this
electrode, they fabricated MnS/N-rGO//N-rGO ASC using a 3 M
KOH aqueous electrolyte that exhibited a maximum Cs of 77.9 F
g�1. Javed et al.39 synthesized MnS nanoparticles hydrothermally
onto carbon textile and fabricated a solid state symmetric super-
capacitor withmaximum energy and power densities of 52.03Wh
kg�1 and 1.2 kW kg�1, respectively.

Therefore, several studies have used hydrothermal/
solvothermal methods to synthesize MnS electrodes. On the
other hand, such a method requires an extra source of heat in
a controlled atmosphere to increase the temperature and
pressure to the desired levels to carry out the chemical reac-
tions. This involves high energy consumption, which increases
the cost of supercapacitor fabrication. Therefore, it is important
to develop a simple and inexpensive method to prepare MnS
This journal is © The Royal Society of Chemistry 2017
electrodes for supercapacitor applications. The successive ionic
layer adsorption and reaction (SILAR) is one of the most cost
effective, eco-friendly, and simple methods to obtain inorganic
materials at room temperature. The process involves heteroge-
neous reactions of precursor ions in separately placed beakers,
which avoids the loss of materials caused by precipitation, as is
experienced in chemical bath deposition. Therefore, SILAR can
be called modied chemical bath deposition. To the best of the
authors' knowledge, there are no reports on the fabrication of
polymer gel-based all-solid-state ASCs with MnS on nickel foam
(NF) (MnS@NF) and rGO on NF (rGO@NF) as the positive and
negative electrodes, respectively.

In this study, MnS nanoclusters on NF were prepared by the
SILAR method. Here, the number of SILAR cycles were varied to
obtain the optimal MnS nanocluster size for high super-
capacitive performance. The structure, surface morphology,
and supercapacitive properties of the MnS@NF electrodes were
studied. Finally, a polyvinyl alcohol (PVA)–KOH polymer gel-
based MnS@NF//rGO@NF ASC was fabricated and its device
performance was evaluated.
2. Experimental details
2.1 Preparation of MnS nanoclusters

All the chemicals were of analytical grade and used as received.
First, 50 mL of 0.1 M Mn(NO3)2 and 50 mL of 0.1 M Na2S
solutions were prepared separately. NF was used as a substrate
to deposit the MnS nanoclusters. Prior to deposition, the NF
was cleaned using the procedure shown in the literature.40 NF of
5 cm � 1 cm in size was placed in 6 M HCl and sonicated for
30 min using an ultrasonicator to remove the NiO layer on the
NF surface. The NF was then rinsed sequentially with deionized
(DI) water and absolute ethanol. Deposition was carried out at
room temperature. In a typical process, a well-cleaned NF
substrate was rst dipped into 50 mL of a 0.1 M Mn(NO3)2
solution for 30 s to adsorb the Mn2+ ions. In the second step, it
was rinsed with DI water for 20 s to remove the loosely adsorbed
Mn2+ ions from the NF. In the third step, NF was dipped into 50
mL of a 0.1 M Na2S solution for 30 s. In this step, the S2� ions
react with pre-adsorbed Mn2+ ions to form MnS on NF. Finally,
NF was rinsed again with DI water for 20 s to remove the
unreacted S2� ions from the NF. This completed a single SILAR
cycle, which was repeated 60, 90, 120, and 150 times to obtain
four different MnS@NF electrodes. The as-prepared electrodes
were cleaned several times with DI water to remove the
unwanted impurities from the MnS surface. They were then
annealed in an argon atmosphere for 2 h at 673 K and used for
characterization and the electrochemical measurements. The
annealed electrodes deposited with 60, 90, 120, and 150 SILAR
cycles are denoted as MnS-60, MnS-90, MnS-120, and MnS-150,
respectively.
2.2 Preparation of rGO@NF

Graphene oxide (GO) was prepared using an improved
Hummers method41 and was reduced further using a hydro-
thermal method.42 First, 50 mg of GO powder was added to 50
RSC Adv., 2017, 7, 16348–16359 | 16349
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mL of DI water and the solution was kept under constant
magnetic stirring to form a GO suspension. The mixture was
transferred to a 50 mL capacity Teon-sealed autoclave and
a piece of cleaned NF was immersed into the reaction solution.
The autoclave was maintained at 180 �C for 6 h in an electric
oven. At this temperature, GO was reduced to rGO due to the
high concentration of H+ ions formed from the superheated
H2O.42 The autoclave was then allowed cool naturally to room
temperature, and the product on the NF was washed sequen-
tially with DI water and absolute ethanol. Finally, the black-
colored product was dried overnight at 70 �C to yield rGO@NF.
2.3 Fabrication of MnS@NF//rGO@NF ASC

A PVA–KOH gel-based ASC was fabricated using MnS as a posi-
tive electrode and rGO as a negative electrode. The PVA–KOH
gel and polyester cloth were used as an electrolyte and a sepa-
rator, respectively. Initially, 5 g of PVA was added to 50 mL of DI
water. Subsequently, 1.12 g of KOHwas dissolved in 20 mL of DI
water. The two solutions were mixed together and kept under
constant stirring. The mixed solution was heated slowly to 85 �C
until it became clear and transparent. The solution was then
allowed to cool to room temperature to form a gel. Subse-
quently, the two electrodes and polyester cloth were dipped into
the KOH–PVA gel for 3 h to wet the electrodes and separator.
They were dried overnight at room temperature to remove water
from the surface. Finally, both electrodes were pressed together
with the separator sandwiched in-between and covered with
Teon tape to form a MnS@NF//rGO@NF ASC.
2.4 Characterization

The structural phase formation of the MnS@NF electrodes was
conrmed by X-ray diffraction (XRD, PANalytical, X'Pert-PRO
MPD) using CuKa radiation. Elemental analysis and the oxida-
tion states were determined by X-ray photoelectron spectros-
copy (XPS, Thermo Scientic) using AlKa monochromatic
radiation. The surface morphology of the MnS@NF electrodes
was examined by eld emission scanning electron microscopy
(FE-SEM, Hitachi, S-4800) and high resolution transmission
electron microscopy (HR-TEM, Philips, CM-200) at an acceler-
ation voltage of 200 kV. The mass loading of MnS@NF was
estimated from the mass difference of bare NF and MnS coated
NF, which was measured by a sensitive microbalance (Mettler
Toledo, MS304S).
2.5 Electrochemical measurements

The electrochemical measurements of MnS@NF electrodes
were carried out in an aqueous 6 M KOH electrolyte using
a three electrode system consisting of MnS@NF, platinum, and
a silver/silver chloride electrode (Ag/AgCl) as the working,
counter, and reference electrodes, respectively. Cyclic voltam-
metry (CV), galvanostatic charge–discharge, and electro-
chemical impedance spectroscopy (EIS) were employed for the
electrochemical measurements using a (Autolab PGSTAT 302N)
potentiostat/galvanostat.
16350 | RSC Adv., 2017, 7, 16348–16359
3. Results and discussion
3.1 Formation of MnS nanoclusters

The mechanism for the growth of MnS nanoclusters is based on
heterogeneous reactions at the surface of the NF. During the
rst few SILAR cycles, ions nucleate at different sites on NF to
form tiny MnS nanoparticles. Subsequent cycles led to the
aggregation of nanoparticles to nanoclusters. The reaction
mechanism for the formation of MnS nanoclusters using the
SILAR method may be explained as follows:43,44

Mn(NO3)2 4 Mn2+ + 2(NO3)
� (1)

Na2S 4 2Na+ + S2� (2)

Mn2+ + S2� 4 MnS (3)
3.2 Structure and surface morphology of MnS

Fig. 1(a) presents XRD patterns of the annealed MnS-60, MnS-
90, MnS-120, and MnS-150 electrodes on NF. The strong
peaks marked by ‘#’ indicate the XRD peaks for NF, whereas the
peaks observed at 29.3�, 38.1�, and 60.8� 2q were assigned to the
(101), (102), and (202) planes of the hexagonal crystal structure
of g-MnS (JCPDS no. 089-4089), respectively. In addition, the
small a-MnS phase marked by ‘A’ was observed in the nal
products. The crystallite size was determined for the MnS-90
sample using the Scherrer equation,

D ¼ 0:94l

b cos q
(4)

where l¼ 1.54056 Å is the wavelength of X-ray, b is the full width
at half maximum, and q is the Bragg angle. The crystallite size of
the nanostructured MnS-90@NF was 14.8 nm for the (102) plane.
The phase purity of the as-prepared rGO@NF was conrmed by
XRD, as shown in Fig. S1.† Chemical analysis, such as the
elemental composition and oxidation states of the MnS-90@NF
electrode was examined by XPS. Fig. 1(b) indicates the survey
spectrum of the MnS-90@NF electrode. Fig. 1(c and d) shows the
core levels of the Mn 2p and S 2p spectra, respectively. The Mn
2p3/2 and Mn 2p1/2 peaks were observed at 641.65 and 653.36 eV,
respectively (Fig. 1(c)). The presence of S 2p3/2 peaks at 162.2 eV
and S 2p1/2 164.2 eV can be attributed to the S2� state, conrming
the formation of MnS, whereas another high energy peak at
168.1 eV was assigned to the oxidized sulfur (sulfoxide) on the
surface as shown in Fig. 1(d).45,46

The surface microstructure of the MnS@NF electrodes was
examined by FE-SEM. Fig. 2 shows FE-SEM images of the MnS-
60, MnS-90, MnS-120, and MnS-150 electrodes, all on NF, at
different magnications. The surface of the MnS-60 electrode
(Fig. 2(a–c)) showed a non-uniform and partially covered NF,
whichmeans the incomplete growth of MnS nanoclusters on NF
aer 60 SILAR cycles. As the cycles were increased to 90,
a uniform structure of well-grown MnS nanoclusters in the
range, 100 to 200 nm, was observed (Fig. 2(d–f)). Each nano-
cluster was composed of smaller nanoparticles. When the
number of SILAR cycles was increased to 120, the growth of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD patterns of the MnS-60, MnS-90, MnS-120, and MnS-150 electrodes on NF; XPS spectra: (b) survey spectrum, (c) Mn 2p region,
and (d) S 2p region of MnS-90@NF electrode.
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nanoclusters continued until they get agglomerated as shown in
Fig. 2(g–i). Fig. 2(j and k) shows the overgrown MnS nano-
clusters obtained when the number of SILAR cycles were
increased further to 150. This led to the non-uniform distribu-
tion of nanoclusters on the surface of NF, as shown in Fig. 2(l).
Such an agglomerated and overgrown structure may hinder the
provision of a higher electroactive surface area, thereby
diminishing the charge storage capability of the MnS-120 and
MnS-150 electrodes. HR-TEM and selected area electron
diffraction (SAED) were used to analyze the size and crystalline
structure of the uniform and well-grown MnS-90 nanoclusters.
Fig. 3(a and b) shows HR-TEM images of the MnS-90 electrode
at low and high magnication, respectively. The nanoclusters
consisted of interconnected nanoparticles that provided a large
number of electroactive sites becausemost of the surface area of
each nanoparticle was in contact with the electrolyte ions. A
careful observation of the highly magnied image (Fig. 3(b))
revealed some tiny nanoparticles with a diameter of approxi-
mately 20–30 nm. The interplanar distances of 0.32, 0.23, and
0.15 nm measured from the lattice fringes in the TEM images
(Fig. 3 (b)) correspond to the (101), (102), and (202) lattice
planes of g-MnS. They were also conrmed by the SAED pattern
(Fig. 3(c)), which was consistent with the XRD result.
3.3 Supercapacitive performance of MnS@NF electrodes

The cyclic voltammograms of MnS-60, MnS-90, MnS-120, and
MnS-150 electrodes on NF were measured in 6 M KOH within
This journal is © The Royal Society of Chemistry 2017
the potential range, �0.15 to 0.55 V (vs. Ag/AgCl), at a 50 mV
s�1 scan rate. The MnS-60 electrode showed a Cs of 420 F g�1

while the highest value of 537 F g�1 was obtained for the MnS-
90 electrode. This increase can be related to the formation of
uniform nanoclusters aer 90 SILAR cycles. On the other
hand, Cs decreased for the MnS electrodes prepared with
a larger number of cycles, which may be due to the agglom-
eration and overgrowth of MnS nanoclusters. The surface area
of these nanoclusters must have been reduced and so do the
effective electroactive sites. Fig. S2† shows the cyclic voltam-
mograms and variation of Cs with the SILAR cycles. Therefore,
further electrochemical measurements were carried out on the
MnS-90 electrode. Hereaer, MnS-90 electrode is denoted as
MnS. Fig. 4(a) shows typical cyclic voltammograms of the
MnS@NF electrode at various scan rates, ranging from 5 to
100 mV s�1. Each curve consisted of oxidation and reduction
peaks during the positive and negative scans, respectively,
which conrm the capacitive behavior of the MnS@NF elec-
trode. In addition, the area inside the loop increased with
increasing scan rate, showing its pseudocapacitive capability.
Fig. 4(b) presents the corresponding variation of Cs with the
scan rate, which was determined using eqn (S1).† The
MnS@NF electrode exhibited a maximum Cs of 828 F g�1 at
5 mV s�1. With increasing scan rate, Cs decreased and reached
437 F g�1 at a scan rate of 100 mV s�1. This large decrease in Cs

may be due to the diffusion limitation of electrolyte ions in
small gaps among the nanoclusters and the very small gaps
RSC Adv., 2017, 7, 16348–16359 | 16351
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Fig. 2 FESEM images of the MnS@NF electrodes: (a–c) MnS-60, (d–f) MnS-90, (g–i) MnS-120, andMnS-150 (j–l) after 60, 90, 120, and 150 SILAR
cycles, respectively.
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among the particles in a nanocluster, together with the
inability of the electrolyte ions (OH�) to maintain the redox
transitions at higher scan rates. The galvanostatic charge–
discharge measurements were carried out at various current
densities ranging from 3 to 10 A g�1. Fig. 4(c) presents the
corresponding variations of voltage as a function of time. The
Fig. 3 (a) TEM, (b) HR-TEM and (c) SAED pattern of the MnS-90@NF ele

16352 | RSC Adv., 2017, 7, 16348–16359
non-linear nature of the curves indicate the pseudocapacitive
behavior of the MnS@NF electrode, which is in good agree-
ment with the CV results. The pseudocapacitive charge–
discharge mechanism of the MnS@NF electrode is proposed
as follows:35

MnS + OH� 4 MnSOH + e� (5)
ctrode.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Cyclic voltamograms of the MnS-60, MnS-90, MnS-120, and MnS-150 electrodes on NF at different scan rates ranging from 5 to
100 mV s�1, (b) variation of the Cs MnS@NF electrode at different scan rates from 5 to 100 mV s�1, (c) galvanostatic charge–discharge curves of
the MnS@NF electrode at different current densities ranging from 3 to 10 A g�1, and (d) coulombic efficiency of the MnS@NF electrode at
different current densities, ranging from 3 to 10 A g�1.

Fig. 5 Electrochemical cycling performance of the MnS@NF electrode
for 5000 charge–discharge cycles at a current density of 10 A g�1.
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MnSOH + OH� 4 MnSO + H2O + e� (6)

The energy and power densities of the MnS@NF electrode
were estimated at various current densities. The maximum
energy density obtained was 73.1 W h kg�1 at a power density of
2 kW kg�1 for a current density of 3 A g�1. Increasing the current
density to 10 A g�1 resulted in a maximum power density of 6.6
kW kg�1 at an energy density of 58.3 W h kg�1. The coulombic
efficiency of the MnS@NF electrode was examined at various
current densities to determine its reversibility. Fig. 4(d) shows
a plot of the coulombic efficiency as a function of the current
density. The coulombic efficiency was increased from 89.5% to
94% with increasing current density from 3 to 10 A g�1. This
suggests that the redox processes at lower current densities
were diffusion controlled.

Furthermore, the electrochemical stability of the MnS@NF
electrode was tested for 5000 charge–discharge cycles at
a current density of 10 A g�1, as shown in Fig. 5. Cs was deter-
mined from the charge–discharge curves using eqn (S2).†
Initially, Cs increased from 433 F g�1 with increasing number of
charge–discharge cycles, which may be due to the enhanced
wetting of the electrode with the electrolyte during cycling. Aer
550 cycles, Cs reached 533 F g�1 and the corresponding change
in the surface morphology was studied. Fig. 6(a and b) presents
FE-SEM images of the MnS@NF electrode aer 550 cycles. The
MnS nanoclusters changed to nanoakes. A similar change in
This journal is © The Royal Society of Chemistry 2017
surface morphology aer cycling was observed in the case of the
hydrothermally prepared MnO2 nanostructures.47 With further
increase in the number of charge–discharge cycles, Cs

decreased and reached 369 F g�1 aer 5000 cycles, which was
resulted from the morphology change of the electrodes. This
decrease in Cs could have been attributed to the detachment of
MnS nanoparticles from the nanoclusters due to the stress and
strain resulted from the compression and expansion of the MnS
RSC Adv., 2017, 7, 16348–16359 | 16353
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Fig. 6 FE-SEM images of the MnS@NF electrode (a and b) after 550 and (c and d) after 5000 charge–discharge cycles.
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nanostructure during the charge (intercalation) and discharge
(de-intercalation) cycles.48 Therefore, the MnS@NF electrode
retained a fairly good electrochemical stability of 85.2% aer
5000 charge–discharge cycles. Fig. 6(c and d) shows FE-SEM
images of the MnS@NF electrode aer 5000 cycles.
Fig. 7 Electrochemical impedance plots of the MnS@NF electrode, befor
magnified view of the high frequency region.

16354 | RSC Adv., 2017, 7, 16348–16359
The electrochemical impedance of the MnS@NF electrode
was measured before cycling and aer 5000 charge–discharge
cycles over the frequency range, 100 kHz to 0.1 Hz, at the open
circuit potential by applying an AC voltage with an amplitude of
10 mV. Fig. 7 depicts Nyquist plots of the MnS@NF electrode
e cycling and after 5000 charge–discharge cycles. The inset shows the

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Circuits equivalent to the MnS@NF electrode (a) before cycling and (b) after 5000 charge–discharge cycles.
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before cycling and aer 5000 charge–discharge cycles along
with corresponding tted curves. The inset shows themagnied
part in the high frequency region. Fig. 8(a and b) shows the
circuit equivalents to the MnS@NF electrode. Table S1† lists the
tting parameters of the MnS@NF electrode. The equivalent
series resistance (ESR) changed from 0.48 U (Rs: before cycling)
to 0.63 U (R0

s: aer cycling), which indicates that cycling has
a negligible effect on the MnS@NF electrode. This was followed
by the parallel combination of capacitance (C) and charge
transfer resistance (Rct) due to redox reactions at the electrode–
electrolyte interface. The Warburg element (W) in series with Rct

is a result of the diffusion of electrolyte ions within the electrode
at lower frequencies. The Warburg open circuit element (Wo) in
series indicates the nite-length reective impedance. The
Fig. 9 Cyclic voltamograms of the rGO@NF and MnS@NF electrodes
measured in a three-electrode system in an aqueous 6M KOH solution
at a scan rate of 10 mV s�1.

Fig. 10 Schematic illustration of the fabrication process of MnS@NF//rG

This journal is © The Royal Society of Chemistry 2017
equivalent circuit aer 5000 charge–discharge cycles consists of
R0

s followed by a parallel combination of capacitance (C0) and
W0

1 associated with the charge transfer resistance due to redox
reactions. The series W0

2, giving a double layer capacitance,
arises due to the diffusion of electrolyte ions at the lower
frequency region.
3.4 Supercapacitive performance of MnS@NF//rGO@NF ASC

The supercapacitive performance of the MnS@NF//rGO@NF
ASC with the MnS as a positive and rGO as a negative elec-
trodes was evaluated. Fig. S3† shows the surface microstructure
and electrochemical performance of rGO@NF. An ASC must
store the same number of charges on the positive and negative
electrodes. As the MnS@NF and rGO@NF electrodes have a Cs

of 746 and 182.5 F g�1, respectively, at a 10 mV s�1 scan rate, the
mass loading was balanced using the following equation to
obtain an equal capacitance on both electrodes,49

mþ
m�

¼ C� DV�
Cþ DVþ

(7)

where m+ is the mass of MnS, and C+ and DV+ represent Cs and
the potential window of the positive MnS@NF electrode,
respectively. Similarly, m� is the mass of rGO, and C� and DV�
represent Cs and the potential window of the rGO@NF electrode,
respectively. Based on the Cs values and the potential windows
measured for the MnS@NF and rGO@NF electrodes, the optimal
mass ratio (m+/m�) of the fabricated ASC was 0.35. From this
value andm+ of 0.91 mg, the calculated mass of rGO was 2.6 mg.
Fig. 9 shows the cyclic voltamograms of the MnS@NF and
rGO@NF electrodes with their corresponding potential windows
at a 10 mV s�1 scan rate. The potential windows of the rGO@NF
and MnS@NF electrodes ranged from �1 to 0 and from�0.15 to
0.55 V (vs. Ag/AgCl), respectively. The calculated DV+ and DV�
O@NF an ASC.
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Fig. 11 (a) Cyclic voltamograms of the as-fabricated MnS@NF//rGO@NF ASC at different operating voltages and at a scan rate of 100mV s�1 and
(b) galvanostatic charge–discharge curves of the as-fabricated MnS@NF//rGO@NF ASC at different operation voltages and at a current density of
3.5 A g�1.
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were 0.70 V and 1 V, respectively. rGO gave an almost rectangular
CV curve indicating EDLC type behavior, whereas MnS gave well
dened redox peaks that show the pseudocapacitance. These
electrodes were combined to form a MnS@NF//rGO@NF ASC
with a wider potential window. Fig. 10 presents a schematic
diagram for the ASC fabrication process. Fig. 11(a) shows cyclic
voltamograms of the ASC at different potential windows and
a xed scan rate of 100 mV s�1. With increasing potential
window, the area under the cyclic voltamograms increased,
giving a stable maximum operating potential window of
1.6 V. Similarly, the ASC was also exposed to different potential
Fig. 12 (a) Cyclic voltamograms of the MnS@NF//rGO@NF ASC at differe
to 100 mV s�1, (c) galvanostatic charge–discharge curves of the ASC at
different current densities ranging from 2 to 10 A g�1.

16356 | RSC Adv., 2017, 7, 16348–16359
windows at a xed current density of 3.5 A g�1, as shown in
Fig. 11(b). As the potential window was increased from 1.0 to
1.6 V, the charging curve followed the same path and became
stable at 1.6 V, indicating the unique behavior of the ASC for all
operating potential windows. The coulombic efficiency of the
ASC was determined for various potential windows at a xed
current density of 3.5 A g�1. The coulombic efficiency decreased
with increasing potential window, which indicated inability of
the ASC to reach a high potential due to the high ESR and charge
transfer resistance. Fig. S4† shows the variation of the coulombic
efficiency with the potential window.
nt scan rates, (b) variation of Cs of the ASC at different scan rates from 5
different current densities and (d) coulombic efficiency of the ASC at

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Electrochemical stability of the MnS@NF//rGO@NF ASC at
a fixed current density of 6 A g�1.

Fig. 14 Nyquist plots of the MnS@NF//rGO@NF ASC, before cycling
and after 2000 charge–discharge cycles. The inset shows the
magnified view of the high frequency region of the plots.
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In addition, the electrochemical performance of the
MnS@NF//rGO@NF ASC was carried out at different scan rates,
ranging from 5 to 100 mV s�1, as shown in Fig. 12(a). The ASC
exhibited the combined contribution from faradaic and non-
Fig. 15 Circuits equivalent to the MnS@NF//rGO@NF ASC device, (a) be

This journal is © The Royal Society of Chemistry 2017
faradaic reactions due to the pseudocapacitance of the
MnS@NF electrode and the double layer capacitance of
rGO@NF. Fig. 12(b) presents the variation of Cs with the scan
rates for ASC, resulting in a maximum Cs of 104 F g�1 at a scan
rate of 5 mV s�1 and reached 40 F g�1 with increasing scan rate
to 100 mV s�1. This decrease in Cs may be due to the inability of
the electroactive sites of the electrodes to maintain the redox
transitions. Subsequently, the charge–discharge behavior of the
ASC was studied at different current densities, ranging from 2 to
10 A g�1. Fig. 12(c) shows the corresponding variation in the
charge–discharge curves. The ASC showed a maximum Cs of 94
F g�1 at the lowest current density of 2 A g�1. Increasing the
current density to 6 A g�1 resulted in a Cs of 52 F g�1. Therefore,
a capacitive retention of 55% with a vefold enhancement in
current density was achieved, employing the high rate capability
of the ASC. The coulombic efficiency of the ASC was estimated
at various current densities, as shown in Fig. 12(d). This showed
that the coulombic efficiency increased from 38.5% to 74.9%
with increasing current density from 2 A g�1 to 10 A g�1. The
small coulombic efficiency at low current density might have
been attributed to the factors such as high Rct of ASC (1082 U)
and low ionic conductivity of solid electrolyte. The electro-
chemical charge–discharge stability of the ASC was tested at 6 A
g�1, as shown in Fig. 13. A capacitive retention of 86.6% was
observed aer 2000 cycles, which is better than those of the
other MnS-based ASCs.37,50

Fig. 14 presents the experimental Nyquist plots of the
MnS@NF//rGO@NF ASC before cycling and aer 2000 charge–
discharge cycles measured over the frequency range, 100 kHz to
0.1 Hz, at the open circuit potential by applying an AC voltage
with a 10 mV amplitude. The ESR increased from 0.72 U (before
cycling) to 1.4 U (aer 5000 cycles). This increase in ESR can be
related to the increase in gel resistance due to a deterioration of
the polymer network aer continuous charge–discharge
cycling. The circuit equivalent for the ASC before cycling
consists of parallel combination of a constant phase element
(CPE1) and Rct1, which can be related to charge storage due to
the redox reactions at the electrode–electrolyte interface. In
particular, the appearance of CPE1 was attributed to the non-
uniform distribution of charges. The second parallel combina-
tion of CPE2 and Rct2 was attributed to the non-faradaic transfer
reactions in the lower frequency region. Aer cycling, the elec-
trode surface was largely modied because the CPEs (CPE1 and
CPE2) changed to the capacitances (C0

1 and C0
2). This may be
fore cycling and (b) after 2000 charge–discharge cycles.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra00772h


Fig. 16 (a) Ragone plots of the MnS@NF//rGO@NF ASC prepared in
this study and other MnS-based ASCs reported in the literature (inset:
demonstration of the MnS@NF//rGO@NF ASC).
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due to the loss of non-uniformity on the electrode surface due to
the accumulation of electrolyte ions aer cycling. The straight
line with a slope to the real impedance axis in the low frequency
region is due to the diffusion of electrolyte ions aer cycling,
giving the W value of the electrode.51 Fig. 15(a and b) presents
the circuit equivalents and tted parameters for ASC before
cycling and aer 2000 charge–discharge cycles, respectively.
Table S2† shows the corresponding tted parameters before
cycling and aer 2000 charge–discharge cycles.

In general, the energy storage ability of any device is expressed
in terms of a Ragone plot, in which the energy density ismeasured
as a function of the power density. Fig. 16 depicts the Ragone plot
of the different MnS-based ASCs. The MnS@NF//rGO@NF ASC
exhibits a maximum energy density of 34.1 W h kg�1 (at a power
density of 2.5 kW kg�1) and amaximum power density of 12.8 kW
kg�1 (at energy density of 18.4 W h kg�1). These values are
signicantly better than that of many other reported MnS-based
ASCs.34,37,39 On the other hand, Chen et al.36 achieved the high-
est energy density of 37.6 W h kg�1 for the MnS//activated carbon
ASC, using a KOH-based agar gel electrolyte. As agar gel contains
submicron-sized pores lled with water, its calendar life could be
shorter than the MnS@NF//rGO@NF solid state ASCs presented
in this work. Similarly, Quan et al.38 fabricated a-MnS//nitrogen-
doped ASC that showed the highest power density of 20 kW
kg�1 using an aqueous KOH electrolyte; however, with time, it
suffer from electrolyte leakage and performance loss. Table S3†
lists the energy and power densities of different MnS-based ASCs.
To demonstrate the energy storage capacity of MnS@NF//
rGO@NF ASC, for real applications, two such ASCs were con-
nected in series. Aer charging for 30 s, the ASC can power up
a red LED for more than 60 s, as shown in the inset in Fig. 16.
4. Conclusions

MnS nanoclusters were synthesized on NF using an inexpensive
and eco-friendly SILAR method. The number of SILAR cycles
16358 | RSC Adv., 2017, 7, 16348–16359
was controlled to achieve the optimal sized MnS nanoclusters
with the best supercapacitive performance. In particular, the
nanoclusters prepared with 90 SILAR cycles gave a maximum Cs

of 828 F g�1 at a 5 mV s�1 scan rate. The MnS@NF electrode
showed an electrochemical stability of 85.2% aer 5000 charge–
discharge cycles. Furthermore, the fabricated all-solid-state
MnS@NF//rGO@NF ASC exhibited the highest Cs of 104 F g�1

with energy and power densities of 34.1 W h kg�1 and 12.8 kW
kg�1, respectively. The ASC showed an electrochemical stability
of 86.6% aer 2000 charge–discharge cycles. Moreover, the ASC
could light up a red LED, highlighting the usefulness of the
MnS@NF//rGO@NF combination for various portable elec-
tronic applications.
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