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a b s t r a c t

In this study, we report a facile chemical synthesis of a novel MnCo2S4/halloysite (HNTs) nanoflakes
decorated on nanotubes which coated on Ni foam via a screen-printing technique. The MnCo2S4 thin
films were prepared using a coprecipitation method which demonstrate battery kind of behavior. The
MnCo2S4/HNTs-based electrode shows a specific capacity of 359 mAh g�1 at 5 mV s�1 with excellent
cycling stability. Furthermore, the symmetric system exhibits an outstanding energy density and power
density of 6.98 Wh kg�1 and 1976.0 W kg�1, respectively. The results obtained with the MnCo2S4/HNTs
composite in a symmetric system indicate that this composite material can potentially be used as an
alternative electrode material for electrochemical energy storage.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, world pollution has rapidly increased, necessi-
tating the development of alternative energy sources and storage
schemes. Although the existing energy sources and storage tech-
niques are convenient, they face various limitations such as low
abundance and poor renewability [1e5]. Examples of non-
renewable energy sources include fuels such as oil, coal, natural
gas, and wood [5e7]. Overcoming such problems involves the
progress of novel energy storage systems that alleviate
and Environmental Science,
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26, Goyang-si, Gyeonggi-do,
environmental pollution, are based on a renewable energy source,
and are green and cost effective. To this end, solar cells, super-
capacitors, batteries, and capacitors are nowcommercially available
[8e10]. Solar cells, batteries and supercapacitors are the most
capable electrical energy storage systems. In supercapacitors, bat-
tery type materials are particularly promising because they show
outstanding characteristics such as high energy and power den-
sities and good long-term cycling stability; they also do not
generate environmental pollution and are inexpensive to fabricate
[11e15].

Currently, many researchers are developing various binary and
ternary metal oxide/hydroxide/chalcogenide nanostructures
[16e20] for use in supercapacitors [21], batteries [22], dye-
sensitized solar cells [23], sensors [24], water-splitting [25],
hydrogen/oxygen evolution [26,27], and various electronic devices.
Among these transition-metal chalcogenides, we have chosen
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ternary MneCoechalcogenide nanomaterials for demonstrating
their electrochemical energy storage capacities because MnCo2S4
are having better electrochemical conductivity, nontoxic, readily
available, inexpensive, and easy to fabricate. For instance, Zhang
et al. [17] effectively produced nanowire-like MnCo2S4 thin films
deposited onto Ti mesh for the O2 evolution reaction in 1.0 M KOH.
They reported that the MnCo2S4 electrode exhibited good oxygen
evolution activity. Jadhav et al. [27] electrodeposited MnCo2S4
flakes onto a stainless-steel mesh. They reported an oxygen evo-
lution reaction performance as high as 290 mV at a 10 mA cm�2.
Wang et al. [28] developed MnCo2O4@MnCo2S4 coreeshell com-
posite thin films on Ni foam. These MnCo2O4@MnCo2S4 thin films
for use in asymmetric system was prepared using a hydrothermal
techniques. The authors reported that the composite
MnCo2O4@MnCo2S4 films exhibited a specific capacitance of
1933.3 F g�1 at a current density 1 A g�1, respectively. Wang et al.
[29] successfully coated MnCo2S4 nanoparticles with graphene
nanosheets for use in asymmetric energy storage system. They
concluded that the composites showed superior electrochemical
performance.

The literature survey revealed that there are no reports of
ternary MnCo2S4 and halloysite nanocomposites as battery type
electrode material. Therefore, ternary MnCo2S4 materials prepared
using a cost-effective and simple coprecipitation method, which
was found to be more effective than other physical and chemical
methods because it does not require specialized instruments and
uses inexpensive chemicals while generating minimal waste. We
grew nanoflakes on a nanotube-like nanostructure composite
deposited on Ni foam using the screen-printing method. Further
the performance of the nanocomposite as an electrodematerial in a
symmetrical energy storage system was investigated in detail. The
structural, morphological, compositional, and electrochemical
properties of the MnCo2S4/HNTs composite show that the com-
posite exhibits excellent performance than the individual MnCo2S4
and HNTs components. This is due to the HNTs coating of the
MnCo2S4 nanoflakes results in a nanoflakes/nanotube MnCo2S4/
HNTs nanocomposite that favors ion transport or ion exchange. The
specific capacity values of the composite tested using a three-
electrode system was about 359 mAh g�1 at 5 mV s�1, which is
higher than that of the MnCo2S4 and HNTs electrodes. The cathode
and anode electrodes were prepared using MnCo2S4/HNTs com-
posite. The electrochemical measurements of the MnCo2S4/HNTs||
MnCo2S4/HNTs symmetric system demonstrated good electro-
chemical performance along with the high charge/discharge ca-
pabilities. This system demonstrated an energy density of 6.98 Wh
kg�1 and power density of 1976.0 W kg�1. The MnCo2S4/HNTs
composite is applicable for symmetric and asymmetric energy
storage applications because of its electrical properties.

2. Experimental

2.1. Materials

Analytical grade manganese (II) sulfate hexahydrate
(MnSO4$6H2O), cobalt (II) sulfate heptahydrate (CoSO4$7H2O), so-
dium sulfide (Na2S$5H2O), ammonium hydroxide (NH4OH), and
Halloysite (HNTs) nanoclay and polyvinyl alcohol (PVA) from
Sigma-Aldrich were used as received. All aqueous solutions in the
experiment were prepared by dissolving the corresponding pre-
cursors in distilled water.

2.2. Synthesis of MnCo2S4 thin films

Initially, 100 ml aqueous solutions of 0.1 M MnSO4.6H2O, 0.1 M
CoSO4.H2O, and 0.2 MNa2S.9H2Owere prepared separately. At first,
the pH of Mn and Co precursors was adjusted to 12 by using
aqueous ammonia. These two precursor solutions were gradually
mixed. To this mixed solution, a 100 ml solution of 0.2 M Na2S was
added drop wisely. A black-colored precipitate was formed in the
alkaline bath and the mixture was stirred for 1 h. The subsequent
MnCo2S4 precipitate was collected by filtration using Whatman
grade 1 filter paper and washed with distilled water for several
times. The as-synthesized MnCo2S4 precipitate was annealed at
300

�
C for 30 min under Ar atmosphere. The obtained powder was

used to fabricate MnCo2S4 thin films via the screen-printing
method.

2.3. Screen printing of MnCo2S4@HNTs thin films

The powder prepared by a chemical coprecipitationmethodwas
used to fabricate thin films of MnCo2S4, MnCo2S4/HNTs, and HNTs
for electrochemical testing. The required amount of polymer gel
was added to the powder to make a sticky paste. After preparation
of viscous paste, a uniform and homogenous two layers of MnCo2S4
thin films were screen printed on Ni foam, air dried overnight for
6 h, and annealed at 200 �C for 1 h to evaporate water content. The
mass of active material deposited onto the Ni foam was about
0.9 mg cm�2 for all MnCo2S4, MnCo2S4/HNTs, and HNTs electrodes.

2.4. Characterization

The crystal structures and phase identification of the powder
were recorded using a Rigaku Ultima III diffractometer equipped
with a Cu Ka radiation (1.54 Å) source. The nanostructures of the
samples were observed by scanning electron microscopy (JEOL
JSM-7100) and transmission electron microscopy (HR-TEM; JEOL
JEM-2100). X-ray photoelectron spectroscopy (XPS; ULVAC-PHI
Quantera SXM) was used to examine the elemental composition
of the as-synthesized samples [30,31].

2.5. Electrochemical testing

The electrochemical characteristics were evaluated using as-
synthesized MnCo2S4, MnCo2S4/HNTs, and HNTs electrodes as a
working electrode, Pt as the counter, and Ag/AgCl as reference
electrode. The electrode fabrication process is described elsewhere
[31,32]. The supercapacitor measurements were performed with
the potential range of �0.2 to 0.5 V in the 1 M KOH electrolyte. The
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) analysis were per-
formed with an electrochemical workstation (CH Instruments CHI
660E) [32].

2.6. Fabrication of flexible symmetric devices

The flexible symmetric MnCo2S4/HNTs||MnCo2S4/HNTs device
was assembled as positive and negative electrodes. Both MnCo2S4/
HNTs electrodes were separated using separator, and polymer gel
was used as the electrolyte. A similar protocol was applied to pre-
pare polymer gel, which is reported elsewhere [33]. Both MnCo2S4/
HNTs electrodes and the separators are immersed in the polymer
gel for 10 s and then natural dried in air for overnight. Finally, both
of the electrodes were hard-pressed at 35 �C for 6 h with separator
sandwiched together.

3. Results and discussion

3.1. X-ray diffraction (XRD) study

The crystallographic information of the as-synthesized
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MnCo2S4, MnCo2S4/HNTs composite, and HNTs powders were
attained with XRD analysis. Fig. 1A shows the XRD patterns of the
MnCo2S4, MnCo2S4/HNTs composite, and HNTs samples. The
diffraction peaks of the MnCo2S4 and HNTs appeared at 19.86�,
35.42�, 38.40�, 54.84�, 62.59�, 73.84� and at 12.81�, 19.86�, 24.36�,
35.42�, 38.40�, 54.84�, and 62.59�, respectively; these peaks can be
assigned to the corresponding planes (111), (311), (222), (422),
(440), (620) and (001), (100), (002), (110), (003), (210), (300) of the
cubic and hexagonal structures, respectively [27,29]. The XRD
patterns of the MnCo2S4 and HNTs are well matched standard
JCPDS card nos. 023e1237, 19e0366, and 029e1487, respectively.
Fig. 1Ab shows the XRD patterns of composite samples a and c. The
XRD pattern of sample b displays all the diffraction peaks observed
in the patterns of samples a and c, demonstrating that the com-
posite of the MnCo2S4 and HNTs powders was uniformly mixed,
resulting in a pure phase of the MnCo2S4/HNTs composite. The XRD
pattern does not show any peak other phase in the composite.
Fig. 1Ab confirms the XRD pattern of the MnCo2S4/HNT composite;
the diffraction peaks corresponding to crystal planes (001), (111/
100), (111/002), (211), (311/110), (222/003), (422/210), (440/300),
and (620/613) are observed at 12.81�, 19.86�, 24.36�, 26.63�, 35.42�,
38.40�, 54.84�, 62.59�, and 73.84�, respectively [30]. All the
diffraction peaks indicate that the compound is composed with a
hybrid phases of the hexagonal/cubic crystal structures. The
pattern of the composite shows stronger and sharper diffraction
Fig. 1. (A) XRD patterns of MnCo2S4, MnCo2S4/HNTs composite, HNTs, respectively, (B) XPS
resolution spectra of Mn 2p, Co 2p, S 2p, O 1s, Al 2p, and Si 2p of MnCo2S4/HNTs composi
samples.
peaks than the patterns of the other samples, indicating that the
composite sample is more crystalline than the other phases,
without any impurities [31]. XRD analyses revealed the formation
of homogeneous composites of MnCo2S4 and HNTs materials. From
the XRD results, we conclude that the MnCo2S4 and HNTs materials
were successfully amalgamated into a composite. These results
indicate that the MnCo2S4, MnCo2S4/HNTs, and HNTs were suc-
cessfully grounded into powders after being coprecipitated [32].
3.2. X-ray photoelectron spectroscopy (XPS) study

XPS techniques was used to confirm the elemental composition
of the as-synthesized MnCo2S4, MnCo2S4/HNTs, and HNTs. Fig. 1B
(aec) indications the survey spectra of MnCo2S4, MnCo2S4/HNTs,
and HNTs samples, respectively. Fig. 1Ba shows that Mn, Co, and S
elements are present in the samples. Similarly, Al, Si, and O ele-
ments are observed in Fig. 1Bc. The survey spectrum of the
MnCo2S4/HNTs composite samples confirms the presence of all the
elements already observed in the MnCo2S4 and HNTs samples. The
survey spectrum of the MnCo2S4/HNTs composite shows no other
chemical valence or elemental states on the surface of the
MnCo2S4/HNTs composite, demonstrating that the as-synthesized
composite is comparatively pure than the other two samples.
Fig. 1C reveals the Mn 2p core levels of the MnCo2S4/HNTs com-
posite; two peaks are observed at the binding energies 659.07 and
survey spectra of MnCo2S4, MnCo2S4/HNTs composite, HNTs, respectively, (CeH) High
te sample, respectively. (I) FT-IR spectra of MnCo2S4, MnCo2S4/HNTs composite, HNTs



Fig. 2. (aef) SEM images of MnCo2S4, MnCo2S4/HNTs composite, and HNTs samples with different magnification, respectively.
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647.46 eV assigned to the Mn 2p1/2 and Mn 2p3/2 states, respec-
tively; the energy difference between the Mn 2p1/2 and Mn 2p3/2
states is about 11.61 eV, which indicate that Mn exists in the Mn2þ

state. Fig. 1D shows the Co 2p core levels of the MnCo2S4/HNTs
composite. The two peaks observed at binding energies of 786.80
and 804.41 eV are due to the Co 2p3/2 and Co 2p3/2 states, respec-
tively [28e33]. The difference in binding energy between the Co
2p3/2 and Co 2p1/2 states is about 17.61 eV, confirming the presence
of both Co2þ and Co3þ [16]. Fig. 1E displays the S 2p high resolution
of the MnCo2S4/HNTs composite. The spectrum shows two strong
peaks at binding energies of 164.86 and 163.49 eV, which related to
the S 2p1/2 and S 2p3/2 states, respectively [29]. In Fig. 1F, peaks of O
1s are observed because the sample was prepared under an air
atmosphere. Fig. 1(G and H) appearances the high-resolution
spectrum of Al 2p and Si 2p, with corresponding binding energies
of 84.79 and 112.71 eV, respectively. The fitted C 1s high-resolution
spectrum of the MnCo2S4/HNTs composite reveals a peak at
284.1 eV for C 1s, which is associated to a CeSi species [34]. From
these results confirmed that Mn 2p, Co 2p, O 1s, S 2p, Al 2p, and Si
2p elements are present on the surface of the MnCo2S4/HNTs
composite.
3.3. FT-IR study

Fig. 1I shows the FT-IR spectra of the MnCo2S4, MnCo2S4/HNTs,
and HNTs samples. The spectrum of the MnCo2S4 shows a peak at
3447 cm�1 that is ascribed to the OeH stretching vibration mode
[35]. The strong absorption peaks at 1122 cm�1 are attributed to a
stretching vibration mode of CeOH groups, whereas the two peaks
at 1381 and 1122 cm�1 are assigned to CeO and OeH stretching
vibrations, respectively [36]. Themain absorption peak at 619 cm�1,
confirmed the stretching vibrations of MneO and CoeS bonds
[37,38], demonstrate the formation of MneCoeS compounds
[35e39]. For the HNTs, the peaks at 3620 and 3697 cm�1 are cor-
responding to OeH stretching vibrationmodes [40]. The vibrational
peak at 1631 cm�1 is assigned to an OeH stretching mode [38],
which arises from water in the samples. The strong peaks at 1031
and 1098 cm�1 are related to the stretching vibration modes of the
SieO network [24]. The peaks at 911, 753, and 690 cm�1 are related
to OeH, AleOeSi, and SieOeSi groups [41], respectively. The
spectrum of the MnCo2S4/HNTs composite shows all the absorption
peaks observed in the spectra of the MnCo2S4 and the HNTs, con-
firming that the stretching vibration modes of both phases are
present. Thus, the FT-IR analysis indicates that the MnCo2S4/HNTs
composite formed without any other impurities.
3.4. SEM study

Fig. 2(aef) displays the SEM micro images of the MnCo2S4,
MnCo2S4/HNTs composite, and HNTs at different magnifications.
Fig. 2(a and b) shows SEM images of MnCo2S4 samples prepared
using the coprecipitation method. The SEM images of the MnCo2S4
samples show that porous nanoflakes with irregular growth fully
covered their surface. The higher-magnification image (Fig. 2b)
shows numerous porous-interconnected nanoflakes with various
thicknesses and size. The average thickness of the nanoflakes



Fig. 3. (aef) TEM images of MnCo2S4, MnCo2S4/HNTs composite, and HNTs samples with different magnification, respectively.
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ranges between 300 and 400 nm. Fig. 2(e and f) shows SEM images
of halloysite at different magnifications. These SEM images shows
cylindrical nanotubes with different lengths and diameters. The
average length and diameter of the nanotubes are approximately
400e500 nm and 50e100 nm, respectively. These SEM images
were well matched with the previously reported SEM images of
halloysite nanotubes [42,43]. Fig. 2(c and d) also shows SEM images
of the MnCo2S4/HNTs composite sample. The images at higher
magnification show that the porous nanoflakes resemble fully re-
capped nanostructures on nanotubes [44]. Fig. 2d reveals that all
the nanoflakes are fully decorated on the HNTs nanotubes. The
outer layer of surface exhibits a greater porosity than the neat
MnCo2S4 and HNTs samples; this type of composite sample favors
easy ion transport during the electrochemical reactions [45]. In the
present work, we focused on hollow cylindrical nanostructures
because hollow tube-like nanostructures enable faster ion and
mass transfer. The SEM analysis confirmed that the MnCo2S4/HNTs
samples provided greater porosity and a larger active surface area
than both the MnCo2S4 and HNTs samples [46].

Fig. 3(aef) shows TEM images of the MnCo2S4, MnCo2S4/HNTs
composite, and HNTs with different magnifications. Fig. 3(a and b)
presents TEM images of MnCo2S4, indicating that the sample con-
sists of porous interconnected nanoflakes-like nanostructures.
Fig. 3(c and d) shows TEM images of the MnCo2S4/HNTs composite.
The TEM images of the composite clearly show that the nanoflakes
are fully and uniformed coated on the nanotubes and that the
morphology of the composite samples (Fig. 3(e and f)). The thick-
ness and diameters increased after the MnCo2S4/HNTs composite
was formed and all the nanotubes are fully coated with MnCo2S4
nanoflakes. These TEM images demonstrate that the nanoflakes
well cover the HNTs. The composite might be useful as an electrode
material for electrical energy storage systems due to its
morphology which can provide a larger reactive area and enables
the fast motion of electrons [47].
3.5. Electrochemical properties of electrodes

Fig. 4a displays the CV curves of the MnCo2S4, MnCo2S4/HNTs,
and HNTs electrodes in the potential range of �0.2 and 0.5 V at a
scan rate of 100 mV s�1 in a 1 M KOH electrolyte. The CV curve in
Fig. 4a shows that the MnCo2S4/HNTs composite electrode reveals
the largest surface area and highest current density (200 mA cm�2)
among the investigated electrodes; thus, the MnCo2S4/HNTs elec-
trode reveals a higher specific capacity than the MnCo2S4 and HNTs
electrodes. Similar results are observed in the GCD curves of the
MnCo2S4, MnCo2S4/HNTs, and HNTs electrodes recorded range
from�0.2 to 0.5 V at a constant current density of 7mA cm�2 in 1M
KOH electrolyte (Fig. 4c). The GCD results indicates that the
MnCo2S4/HNTs sample exhibits the longest chargeedischarge time
among the three electrode materials, indicating that the composite
electrode provides the greatest specific capacities. Fig. 4 (b, d)
shows the current and chargeedischarge times for the different
electrodes. It can be seen From Fig. 4 (b, d), that the composite
electrode was superior to the other two MnCo2S4 and HNTs elec-
trodes. We therefore used the composite electrode in further
electrochemical studies and symmetric device fabrication [48].

Fig. 5a and S1 (a, b) displays the CV curves of the MnCo2S4/HNTs
composite, MnCo2S4, and HNTs electrodes at various scan rates
from the 5e100 mV s�1 in 1 M KOH and scanned over the potential
range from �0.2 to 0.5 V, respectively. The CV curves show that the
redox and oxidation peaks move in the positive and negative di-
rections, respectively, as the scan rate is increased from 5 to
100 mV s�1 and that the shifts are reversible when the scan rate is
decreased. Fig. 5b shows the specific capacities at different scan
rates for theMnCo2S4, MnCo2S4/HNTs, and HNTs electrodes. Among
these electrodes, theMnCo2S4/HNTs shows higher values of specific



Fig. 4. (a) CV curves of MnCo2S4, MnCo2S4/HNTs composite and HNTs electrodes at a 100 mV s�1 in the potential range �0.2 to 0.5 V, respectively (b) Current density of MnCo2S4,
MnCo2S4/HNTs composite, and HNTs electrodes at a 100 mV s�1, (c) Galvanostatic charge discharge curve of MnCo2S4, MnCo2S4/HNTs composite and HNTs electrodes at a
7 mA cm�2 in 1 M KOH electrolyte, (d) Discharge time of MnCo2S4, MnCo2S4/HNTs composite, and HNTs electrodes at a 7 mA cm�2 in a 1 M KOH electrolyte.
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capacities than the other two electrodes at different scan rate be-
tween 5 and 100mV s�1. These values show that theMnCo2S4/HNTs
electrode exhibits greater specific capacities than the other two
electrodes, which is attributed to the porous surface and hall
reactive surface area of the nanoflakes/nanotube-like hierarchical
nanostructure [18,49]. This nanostructure enables fast ionic motion
and ion transfer during the electrochemical measurements
[18e21].

Fig. 5c and S1 (c, d) indications the GCD curves of the MnCo2S4/
HNTs, MnCo2S4, and HNTs electrodes at various current densities
from 2 to 7 mA cm�2 in the potential range from �0.2 to 0.5 V in
1 M KOH. The results show that the GCD curves are nonlinear in
nature, indicating that a fast faradaic redox reaction occur at the
interface between electrode and the electrolyte. The specific ca-
pacities values of the MnCo2S4/HNTs, MnCo2S4, and HNTs elec-
trodes were calculated using the standard relation (1),

Specific capacity¼ðI�DtÞ=m (1)

where I is the charging/discharging current density (mA), Dt is the
discharge time (h), and m is the active mass of the electrode (g).
Fig. 5d shows the specific charge capacities from GCD curves with
the different current densities. The obtained specific capacities
were 258, 302 and 29 mAh g�1 for the MnCo2S4, MnCo2S4/HNTs,
and HNTs electrodes, respectively. Thus, the MnCo2S4/HNTs elec-
trode exhibits better electrochemical performance than the pure
MnCo2S4 and HNTs electrodes at a current density of 2 mA cm�2.
The calculated specific capacities for the MnCo2S4/HNTs electrodes
were 302, 260, 249, 237, and 229 mAh g�1 at current densities of 2,
4, 5, 6, and 7mA cm�2, respectively. Themaximum specific capacity
in the present case is highly appreciable as compared to previously
reported MnCo2S4-based electrodes in Table 1. For example,
Elshahawy et al. [16] hydrothermally synthesized MnCo2S4 thin
films for supercapacitors. They reported a specific capacity of 175
mAh g�1 (1402 F g�1) at 1 A g�1, with 95% capacitance retention and
good cycling stability. Liu et al. [50] prepared MnCo2S4 hydrother-
mally for use in supercapacitors and calculated a substantial spe-
cific capacity of approximately 287 mAh g�1 (2067 F g�1) at a
1 A g�1 current density. They also fabricated an asymmetric
supercapacitor using MnCo2S4 and RGO materials. Fig. 5e demon-
strates the cycling stability of the MnCo2S4/HNTs electrode with
potential range from�0.2 to 0.5 V in a 1M KOH electrolyte at a scan
rate of 100 mV s�1. The superb specific capacity retention after
cycling may be due to the influences of the extremely porous sur-
face of the nanowire-like nanostructure of the composite
electrodes.

To further characterize the as-prepared electrode materials, we
performed EIS analyses. Fig. 5f shows the Nyquist plots of the
MnCo2S4, MnCo2S4/HNTs, and HNTs electrodes in the frequency
range 1e100 kHz; the inset of the figure shows the equivalent cir-
cuit and high resolution of Nyquist plots [51]. The values of the
solution resistance (Rs) are 1.19, 0.89, and 1.10 U for the MnCo2S4,
MnCo2S4/HNTs, and HNTs electrodes, respectively; charge transfer
resistance (Rct) values are 1.20, 0.91, and 1.25 U for the MnCo2S4,
MnCo2S4/HNTs, and HNTs electrodes, respectively. These values of
the Rs and Rct demonstrate that the MnCo2S4/HNTs electrode ex-
hibits a lower resistance than the other electrodes. Thus, the
MnCo2S4/HNTs electrode exhibits higher conductivity than the



Fig. 5. (a) CV curves of the MnCo2S4/HNTs composite at a different scan rate from 5 to 100 mV s�1 in the potential range�0.2 to 0.5 with 1 M KOH electrolytes, (b) Specific capacities
of the MnCo2S4, MnCo2S4/HNTs composite and HNTs electrodes with different scan rates from 5 to 100 mV s�1 in the potential range �0.2 to 0.5 V with 1 M KOH electrolytes,
respectively, (c) CD curves of the MnCo2S4/HNTs composite at a different current densities from 2 to 7 mA cm�2 in the potential range �0.2 to 0.5 V, (d) Specific capacities of the
MnCo2S4, MnCo2S4/HNTs composite and HNTs electrodes with respect to the different current densities, (e) Cycling stability of the MnCo2S4/HNTs composite with various cycle at
100 mV s�1 scan rate, inset shows the CV curves of different cycles, (f) Nyquist plots of MnCo2S4, MnCo2S4/HNTs composite, HNTs electrodes, inset shows the high resolution images
and equivalent circuit.

Table 1
Comparison of the specific capacity of MnCo2S4/HNTs electrode with different forms from previous reports.

Materials Method Current density/
Scan rate

Potential
(V)

Specific
capacitance (F g�1)

Specific capacity
(mAh g-1)

Energy density
(Wh kg�1)

Power density
(W kg�1)

Reference

MnCo2S4/CoS1.097 Reflux 1 A g-1 0.0e0.6 1006 167.66 51.6 800 [15]
MnCo2S4 Hydrothermal 1 A g�1 0.0e0.6 1402 233.66 16.2 e [16]
NiCo2S4 Hydrothermal 4 A g�1 �0.4e0.4 777 172.6 17.1 2250 [19]
MnCo2S4 Solvothermal 1 A g�1 0.0e0.4 4730 525.7 15.2 e [21]
CoS2/MoS2 Hydrothermal 5 mV s�1 0.0e0.5 406 56.38 e e [26]
MnCo2O4/MnCo2S4 Hydrothermal 4 A g�1 0.0e0.5 1933 268.47 50.75� 1260 [28]
MnCo2S4 Sulfurization 1 A g�1 0.0e0.6 1324 220.60 28.0 1800 [29]
NiCo2S4 SILAR 5 mV s-1 �0.2e0.6 1076 239.11 e e [44]
MnCo2S4 Hydrothermal 1 A g�1 �0.1e0.4 2067 287. 31.3 800 [50]
NieCOeS Electrodeposition 5 A g�1 �0.2e0.6 1418 315.11 60 1800 [52]
NiS/MoS2/CNT//

activated carbon
Hydrothermal 0.5 A g�1 0.0e0.5 757 105.13 40 e [54]

NiS Sulfuration 1 A g�1 �0.1e0.6 1122 218.16 31 900 [55]
NiCo2S4@Ni3S2 Hydrothermal and

electrodeposition
0.5 A g�1 0e0.6 272 45.44 32.75 361 [56]

MnCo2S4/HNTs Screen printing 5 mV s�1 �0.2e0.6 1846 359 6.98 1976 Present
study
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other two electrodes because of its porous nanostructure, which
similarly affected the electrochemical performance [52]. Thus, the
MnCo2S4/HNTs electrode was used in the subsequent symmetric
electrochemical energy storage investigation.

3.5.1. MnCo2S4/HNTs||MnCo2S4/HNTs symmetric electrode
To demonstrate the practical application of the composite

electrode in an electrochemical energy storage, we fabricated
symmetric device using MnCo2S4/HNTs electrodes as working
positive and negative electrodes [53]. The electrochemical perfor-
mance and cycling stability were estimated by CV, GCD, and EIS
[54]. Fig. S2 shows a schematic of the device fabrication of the
symmetric device. Fig. 6a shows the results of the electrochemical
measurements of the symmetric MnCo2S4/HNTs||MnCo2S4/HNTs
electrode in the potential range 0.0e0.8 V, at various scan rates. The
cyclic voltammograms show that the maximum current density
around 2.5 mA cm�2 at a 100 mV s�1 scan rate. The specific ca-
pacities values calculated from the CV curves decrease with
increasing scan rate from 10 to 100 mV s�1, as shown in Fig. 6b. The
GCD curves of the MnCo2S4/HNTs||MnCo2S4/HNTs symmetric de-
vice at various current densities from 5 to 10 mA cm�2, which
confirms that the symmetric device exhibits high supercapacitor
performance and that its charge and discharge curves exhibit a
mirror-image relationship [55]. This typical battery type behavior
indicated by the chargeedischarge curves may involve a faradaic
redox reaction. The calculated specific capacities are 76.12, 52.5,



Fig. 6. (a) CV curves of symmetric supercapacitor (SC) at various scan rate from 10 to 100 mV s�1, (b) Specific capacitance with respect to the different scan rates of the symmetric
supercapacitor, (c) Charge-discharge curves at various current densities, (d) Specific capacitance with respect to the different current densities from 5 to 10 mA cm�2 in the positive
window 0e0.8 V, (e) Nyquist plots of the symmetric SC, (f) Ragone plot of the SC device.
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38.93, 31.86, 25.36 and 22.37 F g�1 at different current densities
from 5 to 10 mA cm�2, as shown in Fig. 6d. Nyquist plots show the
prepared symmetric SC is more conductive as shown in Fig. 6e.
After the electrochemical measurements, we calculated the specific
energy (E) and specific power (P) of the MnCo2S4/HNTs symmetric
system; the results are shown in Ragone plots (Fig. 6f). The specific
energy is 6.98 Wh kg�1, and the specific power is 19676.0 W kg�1.
These values show that the MnCo2S4/HNTs symmetric system
provides higher specific energy and power than previously re-
ported MnCo2S4-based devices [56].

4. Conclusions

In this report, the MnCo2S4, HNTs, and MnCo2S4/HNTs com-
posites were synthesized using a two-step process that includes
coprecipitation followed by screen printing. The obtainedMnCo2S4/
HNTs nanoflakes composite covered on the core nanotubes-like
nanostructures exhibit remarkably better electrochemical perfor-
mance than the MnCo2S4 and HNTs alone. The MnCo2S4/HNTs
composite samples exhibited outstanding values of a specific ca-
pacities of 359 mAh g�1 at a scan rate 5 mV s�1 in 1 M KOH elec-
trolyte. The electrochemical properties of the symmetric system
include good electrical conductivity. Furthermore, the SC device
assembled using positive and negative electrodes of MnCo2S4/
HNTs||MnCo2S4/HNTs exhibited a specific capacity of 76 F g�1 and
an outstanding energy density of 6.98 Wh kg�1 at a power density
of 1976.0 W kg�1. Thus, the results show that the MnCo2S4/HNTs||
MnCo2S4/HNTs cell is a capable and attractive electronic device for
symmetric electrochemical energy storage applications. We
conclude that the MnCo2S4/HNTs electrode with enhanced cell
performance has strong potential for use in various asymmetric
energy storage devices.
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