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Fabrication of a snail shell-like structured
MnO,@CoNiO, composite electrode for high
performance supercapacitors

Araveeti Eswar Reddy, Tarugu Anitha, Chandu V. V. M. Gopi, S. Srinivasa Rao,
Chebrolu Venkata Thulasi-Varma, Dinah Punnoose and Hee-Je Kim*

For the first time, we develop a cost-effective and facile one-step hydrothermal approach to directly grow
MnO,@CoNiO, snail shell-like, CoNiO, nanoflake-like, and MnO, nanoflower-like structures on nickel
foam as electrode for supercapacitor applications. Cyclic voltammetry, galvanostatic charge—discharge

cycling, and electrochemical impedance spectroscopy are used to investigate the electrochemical

responses of the electrodes. The MnO,@CoNiO, composite electrode exhibits a high specific
capacitance and energy density of 1605.4 F g~ and 51.37 W h kg~2, respectively, at 20 mA cm™2in 3 M
KOH aqueous solution, as well as an attractive cycling ability (98.87% even after 3000 cycles at 40 mA

cm™)
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, which are much better than those of the CoNiO, and MnO, electrodes. Such superior
electrochemical performance of the MnO,@CoNIO, electrode is attributed to the combination of two

active materials with an improved surface morphology, which can offer more pathways for electron
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1. Introduction

Lightweight, high performance, excellent reversibility, stability,
safety, and environmentally friendly energy storage devices,
such as supercapacitors (SCs) and lithium-ion batteries, are
required in the present modern electronic industry."* Lithium-
ion batteries (LIBS) and supercapacitors (SCs) have attracted
considerable worldwide attention. SCs, also called ultra-
capacitors or electrochemical capacitors (ECs), are considered
as a new class of electrochemical energy storage devices because
they can achieve higher energy density and power density when
compared to traditional capacitors and batteries.>® Super-
capacitors (SCs) have attracted increasing attention due to their
simple principle, fast recharge ability, long cycle life, high
power performance, and low maintenance cost,”*® which allows
applications for a range of power and energy necessities, such
as short-term power sources for mobile electronic devices,
hybrid electric vehicles, etc.*"*?

SCs can be classified into two categories, pseudo capacitors
and electrical double-layer capacitors (EDLCs), according to the
electrochemical storage mechanism. Typically, pseudo capaci-
tors have a much larger energy density and higher specific
capacitance than EDLCs due to the reversible faradaic redox
reactions at the electrode surface.’*** Many different materials
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transport and enhance the utilization of the electrode materials. These results show that the
MnO,@CoNiO, composites are promising positive electrode materials for practical supercapacitors.

and its systems have been studied widely as active electrode
materials for SCs because of their higher theoretical specific
capacitance.'*™® Transition metal oxides/hydroxides, carbona-
ceous materials, and conducting polymers are commonly used
materials for supercapacitor applications.’*** Among them,
transition metal oxides usually offer good electrical perfor-
mance because of their increased conductivity and their
synergic effects.””*® Transition metal oxides, such as RuO,,
V,0s5, NiO, M00O3;, NiC0,0,4, C0;0,, TiO,, SnO,, and MnO,,>*°
have been studied as an attractive electrode material for SCs.
Moreover, the electrochemical performance, natural abun-
dance, low cost, and environmental friendliness of MnO, makes
it a promising candidate for supercapacitor electrodes.***
Recently, many literatures about the fabrication and its super
capacitive behavior of NiCo,0,4 have been investigated, such as
nanoflakes, nanoparticles, nanowires and flowers.**** The use
of both metals in this way enhances electronic conductivity with
a reduction in the ternary metal oxides, and is beneficial to
electrochemical applications.* However, there have been very
few studies on the synthesis and supercapacitor evaluation of
CoNiO, due to the lack of feasible fabrication methods without
the use of poisonous and noxious reagents to realize mass
production.””** Therefore, simple and scalable preparation
routes for MnO, and CoNiO, should be investigated to achieve
various structure designs of MnO, and CoNiO, nanomaterials
with different morphologies for practical applications and
supercapacitor performance is unsatisfactory.”*** Therefore
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composites were developed to improve the electrochemical
performance of supercapacitors.

Currently, composites containing oxides have been studied
most widely. First-rate supercapacitor electrode materials,
such as CNT@MnO,, CuO@MnO,, Co;0,/SnO,@MnO,, TiO,@
MnO,, ZnCo,0,@Ni, ZnO@NizS,, ZnO@MnCo0,0,, Fe;0,@
Fe,03;, Co;0,@Mn0,, Fe;0,@Mn0,, and ZnCoO,@Mn0O,,***
have attracted considerable attention. Recently, Yu et al
developed NiCo0,0,@Mn0O, integrated electrode for high-
performance supercapacitors.”® Impressively, the Ni foam-
supported core-shell heterostructured NW array electrode
(NiC0,0,@MnO0,) delivers higher area specific capacitance of
3.31 Fcm™ 2 at current density of 2 mA em 2. On the other hand,
there are no reports on the electrochemical capacitance of their
integrated materials with the aim of elevating the super-
capacitor performance by rationally combining CoNiO, and
MnO,, even though the individual capacitive behavior of both
has been demonstrated.

In this study, a low cost and facile strategy was developed for
the design and fabrication of novel hierarchical MnO,@CoNiO,
nanotube arrays on nickel foam using a facile hydrothermal
pathway for supercapacitor applications. This hybrid nanotube
arrays delivered a high specific capacitance of 1605.4 F g™, and
operated at a high power density of 1142.75 W kg~ ' with an
energy density of 51.37 W h kg™ " at a current density of 20 mA
cm 2. These interesting results highlights the potential of
MnO,@CoNiO, supercapacitors as a high performance energy
storage system for practical applications.

2. Experimental section
2.1 Materials

All chemicals, such as manganese(n) nitrate tetrahydrate
[Mn(NO3),-4H,0], cobalt(u) nitrate hexahydrate [Co(NO;),-
-6H,0], nickel(n) sulfate hexahydrate [NiSO,-6H,0], ammo-
nium fluoride [NH,F], urea [CH4N,O], potassium hydroxide
[KOH], and nickel (Ni) foam were purchased from Sigma-
Aldrich and used as received.

2.2 Synthesis of MnO,, CoNiO, and MnO,@CoNiO,
electrodes

In a typical procedure, a piece of Ni foam was cut into 1 x 1 cm?
squares and cleaned ultrasonically in a 2 M HCI solution for 30
minutes. The Ni foams were then cleaned sequentially in
acetone, ethanol, and DI water for 15 min each. For the
synthesis of the MnO,@CoNiO, electrode, 0.702 g (0.04 M) of
Mn(NO;), 4H,0, 0.814 g (0.04 M) of Co(NO;),-6H,0, and
0.735 g (0.04 M) of NiSO,-6H,0 were dispersed in 70 ml of DI
water and stirred vigorously for 30 min to form a homogeneous
solution. Subsequently, 0.622 g (0.24 M) of NH,F and 2.018 g
(0.48 M) of CH4N,O were added sequentially to the above
homogeneous solution. After stirring for 30 minutes, the solu-
tion was poured into a 100 ml polytetrafluoroethylene (PTFE)
Teflon-lined stainless steel autoclave and the pretreated Ni
foam was dipped into the reaction mixture. The autoclave was
sealed and maintained at 100 °C for 6 h, and cooled naturally to
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27 °C. The as-gained Ni foam was removed, washed with DI
water, and dried in the oven. Finally, MnO,@CoNiO, electrode
was obtained by annealing the sample at 200 °C for 2 h in air.
CoNiO, and MnO, electrodes were also prepared using the
above procedure with the relevant chemicals. The loading of the
MnO,@CoNiO,, CoNiO, and MnO, samples was approximately
4.2, 3.6, and 3.0 mg cm™ 2, respectively.

2.3 Materials characterization

The morphology of the films was analyzed by field emission
scanning electron microscopy (FE-SEM, S-2400, Hitachi)
equipped with energy-dispersive X-ray spectroscopy (EDX)
operated at 15 kV. The crystalline nature and structure of the
electrodes were studied by X-ray diffraction (XRD) analysis on
a D8 ADVANCE with a diffractometer using a Cu Ka radiation
source operated at 40 kV and 40 mA in the 260 range of 20-80°.
X-ray photon electron spectroscopy (XPS, VG Scientific ESCALAB
250) was performed using monochromatic Al-K,, radiation at
1486.6 V. Brunauer-Emmett-Teller (BET) analysis was used to
measure the specific surface area of the samples using a BEL-
sorp-Max (BEL, Japan) instrument at 77 K.

2.4 Electrochemical measurements

All electrochemical characterizations were conducted in a three-
electrode configuration consisting of MnO, (or CoNiO, or
MnO,@CoNi0,), Pt wire, and Ag/AgCl as the working electrode,
counter electrode, and reference electrode, respectively. The
supporting electrolyte consisted of a 3 M KOH aqueous solu-
tion. Cyclic voltammetry (CV), galvanostatic charge-discharge
tests, and electrochemical impedance spectroscopy (EIS) were
measured using a Biologic-SP150 workstation. CV was studied
at a potential range from +0.0 V to +0.5 Vat 5mV s~ " to 100 mV
s~' scan rates. The galvanostatic charge-discharge tests were
studied by chronopotentiometry at a voltage window of +0.0 V to
+0.48 V at different current densities (20-100) mA cm 2. Elec-
trochemical impedance spectroscopy (EIS) was conducted over
a frequency region from 0.1 Hz to 500 kHz. The specific
capacitance (Cs, F g~ 1), energy density (E, W h kg™ '), and power
density (P, W kg~ ') were calculated from the galvanostatic
charge-discharge curves using the following equations:***

Ixt

G= mxV ()
_ Cox (Ar?)

g= X80 @)

p=t 6

where I is the discharge current, ¢ is the discharge time, Vis the
potential window and m is the mass of the active material.

3. Results and discussion

The morphology and composition of the precursor samples
were analyzed by low and high magnification FE-SEM. Fig. 1
presents the morphology of the MnO,, CoNiO,, and
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Fig.1
and (c1 and c2) MnO,@CoNIO, electrodes.

MnO,@CoNiO, on the Ni-foam substrates. Fig. 1(al and a2)
show FE-SEM images of the MnO, electrode, which had
a nanoflower morphology with a uniform deposition. Fig. 1(b1
and b2) present low and high magnification SEM images of the
as-synthesized nanoflakes, such as the CoNiO, sample. A low
magnification FE-SEM of MnO,@CoNiO, (Fig. 1(c1)) revealed
uniform snail shell-like structure deposited on the Ni-foam. On
the other hand, the high magnification FESEM image of
MnO,@CoNiO, (Fig. 1(c2)) showed the dense CoNiO, nano-
needles attached to the MnO,. These novel nanostructured
films provided an abundant porous surface area for contact
between the electrolyte and electrode, which enhanced the
performance of supercapacitors.

EDX was performed to determine the elemental distribution
of the prepared electrodes. Fig. 2a—c present the EDX spectra of
MnO,, CoNiO, and MnO,@CoNiO, electrodes, respectively. The
EDX spectrum of MnO, revealed Mn and O, whereas CoNiO,
exhibited Co, Ni, and O. On the other hand, the EDX spectrum
of MnO,@CoNiO, contained Co, Ni, Mn, and O, confirming
that the MnO,@CoNiO, had been deposited successfully on the
surface of the Ni-foam. The crystal structures of the MnO,@
CoNiO, precursor was further studied using XRD analysis, as
shown in Fig. 3. Besides the three strong peaks from the nickel
foam substrate, the other diffraction peaks can be indexed to
the (121) and (211) planes of the MnO, (JCPDS no. 14-0644) and
the (111), (220) and (311) planes of the CoNiO, (JCPDS no.
10-0188), which is consistent with the previous literatures.®**

XPS is one of the most useful and effective techniques for
analyzing the surface composition and oxidation states of the
elements. Fig. 4a presents the survey spectrum of the
MnO,@CoNiO, composite, indicating the existence of Co, Ni,
O, C, and Mn. The high-resolution Co 2p spectrum (Fig. 4b)
exhibited peaks at 781.8 eV and 797.15 eV for Co 2p3/, and Co

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

m | KBSI 5.0kV 7.9mm x30.0k SE(M)

(al, bl and cl) high magnification and (a2, b2 and c2) low magnification typical FE-SEM images of the (al and a2) MnO,, (b1 and b2) CoNiO,

2p1/2, respectively.” These two oxidation states were separated
by a 15.35 eV spin energy, which indicates Co*>. The Ni 2p
spectrum (Fig. 4c), showed two main spin-orbit peaks of Ni 2pj,
» at 856.24 eV and Ni 2p,,, at 873.31 eV with a separation of
approximately 17 eV, which is characteristic of Ni*".”* The high
resolution scan of Mn 2p of the composite (Fig. 4d) showed two
peaks at 642.48 and 653.32 eV, which were assigned to Mn 2p3,
and Mn 2p,,, respectively, and the binding energy peaks of Mn
2p were separated by 10.84 eV. XPS confirmed that the
MnO,@CoNiO, composite consisted of Co>*, Ni**, and Mn*>",

To investigate the specific areas and the porous nature of the
MnO,, CoNiO, and MnO,@CoNiO,, BET gas sorption
measurements were performed. The nitrogen adsorption/
desorption isotherms and the pore size distribution plots of
the three samples are shown in Fig. 5. Type IV isotherms were
clearly exhibited, denoting the existence of mesopores in the
three samples. The BET surface area of the prepared
MnO,@CoNiO, composite was obtained to be 40.6 m> g,
which was higher than that of the CoNiO, (27.3 m* ¢” ) and
MnO, (22.6 m”> g~ ') samples. The pore size distribution curves
from the N, adsorption isotherm of the Fe-SNC and SNC are
shown in the inset of Fig. 5, it can be seen that MnO,@CoNiO,,
has the pore size distribution of 20.1 nm, whereas MnO, and
CoNiO, show pore sizes of 20.4 and 20.8 nm. These results
indicate that the three samples are having mesoporous struc-
tures with large surface area that is much needed for the electro-
catalytic applications.

CV was conducted in a 3 M KOH electrolyte over the potential
range, 0.00 to 0.50 V at different scan rates of 5 to 100 mV s~ * for
the MnO,, CoNiO, and MnO,@CoNiO, electrode materials, as
shown in Fig. 6. Fig. 6a shows the CV curves of the three elec-
trodes at a scan rate of 20 mV s~ " in a 3 M KOH electrolyte
solution. The CV curve shape is different from the electric

RSC Adv., 2017, 7, 12301-12308 | 12303
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Fig. 2 EDX spectrum of (a) MnO,, (b) CoNiO, and (c) MnO,@CoNiO, electrodes on Ni-foam.

double-layer capacitance, showing that the capacitance was due
mainly to the pseudo capacitive capacitance. Moreover, from the
CV curve shapes, the integrated area of the MnO,@CoNiO,
electrode was higher than that of the other two electrode mate-
rials, showing that the MnO,@CoNiO, electrode has the largest
specific capacitance compared to the CoNiO, and MnO, elec-
trodes. Fig. 6b and ¢ shows a smaller surrounded area of CoNiO,
and MnO, than that of the MnO,@CoNiO, (Fig. 6d), suggesting
the low electrochemical performance of CoNiO, and MnO,.
Furthermore, the electrochemical performance of the elec-
trodes was examined by galvanostatic charge-discharge (GCD)

12304 | RSC Adv., 2017, 7, 12301-12308

tests. The GCD measurements were studied over the potential
range, +0.0 V to +0.48 V, at different current densities (20 to 100
mA cm’z). Fig. 7a-c show GCD plots of the MnO,, CoNiO,, and
MnO,@CoNiO, electrodes, respectively. The extracted specific
capacitance of MnO,@CoNiO, (Fig. 7d) were 1605.4, 1487.7,
1338.2, 1201.3, 1060.7, and 881.4 F g " at current densities of
20, 30, 40, 50, 60, and 100 mA cm ™2, respectively. The measured
specific capacitances of CoNiO, were 1338.4, 1134.4, 1028.1,
970.8, 867.9, and 759.7 F g ' at different current densities.
Those of MnO, were 1069.0, 953.8, 810.1, 713.5, 593.7, and
482.0 F g ' at different current densities. The specific

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XRD pattern of the MnO,@CoNiO, on the surface of nickel
foam substrate.

capacitance increased gradually with decreasing current
density. The MnO,@CoNiO, electrode showed a high specific
capacitance of 1605.4 F g~ " at a current density of 20 mA cm ™2,
whereas that of the CoNiO, and MnO, electrodes were only
1338.4 and 1069.0 F g ' at the same current density. The
excellent and superior specific capacitance of MnO,@CoNiO,
may be due to its higher surface area with the improved
morphology of nanostructures. The power density and energy
density are two essential parameters to examine the perfor-
mance of supercapacitors. Fig. 8 shows the Ragone plots of
MnO,, CoNiO,, and MnO,@CoNiO,. The MnO,@CoNiO,
exhibited a high energy density (51.37 W h kg™") and power
density (1142.75 W kg™ '), which were much higher than those
of the CoNiO, (42.83 W h kg™ " and 1599.95 W kg™ *) and MnO,
(34.21 W h kg ' and 1333.29 W kg ) at a current density of 20
mA cm %,

EIS is an efficient way to examine the electrochemical
properties of electrodes; the impedance was measured over the
frequency range, 100 mHz to 500 kHz, at a bias of 0 V, and the
plots are shown in Fig. 9. All plots displayed a depressed
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Fig. 5 The Brunauer—Emmett-Teller (BET) surface area measured
from nitrogen adsorption—desorption isotherms and the insets show
the corresponding pore-size distribution of the (a) MnO,, (b) CoNiO,
and (c) MNO,@CoNiO, on Ni-foam substrate.

semicircle in the high-frequency region and a straight line in
the low-frequency region. At high frequencies, the Z'-axis
intercept indicated the equivalent series resistance (ESR) and
the semicircle diameter was assigned to the charge transfer
resistance (R.) at the interface of electrode/electrolyte. The ESR
value of the MnO,@CoNiO, electrode was smaller than that of
the other two electrodes (MnO,, CoNiO,), which reflects the
higher conductivity obtained in the MnO,@CoNiO, electrode.
On the other hand, as shown in the figure, a significant change
in R.. was observed after MnO,@CoNiO, was added to the
electrode material. According to the diameter of the semicircle,
the R, of MnO,, CoNiO,, and MnO,@CoNiO, electrodes were
27.3 Q, 25.1 Q, and 3.8 Q, respectively, which shows that the
MnO,@CoNiO, composite can enhance the electronic conduc-
tivity and develop electron transfer at the interface of electrode
material compared to MnO, and CoNiO, electrodes. The low
ESR and R, of the MnO,@CoNiO, electrode plays an important
role in improving the performance of supercapacitors.
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Fig. 4 XPS spectrum of MNO,@CoNiO, on Ni-foam; (a) survey spectrum, high-resolution spectra for (b) Co 2p, (c) Ni 2p, and (d) Mn 2p.
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Fig.6 (a) Acomparison CV curves of the MnO,, CoNiO, and MnO,@CoNiO; electrodes at the scan rate of 20 mV s~ 1. CV curves of the (b) MnO,,
(c) CoNiO, and (d) MnO,@CoNiO; electrodes at different scan rates (5-100 mV s™%) in 3 M KOH solution.

Fig. 7 Charge and discharge curves of the (a) MnO,, (b) CoNiO, and (c) MnO,@CoNiO, electrodes at different current densities (20—-100 mA
cm~2) in 3 M KOH solution; (d) the measured specific capacitance as a function of current density.

The stability of the electrode materials is one of the most
important requirements for supercapacitor applications. The
cycling stability test of the MnO,, CoNiO,, and MnO,@CoNiO,
electrodes were evaluated at a constant charge-discharge
current density of 40 mA ¢cm > for 3000 cycles, as shown in

12306 | RSC Adv., 2017, 7, 12301-12308

Fig. 10. The MnO, electrode for the 1* cycle showed a specific
capacitance of 800.32 F g™, which decreased slowly to 762.36 F
g ! after 3000 cycles, showing 4.94% loss after 3000 cycles. The
CoNiO, electrode showed specific capacitances of 1021.45 F g~
and 998.56 F g ' at the 1% cycle and after 3000 cycles,

This journal is © The Royal Society of Chemistry 2017
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CoNiO; electrodes.
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Fig.10 Cyclic performance of the MnO,, CoNiO, and MnO,@CoNiO,
electrodes at a current density of 40 mA cm~2 for 3000 cycles.

respectively, showing 2.30% loss after 3000 cycles. On the other
hand, the MnO,@COoNiO, electrode exhibited only 1.13% loss of
a specific capacitance after more than 3000 cycles, highlighting
the good long-term stability of the MnO,@CoNiO, electrode.

4. Conclusions

In summary, novel MnO,@CoNiO, snail shell-like structures
were designed and synthesized using a simple hydrothermal
method followed by annealing. The MnO,@CoNiO, composite
electrode exhibited superior specific capacitance (1605.4 F g~ )
and energy density (51.37 W h kg™ "), which were much higher
than those of the MnO, (1069.0 F g~ %; 34.21 W h kg™') and
CoNiO, (1338.4 F g™ '; 42.83 W h kg™ ') electrodes at a current

2

density of 20 mA cm ~. The elevated performance of the

This journal is © The Royal Society of Chemistry 2017
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composite electrode was attributed to the improved surface
morphology with a high surface area, which facilitates electron
diffusion at the contact between the electrode and electrolyte.
Moreover, the MnO,@CoNiO, electrode delivered outstanding
cycling stability with a capacity retention of 98.87% after 3000
cycles (97.7% and 95.06% for the CoNiO, and MnO, electrodes
after 3000 cycles, respectively). As a result, the MnO,@CoNiO,
composite electrode provides a path for high-performance
supercapacitors because of its low-cost, facile preparation,
and environmental friendliness.
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