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Abstract

Design and synthesis of new and high-performance electrode materials are the tasks of scientists
to respond to the increasing demand for efficient renewable energy storage devices. Herein, we
developed a spinel nickel-manganese-cobalt ternary oxide (NMCO) spheres by a facile approach
with a hollow-interior nanoporous shell possessing a high specific surface area of 67 m? g'! and
pore size distribution of about 8 nm as a high-performance electrode material for supercapacitor
applications. This electrode delivers ultrahigh specific capacitance of 1372 Fglat2Ag1(4.1F
cm~2at 6 mA cm~2) with remarkable rate capability of 55% after increasing the current density from
2Ag! (6 mAcm2) to 60 A g (180 mA cm2), excellent cycling stability of 91.2% after 10000
continues charge/discharge cycles at 15 mA cm~2, and maximum energy density of 38.6 Wh kg1,
This work sheds further light on the design and development of high-performance electrode
materials not only for energy storage applications but also for other electronic devices.
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Introduction

In the twenty-first century, the development of clean and
renewable energy sources has been one of the most important
tasks of scientists due to increasing energy consumption, global
warming challenges, and rapid depletion of fossil fuels.13 Fuel cells,
lithium-ion batteries, and supercapacitors (SCs) are promising
renewable electrochemical energy storage systems. Due to greater
energy density than conventional capacitors, higher power density,
and cyclability than batteries, SCs have attracted more and more
attention.* But, the application of supercapacitors has been limited
owing to their lower energy density than rechargeable batteries.>
Besides extraordinary power density, long cycle life, and fast
charge/discharge rates the advanced supercapacitors benefit from
low-cost electrode materials with a unique morphology.®7 In this
point of view, carbonaceous materials have been extensively
employed. However, in practice, the electrochemical properties of
carbonaceous materials are mainly limited by their strong
aggregation and severely active surface area reduction.
Furthermore, their low energy density is still a challenge due to the
electrical double layer capacitance (EDLC) mechanism that stores
charge at the electrode/electrolyte interface.®
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On the other hand, transition metal oxides such as NiO,°
C0304,19 NiC0;04,1 CuC0,04,12 Mn0,,13 and CuO!* can provide
higher specific capacitance and energy density than EDLCs due to
their pseudocapacitance mechanism which store energy by fast and
reversible Faradaic redox reactions at the electrode/electrolyte
interface.’> Among the various transition metals, nickel,
manganese, and cobalt have attracted great interest because of
high electrochemical activity, low cost, and abundant
oxide/hydroxide compounds.»'® On the other hand, it is
demonstrated that the mixed metal oxides such as binary or ternary
of them deliver much better electrochemical performance due to
richer electron valence and synergistic effects between the metal
ions.1?

Another critical factor strongly affects the electrochemical
performance of the electrode materials is their morphology.!® The
morphologies that can provide porous structures with the high
specific surface area are more efficient. Among different
morphologies, hollow spheres have attracted much consideration
due to short distances for mass/charge transfer and high weight
fraction of active species.1?

Heydari et. al. synthesized CuS nano-hollow spheres via a polyol
rout with a maximum specific capacitance of 948 F gt and 9.2% loss
after the 2000 cycles.?2 Mohammadi et. al. prepared CuCo,S4
microspheres by a self-template method as a novel positive
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Figure 1. (a) XRD pattern of the NMCO sample, (b) EDAX spectrum of the NMCO sample, (c) nitrogen adsorption/desorption isotherms of the sample (inset
is the BJH pore size distribution), (d) typical SEM image of the NiMnCo-glycerate particles, (e) typical SEM image of the NMCO microspheres, and (f) typical

TEM image of a NMCO hollow microsphere.

electrode for hybrid energy storage devices with a specific
capacitance of 1566 F g~ and 95.7% retention after 5000 cycles.”
Ensafi et. al. developed onion-like CuCo,04 hollow spheres derived
from bimetal-organic frameworks with a maximum specific
capacitance of 1700 F g1.2! Saleki et. al. reported a metal-organic
framework (MOF) assistance synthesis of double-shelled CuCo0,04
hollow spheres with a specific capacity of 701 C g1 and 6.4% loss
after the 6000 cycles.??

In this work, for the first time, we develop a nanoporous nickel-
manganese-cobalt ternary oxide (NMCO) hollow spheres
synthesized via a glycerate procedure as a high-performance
supercapacitor electrode material. This NMCO electrode delivers
an ultrahigh specific capacitance of 1310 F g? at 2 A g with
excellent rate capability and outstanding cycling stability,
demonstrating its potential as a high-performance electrode
material for supercapacitor applications.

Experimental

Synthesis of nanoporous NMCO hollow spheres

All chemicals used in this work are of analytical grade and applied
without additional purification. In a typical procedure for the
synthesis of NMCO hollow spheres, 72.5 mg of Co(NOs),-6H,0, 62.7
mg of Mn(NOs);-4H,0 and 72.5 mg of Ni(NOs),:6H,0 were added to
a stirred solution of 10 mL of glycerol and 50 mL isopropanol to
achieve a homogeneous apparent solution. The resulting solution
was transferred into a Teflon-lined stainless-steel autoclave and
maintained at 180 ‘C for 6 h. After cooling down to room
temperature, the as-prepared NiMnCo-glycerate precursors were
separated and dried at 80 °C. The hollow NMCO spheres were also
synthesized by annealing of NiMnCo-glycerate precursors at 400 °C
in air for 2 h with a heating rate of 1 °C min-2,

Characterization

Structural characterization was done by an X-ray powder diffraction
(XRD, Philips X’pert diffractometer with Co Ka radiation). Nitrogen
adsorption/desorption, specific surface area and pore size
distributions were performed by a Micromeritics ASAP-2010
apparatus at 77 K. The morphologies and structural investigations
were investigated using a Zeiss scanning electron microscope (SEM)
and a Philips EM 208 transmission electron microscope (TEM).
Electrochemical measurements were performed on a WonATech
Zive SP1 device.

Electrochemical measurements
An aqueous 3 M KOH solution was used as the electrolyte in all
electrochemical measurements. The electrode was prepared by
mixing the active material, acetylene black, and polyvinylidene
fluoride in N-methyl-2-pyrrolidone (PVDF in NMP) with a mass ratio
of 85:10:5. The mixture was coated by a spatula on a piece of nickel
foam as the current collector and then dried in 120 °C for 2 h. The
mass loading on the electrodes was about 3 mg cm2 The as-
prepared electrode was applied as the working electrode, while an
Hg/HgO electrode and a platinum plate were used as the reference
and counter electrodes, respectively.

The specific capacitances (Csp), energy densities (ED, Wh kg™1),
and power densities (PD, W kg) were calculated from the
discharge curves using the following equations:

1At
SP T AV (1)
2
ED = &t 2)
2
pp=2 (3)
At

Where | is the discharge current (A), At is the discharge time (s), AV
is the potential window (V), and m is the mass loading (g).

Adv. Nanochem., 2020, 1, 7-10 | 8



~ 35 ~ 120 0.6
o 25 F a o go [ —s0mvs b & 0.5 6030 15 6 mA em? C
s = NMCO 5 [ —20mvs? % 120
b 15 | === Nifoam ‘:, [ e 10 mvs' @ 0.4
'g ‘o 40 b = Smvs! é 0.3
S S¢F = L
=] 2 ot = 0.2
g S5t £ E
- o =]
E -5 v=10 mv s’ ‘5 | =] 0
o &) 4020 10 5 2Ag1
-25 T T T T T -80 T T T T T -0.1 T T T
0 01 02 03 04 05 0 01 02 03 04 05 -100 100 300 500 700
Potential (V vs. SCE) Potential (V vs. SCE) Time (s)
Current Density (mA cm %)
- l.) jll) (\lli ‘JIIJ 1%(1 I:I-(l I?j(_l _ 1600 All}O
01500 | d =z 8.8% loss € _%n f
=2 % = Z1200f < %
3 e @ ® E # ReL23 "
] ~ ER-1 - Ref. 29
= 1000 F '.u., - 3 E E. Ref. 30
= =~ ‘s 800F 2 10 4
= S=- g ]
& g I=15mA cm™ Qa
S s00} a0k 2
9 = g
£ g 2
2 & .
& 0 T 0 T T r T 1 " r "
0 10 20 30 40 50 60 0 2000 4000 6000 8000 10000 10 100 1000 10000 100000

Current Density (Ag ")

Cycle number

Power Density (W kg)

Figure 2. (a) CV curves of the NMCO electrode and Ni substrate at a scan rate of 10 mV s, (b) CV curves of the NMCO electrode at various scan rates, (c)
CD curves of the NMCO electrode at different current densities, (d) rate capability of the electrode at different gravimetric and areal current densities, (e)
cycling stability of the electrode during 10000 continues CD cycles at a current density of 15 mA cm, and (f) Ragone plot of the electrode.

Results and discussion

The crystalline structure of the as-prepared sample was explored
by XRD analysis as shown in Figure 1a. All diffraction peaks can be
well indexed to the standard pattern of the cubic spinel phase
(JCPDS 98-009-8472) with the space group Fd-3m.?223 The broad
diffraction peaks verify the existence of small size crystallites.
Figure 1b presenting the EDAX result of the NMCO sample further
demonstrate the purity of the mixed transition metal oxide.
Nitrogen adsorption/desorption isotherms were also recorded to
determine the porosity of the as-prepared hollow spheres. As can
be seen in Figure 1c, NMCO hollow spheres sample delivered an
isotherm with a hysteresis loop that is characteristic for
nanoporous materials.2* Furthermore, the BET specific surface area
of 67 m2 g1 was calculated for it. The BJH analysis (inset of Figure
1c) further confirms the nanoporous structure of the sample with
narrow pore size distribution centered at about 8 nm.

The morphology of the NiMnCo-glycerate precursors and
NMCO hollow spheres samples were investigated by scanning
electron microscopy (SEM). As shown in Figure 1d, NiMnCo-
glycerate particles have a spherical morphology with a uniform size
of about 1 um. Figure 1le shows the SEM image of the sample after
calcination at 400 °C in air for 2 h. Obviously, the NMCO particles
have well preserved their spherical morphology after the heat
treatment process. In order to investigate the interior structure of
the NMCO microspheres, transmission electron microscopy (TEM)
was used. Figure 1f displays the TEM image of an NMCO
microsphere. As can be seen, the microsphere has a hollow interior
with the nanoporous shell which is in good agreement with the
result of BET and SEM analyses.

Electrochemical evaluation

The electrochemical measurements were done in a three-electrode
system containing 3 mol L KOH as the electrolyte. The
comparative cyclic voltammetry (CV) curves of the NMCO electrode
and the Nifoam at a sweep rate of 10 mV s~1 are depicted in Figure
2a. It is obvious that the NMCO electrode possesses a very large
surrounded area illustrating its significant charge storage. In
addition, the straight line derived from Ni foam confirms that the
capacitance contribution of the substrate is insignificant. Figure 2b
presents the typical CV curves at various sweep rates (5 to 50 mV
s71) for the NMCO electrode. CV curves consist of some well-defined
redox peaks, attributing to the reversible Faradaic reaction
processes of transition metal ions that reveal the pseudo-capacitive
characteristics of the electrode.18 22 Meanwhile, with the increase
of sweep rate, the shape of CV curves remains approximately
unchanged suggesting the excellent rate capability and fast redox
reactions at the interface of electrode/electrolyte.?526 Figure 2c
represents the charge/discharge (CD) curves of the NMCO
electrode at different current densities in a potential window of 0
to 0.45 V. The shape of the curves with the voltage plateaus well
agrees with the CV curves and verifies the reversible Faradaic
reactions at the surface of the electrode.?’ The specific capacitance
values for the NMCO electrode, according to the discharge time, are
illustrated in Figure 2d. The NMCO electrode exhibited an ultrahigh
gravimetric capacitance of 1372 Fglat2 Ag1(4.1Fcm2at6 mA
cm~2). These values are much more than the values reported
previously.810.14,23-2528 Also, this electrode maintained 55% of its
initial capacitance after increasing the current density from 2 A g™*
(6 mA cm2) to 60 A g1 (180 mA cm™2), which demonstrates the
superior rate capability of the electrode. The cycling stability of the
electrode was also investigated during 10000 CD cycles at a current
density of 5 A g1 (15 mA cm~2) as shown in Figure 2e. The excellent
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cycling stability of the electrode was confirmed by only 8.8% loss in
its capacitance after 10000 continues CD cycles. Energy and power
density are other parameters that investigated for evaluating the
overall performance of the electrode. As shown in Figure 2f, the
NMCO electrode delivered a maximum energy density of 38.6 Wh
kg1 with a maximum power density of 12.15 kW kg. These values
are much more than the values reported previously for ternary
NiMnCo electrodes.?3:29:30

The excellent electrochemical performance of the electrode
including ultrahigh specific capacitance, remarkable rate capability
and cycling stability, and high energy and power densities can be
related to the type of the electrode material and its unique
structure.3132 |n the former, the ternary metal oxides possess rich
valence electrons that enhance electrochemical activity and reduce
electrical resistance.3334 In the latter, the hollow spheres with
nanoporous shells enhance the specific surface area, reduce mass-
and electron-transfer distance, and facilitate the accessibility of the
electrolyte.3537

Conclusion

In summary, for the first time, a spinel nickel-manganese-cobalt
ternary oxide was synthesized in hollow sphere morphology with
nanoporous shell and high specific surface area, as a high-
performance electrode material for supercapacitor applications.
The electrode delivered ultrahigh specific capacitances with
outstanding rate capability, high energy density, and remarkable
cycling stability at different current densities. The excellent
electrochemical performance of the electrode was attributed to the
type of the electrode material and its unique structure. This work
not only introduces new high-performance electrode material for
supercapacitor applications but also gives some insights into the
development of mixed transition metal oxides electrodes for
various range of applications such as lithium-ion batteries, catalysis,
and other electronic devices.
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