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Abstract

Hierarchical MnO, @NiCo,0, core—shell nanostructures are well fabricated via a simple two-step hydrothermal process. The
MnO,@NiCo,0, core—shell nanostructures materials electrode presents a high capacitance of 684 F g~ at 2 A g~! current
density, 40 times higher than that of the single MnO, nanowires electrode. And 87.4% retain is approached even at a high
current density of 15 A g~!, showing satisfactory rate capability. Furthermore, the theoretical analysis reveals the surface
capacitance contribution is predominant in the capacitive contribution. The asymmetric supercapacitor assembled with
MnO, @NiCo,0, exhibited a maximum energy density of 35.6 Wh kg™! and a maximum power density of 745.1 W kg~
After 7000 charge—discharge cycling at a current density of 4 A g™, it still can maintain 90% of the initial capacitance. These
results suggest that MnO, @NiCo,0, is the promising candidate of supercapacitors.

1 Introduction

Due to the intensification of environmental pollution and
the continuous depletion of fuel energy, it has become an
urgent problem to develop green energy storage device to
meet the needs of social development [1-3]. Supercapacitors
have safe operating voltages and excellent electrochemical
performance [4, 5]. There are three kinds of supercapacitor
electrodes, which are carbon-based materials [6-8], metal
oxide materials [9-11] and conductive polymer materials
(polyaniline, polypyrrole, etc.) [12, 13]. Different from
carbon-based and conductive polymer electrode materials,
transition metal oxides have unique physical and chemical
properties, as well as the abundant reserves, low cost, good
thermal stability and green pollution-free characteristics.
Most of the transition metal oxides have been investigated as
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electrochemical energy storage owing to the higher capaci-
tance and energy density [14—19], including cobalt triox-
ide, nickel oxide, manganese oxide and nickel cobalt oxide
(NiCo,0,) [20-23], etc.

Among them, MnQ, is easy to synthesize by various syn-
thetic means such as hydrothermal method, electrodeposi-
tion, chemical vapor deposition and the like [24-26]. Moreo-
ver, it has a variety of morphologies, such as nanowires,
nanotubes and nanosheets. In terms of performance, MnO,
nanomaterials have good electrical conductivity and out-
standing cycle stability. For example, Nam et al. synthesized
nano-flowered and nano-wired MnQO, by ultrasonic process-
ing with a specific capacitance of 300 F g™! at a scan rate
of 5 mV s~! [27]. Yang et al. prepared amorphous MnO,
using potassium permanganate and trihydroxyethylamine,
and it showed a specific capacitance of 251 F g~! at 2 mv
s~! scanning rate [28]. However, the capacitance of pure
MnO, electrode is generally low and it is difficult to achieve
breakthroughs in electrochemical performance. In recent
years, some researchers have studied the core—shell nano-
composites with MnO, as the core and other transition metal
oxides as the shell [29-31], which exhibiting good super-
capacitor performance. Among the transition metal oxides,
NiCo,0, has the high theoretical capacitance, environmen-
tal friendliness and low cost [32-34]. Combining with the
nanostructured NiCo,O, will exhibit excellent electrochemi-
cal performance in energy storage equipment. For example,
the MnO, @NiCo,0, core/shell nanospheres and NiCo,O,/
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MnO, nanosheet arrays have presented good electrochemical
performance in supercapacitors [35, 36].

In this paper, the one-dimensional MnO,@NiCo,0,
core—shell nanowires were successfully synthesized by a
simple two-step hydrothermal method. As a supercapacitor
electrode, the specific capacitance was 684 Fg~'at2 A g~!
current density, and 87.4% remain at higher current density
of 15 A g~!, exhibiting good rate performance. In addition,
MnO,@NiCo,0,, porous carbon and KOH solution were,
respectively, used as the positive electrode, negative elec-
trode and electrolyte to assemble the asymmetric superca-
pacitor. The device exhibited a specific capacitance of 114
F g~! at a current density of 1 A g~!. The capacitance still
remains 90% after 7000 cycles at the current density of 4
A g™'. The results show that the one-dimensional MnO, @
NiCo,0, core—shell nanowires are promising candidate for
excellent supercapacitor material.

2 Experimental section
2.1 Preparation of MnO, nanowires

This is a traditional hydrothermal synthesis process. Ten
milliliters of KMnO, aqueous solution (0.04 mol/L) and
10 ml of NH,Cl aqueous solution (0.04 mol/L) were placed
in a beaker and magnetically stirred for 30 min. Next, the
mixture was poured in 50-ml Teflon-lined autoclave, sealed
and kept at 180 °C for 20 h. After the hydrothermal reaction,
the product was washed with deionized water and absolute
ethanol, vacuum dried at 60 °C for 12 h to obtain the MnO,
nanowires.

2.2 Synthesis of one-dimensional MnO,@NiCo,0,
core-shell nanowires

Specifically, 0.2 mmol of Ni(NO;),*6H,0, 0.4 mmol of
Co(NO3),*6H,0 and 4 mmol of C¢H,,N, were dissolved in
30 mL of an aqueous ethanol solution (ethanol: deionized

Scheme 1 Diagram of the syn-
thesis procedure of 1D MnO,@
NiCo,0, core—shell nanowire

water = 1:1) and magnetically stirred for 30 min to form a
pink solution. Then, 0.4 mmol of MnO, nanowires was put
in the above solution and sonicated for 8 min. Then, the
mixture was poured into a 50-ml polytetrafluoroethylene
stainless steel autoclave, sealed and heated at 90 °C for 12 h.
After the completion of the reaction, the product washed
for three times with deionized water and absolute ethanol,
dried at 60 °C for 12 h to obtain one-dimensional MnO, @
NiCo,0, core—shell nanowires.

2.3 Materials characterization

The morphology of the material was investigated by a scan-
ning electron microscope (FESEM, Hitachi-S4800) at an
accelerating voltage of 5 kV. The structure of the material
was obtained using a transmission electron microscope
(TEM, Hitachi-HT7700) at an accelerating voltage of
100 kV and a high-resolution transmission electron micro-
scope (HRTEM, FEI Tacnai G2) at an acceleration volt-
age of 200 kV. The crystal structure was obtained by X-ray
powder diffraction (XRD) by collecting the patterns using a
diffractometer (Bruker D8) equipped with a CuKa radiation
source (A=1.54060 A).

2.4 Electrochemical measurements

Electrochemical studies were performed via a CHI 660E
electrochemical workstation in 3 M aqueous KOH solution.
The process was performed in the three-electrode cell sys-
tem: the counter electrode of platinum wire, the reference
electrode of saturated calomel electrode and the working
electrode fabricated by mixing the active material (sample,
weight 80%), conductive material (acetylene black, weight
10%) and binder (polytetrafluoroethylene, 10% by weight).
The mass loading of the active material was calculated to be
about 2.96 mg cm™>.

MnO, NiCo,0O,

Ni(NO,) -6H,0
KMnO,
NE.CI Co(NO,),6H,0
180°C, 20h CH,N,
90°C, 12h
a b C
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Fig.1 a XRD patterns of MnO, and MnO,@NiCo,0, core—shell
nanowires; b low-magnification SEM image of MnO,@NiCo,0,; ¢
high-magnification SEM morphology of MnO,@NiCo,0,; d the low-

3 Results and discussion
In Scheme 1, the fabrication of hierarchical MnO, @

NiCo,0, core—shell nanostructures was schematically
depicted, involving a simple two-step hydrothermal

5 Ok V@7 9mmn x35 Ok

magnification TEM image of MnO,@NiCo,0,; e the high-magnifi-
cation TEM image of MnO,@NiCo,0,; and f the HRTEM image of
MnO,@NiCo,0,

synthesis process. Firstly, 10 ml of KMnO, and 10 ml of
NH,CI were hydrothermally reacted to form brown MnO,
nanowires monomers directly (as shown in Scheme 1b).
Subsequently, through the second hydrothermal process,
NiCo,0, nanosheets were grown on the MnO, nanowires
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Fig.2 a CV curves of the MnO, electrode at various scan rates; b curves of the MnO, @NiCo,0, electrode at a series of current densi-

galvanostatic charging and discharging curves of the MnO, electrode ties; the specific capacitance as a function of the current densities of e
at a series of current densities; ¢ CV curves of the MnO,@NiCo,0, MnO, electrode and f MnO,@NiCo,0, electrode
electrode at various scan rates; d galvanostatic charge—discharge
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Fig.3 a Cycling stability of MnO,@NiCo,0, electrode at a current
density of 6 A g7!, insets: the first and last 7 cycling GCD curves; b
the SEM image of MnO,@NiCo,0, electrode after 4000 cycling; ¢

to construct hierarchical one-dimensional MnO, @NiCo,0,
core—shell nanowires (as shown in Scheme 1c¢).

Figure la shows the diffraction peaks of the MnO,
nanowires and MnO, @NiCo,0, core—shell nanowires. The
peaks located at 2 =12.7, 18.1, 28.7, 37.6 and 50° are
indexed to the (110), (200), (310), (121) and (411) planes of
MnO, (JCPDS File No. 72-1982), respectively. At the same
time, the peaks at 18.9, 31.0, 36.6 and 44.5° correspond to
the (111), (220), (311) and (400) planes of NiCo,O,. The
results reveal that the chemical compositions of the product
are MnO, and NiCo,0O,

The SEM and TEM have been performed to study the
microstructure of the products. Figure 1b displays the low-
magnification SEM image of MnO, @NiCo,0,, showing that
the MnO,@NiCo,0, nanomaterial consists of one-dimen-
sional nanowires with uniform distribution with the average
diameter of 130 nm. And the nanosheets are evenly anchored
on the surface of the nanowires via the high-magnification

804 —= 1st
] —e—100th
60
40 -
204
0-
=20 -
80 60 40 20 0

Frequency / KHz

EIS of the electrode at the 1st and 100th cycling, insets: the high fre-
quency; d the phase angles for impedance curves of the 1st and 100th
cycling

SEM image (Fig. 1c). It is also clearly seen that the nanow-
ires are uniformly covered by the nanosheets to form a lay-
ered core—shell nanostructure through the low-magnification
TEM morphology (Fig. 1d). And it can be observed that the
nanoflakes are composed of very small crystal grains in the
high-magnification TEM morphology (Fig. le). Figure 1f
shows the high-resolution TEM (HRTEM) image of MnO, @
NiCo,0,. The clear interplanar spacings of 0.310 nm and
0.242 nm are consistent with the (310) plane of MnO, and
the (311) plane of NiCo,0O,, respectively. Based on the above
results, we believe that the layered one-dimensional MnO, @
NiCo,0, nanowires have been successfully synthesized.
The cyclic voltammetry (CV) curves of the MnO, elec-
trode are measured at various scan rates ranging from
5mV s~ to 80 mV s~!, as shown in Fig. 2a. There is a
distinct redox peak in the CV curve, and no obvious dis-
tortion at the high scanning rate of 80 mV s~!, exhibiting
clearly the pseudocapacitor capacitance property. The GCD
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Table 1 Electrochemical performances comparing between MnO, @
NiCo,0, and those literatures reported

Nanomaterials Capacitance Capacitance retention  References

MnO,/CFP 713.7F ¢! 47%from0.5t0 5 43
A g_1

G@MnO, 245F g7! 75% from 0.5 to 20 44
A g’1

MnO,@C 149 Fcm™ 44% from 2 to 45
16 mA cm™2

MnO,/CNF 4457F ¢! 50.5% from 0.5 to 10 46
A g_1

Beta-MnO, 362Fg™'  87%from 1 to 20 A 47

-1
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MnO,@NiMoO, 582Fg™!  69% from1to5 A g™ 31
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Fig.4 a CV curves at different scan rates of the MnO,@NiCo,0,
electrode; b relationship between logarithm peak current versus loga-
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@ Springer

curves of the MnO, electrode ranging from 2 to 10 A g lare
investigated, as shown in Fig. 2b. The specific capacitance
(C, (F g_l)) of the electrode based on the mass of the active
materials is calculated according to the following equations:

I X At
T mxAV M

where I, At, AV and m are the current (A) during the dis-
charge process, discharge time(s), potential window (V)
and mass of the active materials (g), respectively. After cal-
culation, the specific capacitance of the one-dimensional
MnO, nanowires at current densities of 2, 4, 6, 8 and 10
A g‘1 are 17.7, 14, 12, 10.1 and 8.89 F g‘l, respectively,
as shown in Fig. 2e. Figure S1 shows the comparative CV
curves of MnO, @NiCo,0,, acetylene black and nickel foam
at a scan rate of 0.8 mV s~! in the potential range from 0
to 0.5 V. Obviously, the area of the CV curve enclosed by

b
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acetylene black or nickel foam is much smaller than that of
the MnO,@NiCo,0, electrode, indicating that the propor-
tion of capacitance contributed from acetylene black and
nickel foam in MnO, @Nio,O, system can be neglected. It is
easy to see that the specific capacitance of the MnO, nanow-
ires is low and has small rate capability of 50.2%.
Compared with one-dimensional MnO, nanowires,
MnO,@NiCo,0, has a significant performance improve-
ment (Fig. 2c). With increasing the scan rate, the peaks
of the anode and cathode move toward more negative and
positive potentials, respectively, suggesting a quasi-revers-
ible characteristic of the redox reaction. Even at the scan
rate of 80 mV s~ the CV curve has no obvious distortion,
indicating the ideal CV stability of the MnO, @NiCo,0,.
Figure 2d shows the GCD performance of the MnO,@

NiCo,0, electrode at various current densities from 2 to 8
A g, Clearly, the curves under low current density appear
a platform, which represents the redox reactions [37]. The
calculated specific capacitances are 684, 665, 660, 640 and
600 F g'1 at the current densities of 2,4, 6, 10 and 15 A g'l,
respectively. It is worth noting that the MnO, @NiCo,0,
electrode also shows a high specific capacitance of 600 F
g~ when the current density is up to 15 A g~!, exhibiting
the excellent rate capacity. In addition, compared to a single
MnO,, the specific capacitance of the core—shell electrode
at 2 A g~!is almost 40 times higher. From the above analy-
sis, it can be stated that the core—shell structure can greatly
enhance the electrochemical properties of the material.

For electrode materials, cycling stability is also a very
important parameter [38]. After 4000 cycles at a current

. a b c
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Fig.5 Capacitance contribution to charge storage (wine for MnO,,
blue for NiCo,0, and red for MnO, @NiCo,0,) and diffusion contri-
bution (gray) of different electrode at different scan rates: a 0.2, d 0.4

and g 0.6 mV s7! of the MnO,; b 0.2, e 0.4 and h 0.6 mV s~ of the
NiCo0,0,; ¢ 0.2, f 0.4 and i 0.6 mV s~! of the MnO,@NiCo,0,
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«Fig.6 a CV curves of MnO,@NiCo,0, and porous carbon at a scan
rate of 60 mV s~ b CV curves of the MnO,@NiCo,0,//C ASC at
various scan rates; ¢ GCD curves of the MnO,@NiCo,0,//C device
at various current densities; d the rate performance of the ASC; e
Ragone plots of theMnO,@NiCo,0, device; f cycling performances
of the MnO,@NiCo,0,//C device, inset: the 1st and last 7 GCD
cycles

density of 6 A g~!, the MnO,@NiCo,0, electrode is capa-
ble of retaining 85.6% of the initial specific capacitance,
indicating that electrode material has good electrochemi-
cal stability, as shown in Fig. 3a. In the first 800 cycles, the
capacitance of the electrode material gradually increases
to 850 F g_l, and the reason could be the activation of
the electrode material. Then the capacitance begins to
drop slowly. However, after 4000 cycles, it still can retain
a capacitance of 85.6%. In order to verify whether the
MnO, @NiCo,0, electrode morphology transforms after
4000 cycles, the SEM test after cycling was further inves-
tigated, as shown in Fig. 3b. By comparison, after 4000
cycles, the core—shell structure still exists and the surface
of the MnO, @NiCo,0, electrode is considerably rougher.
The layered core—shell nanostructures keep stability except
for a small amount of collapse during the repeated charg-
ing/discharging process, implying that the unique nano-
structures can effectively alleviate the volume expansion.
First, the 1 dimensional MnO, nanowire core provide a
steady structural support during charge—discharge. Sec-
ond, the interconnected NiCo,0, nanosheets provide more
void space, which buffering the volume change during
charge/discharge [39-41].

Electrochemical impedance spectra (EIS) of the MnO, @
NiCo,0, electrode before and after 100 cycles were inves-
tigated, as shown in Fig. 3c. All Nyquist diagrams consist
of two parts, a depressed semicircle in the high-frequency
region representing the charge transfer resistance, a slope
line in the low-frequency region representing the Warburg
impedance attributed to the diffusion resistance of the
electrolyte [42]. In the low-frequency region, the MnO, @
NiCo,0, core—shell nanowire exhibits low Warburg imped-
ance, indicating the facilitated electrolyte diffusion to the
surface of the electrodes. The real axis intercept in the high-
frequency region represents the volume resistance of the
electrochemical system. There was only a slight difference
between the 1st and 100th cycling, suggesting the good ion
diffusion and conduction kinetics.

Furthermore, the Bode plot of the 1st and 100th cycling
also shown in Fig. 3d. It can be found that the operat-
ing frequencies of the 1st and 100th cycling are 0.60 and
0.53 Hz, and the corresponding characteristic relaxation
time constants (t,) are 1.67 and 1.88 s, respectively. The
difference between before and after the cycle is small,
revealing that the electrode has stable electrolyte permea-
tion and ion diffusion kinetics. Further, it can be seen that

this material has better electrochemical properties than
the other MnO,-based electrode materials [31, 43—47], as
given in Table 1.

In order to further understand the superior electro-
chemical performance of the MnO, @NiCo,0, core—shell
nanowires, we performed a kinetic analysis of the elec-
trochemical. Figure 4a displays the CVs of the MnO,@
NiCo,0, electrode from 0.2 to 0.8 mV s~!. It is known that
charge-storage involves two types of mechanisms: the non-
faradaic process from the electric double-layer (EDLCs)
and the faradaic contribution produced by a redox reaction.
The latter can be divided into the diffusion-controlled pro-
cess and the surface pseudocapacitive contribution arising
from the charge transfer at or the near surface [48].

The current (i) and scan rate (v) obey following equa-
tion [49]:i = av?, where a is constants, and the value of b
is between 0.5 ~ 1. For a diffusion-controlled process, the
b value is close to 0.5, while for surface pseudocapaci-
tive contribution, the value of b approach 1. In Fig. 4b, the
slope of log i versus log v represents the b value. The b
value (0.72) of the MnO, @NiCo,0O, electrode is higher the
MnO, and NiCo,0,, suggesting that the surface capacitance
control capacitance kinetics of MnO,@NiCo,0, electrode
dominates.

To quantify the contribution from diffusion-controlled
process and surface capacitive effect, we can separate the
current response (i) at a specific potential (V) into a diffu-
sion control reaction and a capacitive effect. According to
the equation [50, 51]:

i(V) = kv + k,v'/? )

By drawing i(v)/v'’? versus v'/? at multiple potentials, we

can get the values of k; (slope) and k, (intercept) from the
straight line to distinguish the ratio of capacitance contribu-
tion under different charge-storage mechanisms. The plot of
i(v)Iv'"? versus v!/* has been presented, as shown in Fig. S2.
In order to demonstrate the capacitive contribution, the data
are obtained at small sweep speeds from 0.2 to 0.8 mV s~
From Fig. 4c, there is a significant fraction of surface capac-
itive (86%) in the MnO, @NiCo,0, core—shell nanowires
electrode, much higher than 35% of the MnO, sample and
24% of the NiCo,0, sample at the 0.8 mV s~!. This result
is in good agreement with its higher b value, suggesting
the excellent kinetics of the MnO,@NiCo,0, core-shell
nanowires electrode. The capacitance contribution of the
MnO,@NiCo,0, electrode is 69%, 77%, 82% at the scan
rate of 0.2, 0.4 and 0.6 mV s~! (Fig. 5), respectively, indicat-
ing the capacitance-dominated capacitance is leading in the
total capacitance. As the sweep speed increases, the surface
capacitance contribution gradually increases throughout
the current response (Fig. 4d), which is consistent with the
expected results.
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It is well known that diffusion control behavior occurs
primarily in bulk materials or in large dimensions. There-
fore, these materials generally exhibit slow kinetic character-
istics in electrochemical performance [52]. However, when
the material is designed in the nanometer dimension, its
electrochemical performance can be significantly improved.
For example, LiCoO, from bulk to nanoscale exhibits sig-
nificant surface capacitance control [53]. For the MnO, @
NiCo,O, core—shell nanowires, as the outer shell, the nano-
sized NiCo,0, exposes more active sites, which can more
fully contact the electrolyte, shorten the ion transmission
distance and accelerate the transmission speed, resulting in
a high level of capacitive energy storage.

An asymmetric supercapacitor (ASC) using MnO, @
NiCo,0, as positive electrode, porous carbon as negative
electrode in aqueous 3 M KOH was fabricated. The potential
windows of MnO,@NiCo,0, and porous carbon are from
0to 0.5V and —1.0 to 0 V (Fig. 6a), respectively, indicat-
ing the assembled supercapacitor can provide an operating
potential of 0-1.50 V in 3 M KOH. As expected, the big
operating voltage of the ASC device is stable at 1.5 V, as
shown in Fig. 6b. Figure 6¢ shows the GCD curves of the
MnO, @NiCo,0,//C, and the specific capacitances are 114,
104,94,85and 77 F g_l at current densities of 1, 2, 3, 4 and
5 A g7!, respectively. The rate performance of the MnO, @
NiCo,0,//C asymmetric supercapacitor device is shown in
Fig. 6d. The MnO, @NiCo,0,//C device can maintain 67.5%
of capacitance retention at a high current density of 5 A g~}
exhibiting the better rate capability.

Energy density and power density are critical indicators
for the practical application of supercapacitors. Ragone
plots (energy density vs power density) have been shown in
Fig. 6e. The power density and energy density of the ASC
were calculated using the following equations:

_ C(AV)? x 1000

3
2 x 3600 )

E X 3600
~ Arx 1000 @)

Where E is the energy density, C represents the specific
capacitance of the ASC, AV refers to the operating voltage
of the device, At is the discharge time, and P is the power
density. The MnO, @NiCo,0,//C asymmetric supercapacitor
exhibits a high energy density of 35.6 Wh kg™ at power den-
sity of 745.1 W kg~!. When the current density is increased
to 5 A g~!, an energy density can still be maintained at 24.1
Wh kg™, while the power density can reach 3772.2 W kg™ ".
It can also be seen from the figure that the curve is relatively
stable and there is no sharp drop. Therefore, the MnO, @
NiCo,0,//C asymmetric supercapacitor has a potential
application in high energy density storage.

@ Springer

The cycling stability test of the MnO,@NiCo,0,//C
asymmetric supercapacitor was conducted at a current den-
sity of 4 A g™, as shown in Fig. 6f. The asymmetrical super-
capacitor has a stable cycling performance without major
fluctuations. After 7000 cycles, the specific capacitance of
the ASC retains 90% of initial value. In addition, the 1st and
last 7 GCD cycles (the inset of Fig. 6f) have few deforma-
tion, suggesting the good cycling performance. All these
results demonstrate the good performance of the ASC and
the practical application in the energy density storage.

4 Conclusions

In summary, we successfully designed NiCo,O, nanosheets
coated on MnO, nanowires to assemble one-dimensional
MnO, @NiCo,0, core—shell nanowires by simple two-step
hydrothermal method. The electrochemical performance of
the core—shell heterostructure is much higher that of MnO,
nanowire monomers. In particular, the specific capacitance
of the one-dimensional MnO, @NiCo,0, electrode is nearly
40 times higher than that of MnO, at 2 A g~!, attributed to
its unique core—shell structure. And the surface capacitance
contribution is leading in the capacitive storage via the kinet-
ically analysis. In addition, the asymmetric supercapacitor
device exhibits high energy density of 35.6 Wh Kg~! with a
corresponding power density of 745.1 W Kg~!. Therefore,
the MnO, @NiCo,0, core-shell nanowires can be used as
potential electrode materials.
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