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ABSTRACT

The rational structure design of the electrode materials is critical to achieve
high-performance supercapacitors. In this contribution, a structure of carbon-
coated MnCO;@Mn0O, MnCO;@MnO,@C) hierarchical hollow nanostructures
is obtained through redox reaction on the basis of Kirkendall effect. The hollow
structure and the coating of carbon layer provides a space and utilization rate of
materials for charge storage in electrochemical energy storage. The electrode
demonstrates an electrochemical performance with a specific capacitance of 267
F ¢! and a retention rate of 83.6% after 8000 cycles at 1A g~'. When the
MnCO;@MnO,@C is used as positive electrode combined with hollow carbon
sphere as the negative electrode, the assembled asymmetric supercapacitor
displays a power density of 3840 Wkg ™' and energy density of 21.3 Wh kg,
78.2% of capacitance retention after 5000 cycles at 2 A g™
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mechanism [3, 4]. Compared with electric double-
layer capacitors, pseudo-capacitors have reversible

1 Introduction

Supercapacitors (SC), also known as electrochemical
supercapacitors, have a variety of priorities when
used for energy storage device, such as high power
density, high safety, long cycle life, low cost, and
good performance stability and so on [1]. Its high
specific capacity and energy density are due to the
large electrolyte—electrode contact area, short elec-
trolyte ion transport distance and rapid redox reac-
tion [2]. Generally speaking, supercapacitors are
divided into electric double-layer capacitors and
pseudo-capacitors according to their energy storage
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electron transfer capabilities between the oxidized
state and the reduced state. The energy storage
mechanism relies on not only the electric double layer
capacitance of the electrode material, but also the
rapid redox reaction between the electrode material
itself and the electrolyte ions to achieve energy stor-
age [5].

The electrochemical performance of pseudo-ca-
pacitors depends on the active electrode materials
used, including metal oxides (CozO4, SnO,, MnO,,
Fe;O3) [4, 6] and conductive polymers (polypyrrole
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and polyaniline) [7-10]. These materials have meso-
porous structures of high-specific surface area and
uniform pore size distribution, which makes them
promising when used for capacitors [11]. MnO, has
become one of the most attractive positive electrode
candidates due to its rich content, low cost, and high
theoretical-specific capacitance [12, 13]. However,
like other metal oxides, MnO, has inherent short-
comings such as small ion diffusion constant, poor
conductivity, and easy expansion and pulverization
during the cycle, making its energy storage effect
difficult to obtain the ideal specific capacity [14]. The
most common way to solve these problems is to
composite MnO, with other materials to combine the
advantages of each constitutes to achieve highly
effective energy storage. In addition, conductive
polymer, due to high theoretical-specific capacity,
excellent electrochemical activity and other charac-
teristics, is a relatively widely used active electrode
material for constructing supercapacitors [15]. Poly-
pyrrole (PPY), as one of the conducting polymers, has
emerged as a promising active material for high-
performance supercapacitors owing to its high elec-
trical conductivity and interesting redox properties
[16].

Carbon materials have many prior characteristics
when applied in electrochemical energy storage,
including large-specific surface area, high conduc-
tivity and chemical stability. However, structural
optimization will greatly improve the utilizing effects
of carbon materials as electrode materials [3, 17].
Hollow structure has the advantages of low density,
large surface area, and short charge transfer distance.
The local cavity inside the structure can accommo-
date the large volume changes and delay capacity
decay. The large contact area of the electrolysis elec-
trode provides a reasonable idea for the structure
design of the electrode materials [6]. Hollow carbon
spheres (HCS), due to their various possibilities to be
adjusted and controlled in size, pores and specific
surface area, can provide abundant space for energy
storage, and have attracted many focuses on super-
capacitor electrode applications [18, 19].

In this study, carbon-coated MnCO;@MnO,
MnCO;@MnO,@C) hierarchical hollow nanostruc-
tures were successfully designed and fabricated via a
continuous redox reaction of potassium perman-
ganate (KMnQO,) and manganese carbonate (MnCQOj3)
on the basis of Kirkendall effect. The hierarchical
hollow structure composites provide a wealth of
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electrochemical active sites and relatively high levels
for rapid diffusion and reaction. Moreover, the coat-
ing of the outer carbon layer facilitate the effective
contact between the electrode material and the elec-
trolyte, which will greatly improve the electrochem-
ical performance of the electrode material. When the
MnCO;@Mn0O,@C (as the positive electrode) and
HCS (as the negative electrode) were used to
assemble an asymmetric supercapacitors device, the
capacitors remained 78.2% of the capacitance reten-
tion after 5000 cycles, and the coulombic efficiency is
close to 100%.

2 Experimental
2.1 Preparation of MnCO3;@MnO,@C
2.1.1 Preparation of MnCO;@MnQO,

First, 7 ml of ethanol and manganese sulfate (MnSO,)
aqueous solution (1.0 g of MnSO, dissolved in 70 ml
of deionized water) were mixed thoroughly via stir-
ring. Then sodium bicarbonate (NaHCOj3;) aqueous
solution (2.5 g of NaHCO; dissolve in 70 ml of
deionized water) and 25 ul of ammonia solution were
added and stirred continuously for 2 h. Finally,
MnCO; microspheres were obtained after washed
and dried.

MnCO3;@MnO, hierarchical hollow spheres were
prepared by controlled reaction of KMnO, and
MnCOj3 on the basis of Kirkendall effect, which is
based on the atomic interface diffusion motion at the
boundary due to the different diffusion rates of metal
atoms [20-22]. First, 0.5 g of MnCO; microspheres
were added into 70 ml of deionized water and
ultrasonically dispersed by cell crusher. Then, the
potassium permanganate (KMnQOy) solution (0.86 g of
KMnO, dissolved in 100 ml of deionized water) were
added and stirred for 2 h. The obtained precipitate
was washed to neutrality by centrifugation and then
dried to obtain hierarchical MnCO;@MnQO,. The
samples were then dispersed into 150 ml of 0.1 M
hydrochloric acid and stirred to remove MnCO:;.
Finally, the samples were washed to neutrality to
obtain hierarchical hollow nanostructure
MHCO:;@MI’IOz.
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2.1.2  Preparation of hierarchical hollow nanostructure
MnCO;@Mn0O,@C

100 mg of MnCO3;@MnO, samples were dispersed in
40 ml of deionized water via ultrasonic agitation.
Then, 10 mg of ammonium persulfate was dissolved
in 20 ml of 5 vol% pyrrole (PPY) solution, the mixed
solutions were dropwise added into the above-men-
tioned MnCOz@MnO, solutions, and stirred contin-
uously for 4 h under ice bath conditions. After being
washed under centrifugation and then dried, the
obtained samples of MnCO;@MnO,@PPY were car-
bonized to obtain hierarchical hollow nanostructure
MnCO;@MnO,@C.

2.2 Preparation of HCS

3.46 ml of tetrapropyl orthosilicate (TPOS) was
added and stirred to the mixture of ethanol (70 ml),
deionized water (10 ml), and ammonia (3 ml). After
15 min, 0.4 g of resorcinol and 0.56 ml of formalde-
hyde were added. After being stirred for 24 h, the as-
prepared sample was washed under centrifugation,
dried, carbonized, and etched with sodium hydrox-
ide to obtain HCS.

2.3 Materials characterization

The structure and morphology of the sample were
analyzed by Fourier transform infrared (FTIR, Spce-
trum100: Perkin Elmer), X-ray diffraction (XRD, D8
Advance: Bruker), field emission scanning electron
microscope (FE-SEM, QUANTA FEG 450: FEI),
transmission electron microscope (TEM, TECNAI
F30: FEI), and Energy spectrometer (EDS, APOLLO
X: AMETEK Group) to analyze the element content of
the sample.

2.4 Electrochemical performance analysis

The working electrode was fabricated by painting the
slurry onto nickel foam of 1.0 cm? with isopropanol
as dispersion solvent, which consists of 80 wt% active
material, 10 wt% carbon black and 10 wt%
polyvinylidene fluoride (PVDF) as binder. Subse-
quently, the prepared electrodes were heated in a
vacuum oven at 90 °C for 12 h and then pressed for
120 s under a pressure of 6 MPa. The electrochemical
performance of the electrodes is tested by electro-
chemical workstation (CHI760D, Shanghai Chenhua
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Co. Ltd. China) with a three-electrode cell in a 2 M
KOH aqueous solution. The sample serves as the
working electrodes, Platinum electrode as the counter
electrode, and the Hg/HgO electrodes as the refer-
ence electrode, respectively. Cyclic voltammetry
(CV), galvanostatic charge and discharge (GCD), and
electrochemical impedance spectroscopy (EIS) meth-
ods were carried out to characterize the electro-
chemical performance of as-prepared samples,
including specific capacitance, redox reactions,
reversibility and cycling stability. The specific
capacitance (C, F g~ ") s can be calculated from the CV
curves according to the following equation [23]:

A
C= 2smAV (1)

where, A is the integral areas of the CV curve, m (g) is
the average mass of electrode material, 4V (V) is the
potential window, s (mV-s™') is the potential scan
rate.

The specific capacitance (C, F g™'), power density
(P, Wh kg™ ") and energy density (E, W kg™") can be
calculated from the GCD curves according to the
following equation [24, 25]:

IAt
_ 2
mAV (2)
Ccv?
T 2x36 (3)
E
pP=— 4
A7 x 3600 (4)

where, I (A) and Af (s) is the current loaded and the
discharge time during GCD process, m (g) and
AV (V) is the mass of the electrode material and the
potential window, respectively.

3 Results and discussion
3.1 Structure and morphology analysis

Figure 1 is the synthesis schematic diagram of the
hierarchical hollow nanostructure MnCO;@MnO,@C
composite. Firstly, using monodisperse MnCOj;
microspheres as a template, KMnOj is involved in the
reaction to form MnCO;@MnO,, and then the
remaining MnCQOs is reacted with hydrochloric acid
to form MnCO;@MnQO, with a hierarchical hollow
structure. The reaction principle of the Kirkendall
effect, it involves in this step, the motion formation of
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Fig. 1 Schematic diagram of the hierarchical hollow nanostructure MnCO;@MnO,@C composite

diffusion pairs at the interface between KMnO, and
MnCO; might lead to the rapid formation of MnO,
shells on the outer surface of MnCO; crystals. The
MnCOz;@MnO, hierarchical hollow nanostructure
will be formed after the removal of the MnCO;
crystal cores by HCI [20, 22]. Finally, PPY is used as a
carbon precursor to coat the MnCO;@MnO, micro-
spheres to form MnCO;@MnO,@PPY. It is trans-
formed into MnCO;@MnO,@C composites by
carbonization.

Figure 2a is the FTIR spectrum of MnCO;@MnO,,
PPY, MnCO;@MnO,@PPY and MnCO;@MnO,@C
composites in the range of 450-4000 cm™'. The gray
curve and black curve correspond to the infrared
spectra of pure PPY and MnCO;@MnO,@PPY
respectively, where the absorption peaks at
1549,1458,1312,1176 and 680 cm-1 belong to the basic
vibration of PPY, the stretching vibration of the C-N
bond and the deformation vibration of = C-H. These

are consistent with reports on PPY in the litera-
ture[26], indicating that PPY was successfully coated
on the surface of MnCO;@MnQO, microspheres. In
addition, a characteristic absorption peak at 528 cm ™"
in manganese dioxide is the Mn-O stretching vibra-
tion absorption peak, indicating that manganese
dioxide is present in the prepared composite material
[27]. In the material of MnCO;@MnO,@C, the char-
acteristic peak of PPY disappears and a weak peak at
1327 cm™" of bending vibration of C = N appears,
indicating that PPY was transformed into amorphous
carbon.

To determine the composition of the prepared
samples, XRD analysis was further performed. Fig-
ure 2b shows the powder X-ray diffraction patterns
of the prepared MnCO;, MnCO;@MnO,, MnCO;@-
MnO,@PPY, MnCO;@Mn0O,@C samples. The
diffraction peaks of MnCOj at 2 0 of 24°, 31°, 37.5°,
41.4°, and 51.6° correspond to the five lattice planes of
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Fig. 2 FT-IR and XRD spectra of the prepared materials: a FT-IR, b XRD
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(012), (104), (110), (113) and (116), respectively, which
is consistent with the standard PDF card of MnCO;
(PDF#44-1472). The broad diffraction peaks of 29.6°,
38.3°, 56.6°, and 72.2°, corresponding to (110), (101),
(211), (301) crystal plane, respectively. However, the
broad peak shapes are related to a poorly crys-
tallinity, indicating that all composites are amor-
phous structure [28]. After coating with PPY, it can be
seen that the previous characteristic peaks all chan-
ged significantly, indicating that the coating is suc-
cessful. For the carbonized sample
MnCOz;@MnO,@C, there is an obvious broad
diffraction peak at 43° which can be attributed to the
reflection of the disordered carbon layer (100) [29].
SEM image in Fig. 3a shows that the prepared
MnCO; microspheres have homogeneous morphol-
ogy and good dispersion. In the large magnification
of Fig. 3d, it can be seen that the size of the prepared
MnCO; microspheres is between 700 and 900 nm.
Meanwhile, some disordered nanoparticles were
found uniformly deposited on the surface of the
microspheres. The spectrum in Fig. 2b,e shows that
their surface morphology is almost the same as that
of MnCO; together with good dispersity. However,
the diameter of the spheres is about 1 pm, which
increases obviously, indicating that a certain part of
MnCO; is converted into MnO; as a result of reacting
with KMnO,. SEM image in Fig. 3c and f shows the
surface of the MnCO;@MnO; spheres is composed of
a large number of nanoparticles. Meanwhile, in the
low-magnification SEM image, it can be seen that the
hierarchical hollow nanostructure of MnCO;@MnO,
has a uniform morphology and good dispersion. The
particle size of the microspheres is between 900 and
1000 nm, which demonstrate that the etching of
hydrochloric acid removes some MnCOj on the sur-
face and form the hierarchical hollow nanostructures
of MnCO;@MnQO,. SEM image in Fig. 3g-h shows
that the coated MnCO;@MnO, microspheres have
uniform morphology and good dispersion. There are
microspheres be found inside the broken shell, indi-
cating that it has a core-shell structure. After car-
bonization treatment, the MnCO;@MnO,@C
composite material is obtained. The size of the
microspheres after carbonization decreases, indicat-
ing a shrink of volume is caused. While the sphere
structure remains intact whose shape is uniform and
well dispersed. The element existence of carbon,
manganese and oxygen are found by EDS analysis
(Fig. 3i), indicating the components of atoms are
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consistent with that of MnCO;@MnO,@C. The
detailed structural information of the MnCO;@-
MnO,@C composites was further investigated by
TEM. As shown in Fig. 3j and k, an obvious hollow
core-shell structure is observed. It is found that
MnCOj; with dark image and MnO, with a little dark
image as the main core and shell, respectively. And
another relatively thin shell of carbon with grey
image could be found surrounding the MnO, shell.
As indicated in the Fig. 31, an interlayer spacing of
0.25 nm is found which is marked by the orange line,
corresponding to the (101) crystal plane of MnO,.

3.2 Electrochemical performance
of electrode materials

The electrochemical properties of MnCO;@MnO,
hollow sphere and MnCO;@MnO,@C were evalu-
ated in Fig. 4. As presented in Fig. 4 a,d, the rela-
tively regular quasi-rectangular CV curve of
MnCO;@Mn0O, and MnCO3;@MnO,@C nanospheres
at different scan rates, indicating the as-prepared
materials possess an excellent capacitive behavior
and reversibility[30]. As the scanning rate increases,
the contact time between electrolyte ions and the
electrode surface is shortened, and it is difficult for
electrolyte ions to enter the interior of the two com-
posite electrode materials, resulting in the deviation
of the CV curve and the increase of polarization
current which affects its rate capability. At high
scanning rate, the contact time between electrolyte
ions and the electrode becomes shorter, and the
degree of oxidation and reduction will also decrease,
which affects the specific capacity. However, com-
pared with MnCO;@MnOQO,, the integrated area of
MnCO;@MnO,@C is larger at the same sweep speed,
indicating that the current response density is
greater. It can be inferred that the composite elec-
trode material coated with carbon has a larger
specific capacity. GCD tests of MnCO;@MnO, and
MnCOz@MnO,@C at different constant current den-
sities are shown in Fig. 4b, e. The curves of electrode
materials are relatively symmetrical triangles, indi-
cating that the composite electrode material has good
capacitance characteristics and ideal coulomb effi-
ciency. The MnCO;@MnO,@C composite electrode
material has the longest discharge time, indicating
that it has a large specific capacity, which is consis-
tent with the CV curve. With the increase of current
density, the discharge time decreases and the voltage
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dropping increases, as a result of interface resistance
increase. The spectrum indicates that an irreversible
redox reaction between electrolyte and electrode
occurs with an ideal capacitance behavior and high
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coulomb efficiency. The relationship curve of specific
capacitances calculated from Fig. 4b, e and current
density is plotted in Fig. 4c, f. For MnCO3;@MnOQO,, the
specific capacitances is 246 F-g~! at current density of
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Fig. 4 The electrochemical properties of MnCO3;@MnO, and MnCO;@MnO,@C: a, d CV curves at different scanning speeds, b,
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1 A-g™', and has a 34.9% capacity retention at current
density of 10 A-g”'. Moreover, MnCO;@MnO,@C
has a 49.8% capacity retention at current density of 10
A-g" and the specific capacitance is 267 F-g™" at the
current rate of 1 A-g~". These electrical performance
results shows that MnCO;@MnO,@C has better
specific capacity and rate capability compared with
MnCO;@MnO,. As a comparison, Table 1 lists the
relative performances of MnO,-based electrode
materials and asymmetric supercapacitors (ASC)
with previously reported literature, indicates that the
exceptional  electrochemical  performance  of
MnCOz;@MnO,@C and demonstrates assembled
MnCO;@Mn0O,@C/ /HCS is a promising electrode in
enhancing the performance of supercapacitors.

The capacitive performances of MnCO;@MnO,
and MnCO;@MnO,@C electrode materials are shown
in Fig. 5. In the CV curves of Fig. 5a, there is no
obvious redox peaks is found, indicating that the
electrode materials are charged and discharged at a
quasi-constant rate. In the GCD tests of Fig. 5b,
compared with MnCO;@MnO,, MnCO;@MnO,@C
shows a more symmetrical triangle, indicating that it
has a higher coulomb efficiency and a smaller voltage
drop. In the EIS test of Fig. 5¢c, it can be seen that
MnCO;@MnO,@C has a smaller internal resistance

Rs than MnCO;@MnQO,, indicating its interface
resistance between the electrode and the current
collector is smaller. In the low frequency region, it
can be found that MnCO;@MnO,@C has a bigger
slope of the straight line than MnCO;@MnQO,, indi-
cating that it has a smaller diffusion resistance and
capacitance. The reason of the results may be due to
the synergistic effect of the increases in both con-
ductivity of electrode material and utilization rate of
manganese oxide lead by the coated carbon shell.
Meanwhile, in the cycling stability of Fig. 5d, the
capacity retention rates of MnCO;@MnO, and
MnCOz@MnO,@C were excellent with 78.8% and
83.6% after 8000 cycles, respectively.

3.3 Electrochemical performance
of supercapacitor

An asymmetric supercapacitor was fabricated using
MnCO;@MnO,@C and HCS as positive and negative
electrodes, respectively. In Fig. 6a—c, the electro-
chemical properties of the HCS electrode were eval-
uated in 2 M KOH electrolyte among the voltage
range is — 1 to 0 V. The CV curve of the HCS pre-
sents a rectangular curve, which indicates that it has
the characteristics of electric double layer
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Table 1 Comparison the relative performances of MnO,-based electrode materials and ASC with previously reported literature

Positive//negative The specific capacitance of positive Electrolyte Capacitance Energy Power Ref.
electrodes electrodes /(F g_]) retention density density
/(Wh /(W kg™")
kg™h

MnCO;@MnO,/AG 363 (1A g™ ") 1M 84.2% (1 A-g_l, 27.4 4507.6 [31]
Na,SO,4 2000)

MnO,/HCS//HCS 255 (1A gfl) 1M 93.9% (1 A~g71, 41.4 7901 [32]
Na,SOy4 5000)

v-MnO,/PANI//AC 216 (1A g™ h 1M 78.65% (5 A-g~!, 66.4 350.1 [33]
Na,SO4 3000)

MnO,/rGO// rGO 242 (1A g_') 1M 89.4% (1 A-g_l, 21.2 820 [34]
Na,SO4 1000)

MGA//GA 193.8 (1A g7 1 1M 84.1% (1.2 Ag™', 17.8 3200 [23]
Na,S0,4 2000)

MnCO;@MnO,@C// 267 (1A g™ ") 2MKOH 782% (2 A-g”', 21.3 3840 This
HCS 5000) work
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Fig. 5 The electrochemical properties of MnCO;@MnO, and MnCO;@MnO,@C electrode materials: a CV curves at 20 mV s~
b GCD curve at 1 A g~', ¢, d Nyquist plots and cycle stability

rate of 20 mV-s™!

capacitance. The GCD curve shows that the specific
capacity is 300 F-g~' at 1 A-g”'. In the designed
device, the weight of MnCO;@MnO,@C is 1.8 mg
and that of HCS is 1 mg. Figure 6d is the CV curve of
the MnCO;@MnO,@C and HCS electrode at a scan
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, showing a relatively rectangular
shape. The voltage window of the assembled capac-
itor was speculated to be in the range of 0-1.7 V. CV
tests of the assembled capacitor under voltage win-
dows of 0-1.7 V at the scan of 20 mV-s™' was
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performed in Fig. 6e. A sharp peak appears at the
end of the CV curve, which indicates the precipita-
tion of oxygen during the electrochemical measure-
ment process and the ideal voltage window of the
capacitors performance is about 0-1.6 V.

The electrochemical properties of the MnCO;@-
MnO,@C//HCS asymmetric supercapacitors show-
ing in Fig. 7a—c. All the CV curves at different scan
rates varying from 5 to 200 mV-s~' could be regarded
to look like a rectangle shape. Meanwhile, as the scan
rates increases, the integral area and peak current
also increase, indicating that the assembled device
has a good rate performance. All the GCD curves at a
current density of 1 A-g~' to 10 A-g™" are relatively
symmetrical triangles, showing the assembled device
has a good capacitance characteristics and ideal
coulomb efficiency. The specific capacitances of
MnCO;@Mn0O,@C//HCS calculated from Fig. 7b
versus current density are presented in Fig. 7c. The
specific capacities is showed to be 60 F-g ' at 1 A-g ™.
Power density and energy density are two important
parameters for evaluating the electrochemical per-
formance of the supercapacitors. The energy density
of MnCO;@Mn0O,@C//HCS asymmetric superca-
pacitors is 21.3 Wh'kg™' at power density of

766.8 W-kg ™', and maintains 13.3 Whkg™' at power
density of 3840 W-kg™'. Afterward, the capacitance
retention rate and coulomb efficiency diagram of
MnCO;@MnO,@C//HCS asymmetric supercapaci-
tors at a current density of 2 A-g~' was measured in
Fig. 7d. The capacitors remained 78.2% of the
capacitance retention of after 5000 cycles, and the
coulomb efficiency is close to 100%, which indicating
that MnCO;@MnO,@C//HCS have a good rate
performance.

4 Conclusion

In summary, MnCO;@MnO,@C hierarchical hollow
nanostructures are rationally prepared by used con-
tinuous redox reaction. Additionally, combined with
the structural characteristics and electrochemical
properties of the HCS, the MnCO;@MnO,@C/ /HCS
asymmetric supercapacitors are assembled. Benefit-
ing from the carbon shell coating, the hollow shell
MnO, surface plays a synergistic effect which
increases conductivity of the electrode material and
prevents the electrode material from powdering and
agglomeration during the cycle. The results shows
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Fig. 7 The electrochemical properties of MnCO3@MnO,@C//
HCS asymmetric supercapacitor: a CV curve at different scanning
speeds, b GCD curve at different current densities, ¢ specific

that the electrode material displays a specific capac-
itance of 267 F-g~! at current density of 1 A-g~' and
83.6% of the initial capacitance was retained after
8000 cycles at a current density of 10 A-g~'. Mean-
while, the assembled capacitors display that the
capacitance retention rate is 78.2% after 5000 cycles
and the coulomb efficiency is close to 100% at current
density of 2 A~g_1. Furthermore, the maximum
power density of 3840 W-kg~! and energy density of
21.3 Wh-kg ™" are obtained.
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