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Carbon nanocapule (CNC)@MnO2 core-shell particles are prepared with a reaction of KMnO4 with CNC at 90◦C. Birnessite-type
MnO2 nanoflakes are grown on CNC seeds, resulting in CNC@MnO2 particles with a petal-like structure. The electrochemical
characteristics of the prepared materials show that the highest specific capacitance (163 Fg−1) was obtained with a scan rate of
2 mVs−1 in 1 M Na2SO4. In addition, the synthesized material has superior cycling stability. The capacitance retains 97.8% of its
initial value after 5000 cycles with a scan rate of 100 mVs−1.
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Supercapacitors, also referred to as electrochemical capacitors,
have excellent energy storage characteristics, with capacitance values
up to 20 to 200 times that of conventional capacitors.1 They have
several other advantages over conventional capacitors, such as higher
power density, longer retention time and cycle life, higher discharge
efficiency, and stable charge and discharge characteristics.2 Compared
to conventional capacitors, batteries have higher energy density but
lower power density. The corresponding values for supercapacitors
fall between those for batteries and conventional capacitors.

Supercapacitors can be categorized into three main families,
namely electric double-layer capacitors (EDLCs), pseudocapacitors,
and hybrid capacitors. EDLCs store electrical energy at the elec-
trode/electrolyte surface. In general, the electrodes used in EDLCs
are carbon electrodes, which feature a high specific surface area.
Pseudocapacitors store the electrical energy produced by redox re-
actions (faradaic reactions) on electrodes made of transition metal
oxides.3,4 Hybrid capacitors can be obtained by combining the two
aforementioned types.

Among various kinds of metal oxides, manganese dioxide (MnO2)
has been widely used as an electrode material5–7 due to its excellent
chemical properties, low cost, environmental friendliness, and high
theoretical capacitance value of 1370 Fg−1.8 MnO2 has been com-
monly used as the active material in energy storage devices such
as supercapacitors8,9 and batteries.10 However, its compact struc-
ture gives it a low specific surface area, and thus low conductivity
(10−5∼10−6 Scm−1)11 and weak electrolyte permeability.6,12 MnO2 is
only able to achieve a capacitance value of approximately only 1/5 to
1/6 of its theoretical capacitance.13 Several polymorphs of MnO2 are
known as α, β, γ, δ, and λ forms. The structures of α, β and γ have 1-D
tunnels; the δ form has a 2-D layered structure and the λ form has a
3-D spinel structure.14 Electrochemical capacitance properties of the
polymorphs of MnO2 were reported14–16 Layered birnessite MnO2 is
one of the most common structure and a promising electrode material
for electrochemical capacitors.17

In order to improve the conductivity of MnO2, considerable re-
search has been done in recent years examining approaches for com-
bining MnO2 and conductive materials into a composite material.
Considering that energy storage in carbon materials is mainly based
on the adsorption/desorption mechanism of surface ions and that in
manganese dioxide is achieved by redox reactions (faradaic reactions),
composites comprising MnO2 and carbon materials are expected to
retain the good properties and performance of the individual materials
when used as electrodes in supercapacitors.
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Many carbon materials have been studied for use in supercapaci-
tors, including activated carbon, carbon nanocapsules (CNCs), carbon
nanotubes (CNTs), graphite, carbon nanofibers (CNFs), and conduc-
tive polymers.18–23 Various methods are available for preparing MnO2,
such as hydrothermal synthesis, co-precipitation, the sol-gel pro-
cess, the template method, and thermal decomposition.6,24–29 MnO2

with various birnessite structures, such as nanobelts,30,31 flower-like
structures,32 nanobundles,33 and flower-like nanowhiskers,34 has been
studied. However, the lack of an ideal surface area (usually around
20–150 m2 g−1)35 reduces the effectiveness of MnO2 when used as
the active material in supercapacitors. Jia et al. thus synthesized a
composite comprising MnO2 and a carbon nanomaterial using the
co-precipitation approach, and achieved a capacitance of 186 Fg−1

at 2 mVs−1.36 Zhu et al. evaluated the electrochemical properties
of MnO2 co-assembled on graphene with electrostatic interactions,
and obtained a capacitance value of 210 Fg−1 with a scan rate of
0.5 Ag−1.37 In addition, some recent published MnO2 based core-shell
structures for supercapacitors were reported, such as CNT@MnO2,38

CNF@MnO2,39 PAN@AuPd@MnO2,40 and Co3O4@MnO2.41

In this study, CNC@MnO2 core-shell particles with a petal-like
morphology were synthesized using a reflux method to coat the sur-
face of CNCs with MnO2 at a low temperature (90◦C). This work
investigates the characteristics of the CNC@MnO2 composite and its
synthesis mechanism, and evaluates its electrochemical properties as
the active material in supercapacitors.

Experimental

Material preparation.— CNCs with a high specific surface area of
268 (m2 g−1) were used in this work.42 The synthesis procedure was
as follows. 0.1 g of CNCs was placed into a round flask. 1.58 g of
KMnO4 (99% purity) was then added to the flask and dissolved with
deionized (DI) water. The KMnO4 solution with CNCs was heated at
near 90◦C and refluxed for the specified time (10 min to 24 h). The
as-produced material in the solution was filtered,rinsed by DI water
and then dried in an oven at 100◦C overnight.

Characterization.— The crystallinity and bonding energy of
the elements of the CNC@MnO2 particles were analyzed using
X-ray diffraction (XRD, Bruker, Smart APEX), X-ray photoelec-
tron spectroscopy (XPS, Kratos, Axis Ultra DLD), and Raman anal-
ysis (Horiba, XploRA). The weight percentages of MnO2 and CNCs
were evaluated using thermogravimetric analysis in air (TGA, Perkin-
Elmer, Diamond TG/DTA). The morphology and crystal structure of
CNC@MnO2 particles were studied using field-emission scanning
electron microscopy (FE-SEM, Hitachi, S-4800) and transmission
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electron microscopy (TEM, JEOL, JEM-2010). The surface area was
measured using the nitrogen adsorption-desorption method at 77 K
(Micrometric, ASPA 2010).

Electrochemical measurements.— For the electrode, CNC@
MnO2 particles were used as the active material (75 wt%), CNCs were
used as the conductive material (20 wt%), polyvinylidene difluoride
(PVDF) was used as the adhesive (5 wt%), N-methyl-2-pyrrolidone
(NMP) was used as the solvent, and graphite (1×1 cm2) was used
as the current collector. The preparation procedure was as follows.
PVDF was dissolved in NMP solvent and the resulting PVDF-NMP
solution was well mixed with CNC@MnO2 particles and CNCs. The
mixed slurry was then evenly coated onto the surface of graphite. The
coated graphite was dried in the oven at 100◦C overnight to complete
the preparation of the working electrode.

The electrochemical characteristics of the prepared working elec-
trode were analyzed using cyclic voltammetry (CV), the constant-
current charge-discharge test, and electrochemical impedance spec-
troscopy (EIS, Zahner, IM6). The measurements were performed in a
three-electrode cell, in which Pt wire and an Ag/AgCl electrode were
used as the counter and reference electrodes, respectively. All the elec-
trochemical measurements were conducted at room temperature. An
aqueous solution of 1 M Na2SO4 was used as the electrolyte. An elec-
trochemical analyzer (CHI, 6081D) was used for CV and galvanostatic
charge/discharge measurements, for which the measurement range of
the electric potential was set to be 0–1 V, the scan rate was varied
from 2–200 mVs−1, and the charge-discharge rate was varied from
0.5–2 Ag−1. EIS was used to obtain the electrochemical impedance
spectra, for which the frequency range was varied from 100 mHz to
100 kHz MHz and the alternating-current (AC) voltage amplitude was
set to the open-circuit potential of 5 mV.

The specific capacitance can be calculated using:

C = 1

m × υ × �V

∫
i (V ) dV [1]

C = I × �t

m × �U
[2]

where m is the mass of the material, V is the potential scan rate, dV is
the potential window in the CV measurement, i(V) is the voltammetric
current, I is the supplied current, �U is the potential window in the
discharge process, and �t is the discharge time.

Results and Discussion

Structure and morphology.— Figure 1a shows a SEM image of
CNCs, which have a uniform particle size of about 20 nm. Figure 1b
shows a SEM image of CNC@MnO2 particles synthesized with a re-
action time of 6 h. Their average diameter is 100 nm. As can be seen,
the MnO2 nanostructures nucleated on the surface of the CNCs, form-
ing petal-like particles. This pore structure is beneficial for the mass
transport and storage of charges. Figures 1c and 1d show TEM and
HR-TEM images of CNC@MnO2 particles, respectively. As shown,
MnO2 nanoflakes grew on the CNCs, resulting in macro- and meso-
pore structures. Such structures are beneficial in electrochemical re-
actions, allowing electrons and ions in the electrolyte to be easily
stored in the pores, leading to an improvement in the electrochemical
performance.

Figure 2 shows the XRD pattern of CNC@MnO2 particles. It can
be concluded that the composite material is birnessite-type MnO2

(JCPDS card no. 42–1317)43 based on the XRD peak values and

Figure 1. (a) SEM image of CNCs. (b) (c) TEM, and (d) HR-TEM images of CNCs@MnO2 particles.
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Figure 2. XRD pattern of CNC@MnO2.

existing literature. In Figure 2, the three XRD peaks at 12◦, 37◦,
and 66◦, respectively, indicate the amorphous phase of birnessite-type
MnO2.44,45

Raman spectroscopy was employed to analyze the CNC@MnO2

particles. Figure 3 shows the obtained Raman spectrum. The peaks at
1350 and 1580 cm−1 are attributed to CNCs and the peaks at 575 and
650 cm−1 are attributed to MnO2.43 The Raman shift at 650 cm−1 is
due to the symmetric stretching vibration of the Mn-O bond in MnO6

groups, and that at 575 cm−1 is caused by the stretching vibration of
the MnO6 sheet on the substrate. In addition, there is a shoulder peak
close to the Raman shift at 575 cm−1, which is usually attributed to the
Mn-O stretching vibration in the basal plane of the MnO6 sheet.43,46,47

XPS results for the CNC@MnO2 particles are given in Figures 4a
to 4d. Figure 4a shows the XPS spectrum with a range of 0–900 eV,
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Figure 3. Raman spectrum of CNC@MnO2 particles.

with peaks corresponding to Mn 3s, C 1s, K 2p, O 1s, and Mn 2p
visible. Figure 4b shows the XPS spectrum of Mn 2p. Two peaks
corresponding to Mn 2p3/2 and 2p1/2 appear at 642.3 and 653.9 eV,
respectively, which are attributed to MnO2.48 Figure 4c shows the
XPS spectrum of Mn 3s, which shows that the energy between the
two peaks (�E) is about 4.7 eV. Toupin et al.6 claimed that �E
values of 5.79, 5.50, 5.41, and 4.78 eV correspond to MnO, Mn3O4,
Mn2O3, and MnO2, respectively. The as-produced manganese oxide
is thus identified as MnO2. Figure 4d shows the XPS spectrum of
O 1s. The peak at 529.9 eV is caused by bonding between Mn and
O atoms, which is consistent with the work of Qu et al.49 Based on
these analyzes, it can be concluded that the manganese oxide with
a petal-like structure that was coated onto the surface of CNCs was
MnO2. Table I summarizes the XPS results.

Figure 4. XPS spectra of CNC@MnO2 particles, (a) Survey, (b) Mn 2p, (c) Mn 3s and (d) O 1s spectra.
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Table I. XPS results of CNC@MnO2 particles.

Mn2p

Mn2p1/2 Mn2p3/2 Mn3s (�E) O1s Type

653.9 eV 642.3 eV 4.7 eV 529.9 eV MnO2

Figure 5. TGA analysis results for CNCs and CNC@MnO2 particles (inset).

The weight percentages of MnO2 and CNCs in the composite were
obtained using TGA in air. Figure 5 shows the TGA results of CNCs
and CNC@MnO2 particles. For CNCs, the weight decreased slowly
before 500◦C. It is believed that small amounts of impurities and
defects were removed. The weight dropped dramatically above 500◦C
and the CNCs were burnt completely at 700◦C. For CNC@MnO2

particles (inset of Figure 5), the weight loss before 200◦C was likely
due to the removal of moisture. The CNC@MnO2 particles were
burnt at 200–500◦C. The CNC@MnO2 particles were oxidized at
a lower temperature (200–500◦C) compared to that for pure CNCs
(500–700◦C) because of the catalytic function of MnO2.50

Nitrogen adsorption-desorption isotherms of CNC@MnO2 parti-
cles at 77 K are shown in Figure 6. The isotherms are considered as
type IV isotherms with type H3 hysteresis loops, which are the typ-
ical isotherms for mesoporous material.51 The specific surface area
is 25.12 m2 g−1. The pore size distribution of the material calculated
using Barret-Joyner-Halenda(BJH) method is given in the inset of
Figure 6. The two major pore diameters are 2–2.5 nm and 3.5–4.5 nm.
The 2.0–2.5-nm pores are attributed to CNCs and the 3.5–4.5-nm pores
are attributed to MnO2. These results are in good agreement with SEM
observations. In general, the size of hydrated ions in the electrolyte
is approximately in the range of 0.6–0.73 nm. For maximizing the
electrochemical performance of capacitors, the minimum pore diam-
eter should be greater than 0.8 nm for faradaic pseudocapacitance and
greater than 1.2 nm for electric double-layer capacitance in order to
allow ions to easily transport in and out of the material surface.52 A
diameter of above 5 nm would make hydrated ions easily lose their
bonds with the material, decreasing capacitance. Therefore, a pore di-
ameter of 0.8–5 nm is optimal for both pseudocapacitance and electric
double-layer capacitance.53 Table II shows the mesopore (2–20 nm)
and micropore (<2 nm) distributions of the CNC@MnO2 particles
obtained from t-plot analysis. The results show that the CNC@MnO2

Figure 6. Nitrogen adsorption-desorption isotherms. Inset shows pore diam-
eter distributions.

particles have suitable pore diameters for both pseudocapacitance and
electric double-layer capacitance. However, because of insufficient
surface area of the material (25.12 m2 g−1), we think that the spe-
cific capacitance of the CNC@MnO2 particles is not contributed from
electric double-layer capacitance but pseudocapacitance.

Growth mechanism.— The morphologies of CNC@MnO2 parti-
cles obtained with various reaction times were studied using SEM.
Figures 7a to 7f show the morphologies of CNC@MnO2 particles
synthesized with reaction times of 10 min, 30 min, 1 h, 3 h, 6 h, and
12 h, respectively. As can be seen, petal-like MnO2 was only obtained
after the 1-h reaction. The diameters were from 48 to 87 nm. With
increasing reaction time, the petal-like structure became clearer, and
the average diameter increased from 87 nm (3 h), to 103 nm (6 h), and
to 180 nm (12 h). The proposed growth mechanism of CNC@MnO2

particles is shown in Figure 8. Nanostructural MnO2 grown on the
surface of carbon materials is based on the redox reaction between
carbon and MnO4

−. The reaction equation can be expressed as:54

4MnO−
4 + 3C + H2O ⇔ 4MnO2 + CO2−

3 + 2HCO−
3 [3]

MnO4
− dissolves in the water solution and reacts with the active

sites on the surface of CNCs (defects in the carbon structure), resulting
in the nucleation seeds of MnO2 (see Figure 8c). As the reaction
continues, MnO2 starts to selectively grow from the seed along the
preferred crystal orientation, forming MnO2 nanoflakes, as shown in
Figure 8d. As the reaction time continues, all the CNCs become coated
with nanoklakes, forming petal-like MnO2, as shown in Figures 8e
and 8f. The diameter of the CNC@MnO2 particles then increases
with increasing reaction time.

Electrochemical properties.— Figure 9a shows the specific capac-
itance of CNC@MnO2 particles obtained using CV with a scan range
of 0–1 V and a scan rate of 2–200 mVs−1. Samples synthesized with
reaction times of 10 min, 30 min, 1 h, 3 h, 6 h, 12 h, and 24 h, re-
spectively, were evaluated. As can be seen, the CNC@MnO2 particles
with a 6-h reaction time had the highest capacitance. The energy stor-
age mechanism can be expressed with the MnO2 - Na2SO4 electrolyte

Table II. Pore characteristics of CNC@MnO2 particles.

Pore volume fraction (%)

BET surface area (m2 g−1) Average pore diameter (Å) Micropore Mesopore Total pore volume (cm3 g−1)

25.12 173.29 0.016 0.984 0.111
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Figure 7. SEM images of CNC@MnO2 particles synthesized with reaction times of (a) 10 min, (b) 30 min, (c) 1 h, (d) 3 h, (e) 6 h, and (f) 12 h.

system:35,55

(1) Surface adsorption/desorption of sodium ions on the MnO2 elec-
trode, which can be expressed as :

(MnO2)surface + Cation+ + e− ↔ (
MnO−

2 C+)
surface

[4]

(2) The redox reaction when sodium ions are inserted into and ex-
tracted out of the electrode, which can be expressed as:

MnO2 + Cation+ + e− ↔ MnOOC+ [5]

According to the figure, the specific capacitance of CNC@MnO2

particles increased with increasing reaction time up to 6 h. As the

Figure 8. Schematic of proposed growth mechanism of
CNC@MnO2 particles
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Figure 9. (a) Specific capacitance of CNC@MnO2 particles synthesized with
various reaction times and obtained at various scan rates, (b) CV measurements
with various scan rates,and (c) charge-discharge measurements with various
current densities.

reaction proceeded, more MnO2 nanoflake were generated, resulting
in an increase in the number of 3–4 nm pores, which are suitable for the
insertion and extraction of sodium ions in the MnO2 electrode. For re-
flux times beyond 6 h, however, the capacitance starts decreasing due
to the increases in the diameter and density of CNC@MnO2 particles,
which hinder the insertion and extraction of sodium ions. Figure 9b
shows the CV results of CNC@MnO2 particles (6-h reaction time)
obtained with scan rates of 2, 5, 10, 20, 50, 100, and 200 mVs−1.
For all scan rates, the curves show a near symmetric shape. Figure 9c
shows galvanostatic charge/discharge measurements of CNC@MnO2

particles (6-h reaction time) obtained with current densities of 0.5, 0.8,
1, 1.5, and 2 Ag−1. For all current densities, the curves are symmet-
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Figure 10. Capacitance retention at 100 mV/s for 5000 cycles and CV mea-
surements with a scan rate of 100 mV/s at 1st and 5000th cycles (inset).

ric triangles. Based on Figures 9b and 9c, the CNC@MnO2 particles
demonstrated good pseudocapacitor performance and high reversibil-
ity of the faradaic process.

Cycling stability is important for practical supercapacitors.
Figure 10 shows the results of 5000 cycles of CV potential sweeps
with a scan rate of 100 mVs−1. It can be seen that high cycling stability
was achieved, with the capacitance retaining 97.8% of its inital value
after 5000 cycles. The inset of the Figure 10 shows the CV curves of
the 1st and 5000th cycles. The curve does not change much after 5000
cycles, with the capacitance remaining almost the same as that of the
1st cycle. This cycling stability is higher than previously reported val-
ues for MnO2 composite, such as those for MnO2/carbon black (91%
after 1000 cycles),36 multi-walled carbon nanotubes/MnO2 (82.7% af-
ter 3500 cycles),56 MnO2/graphene (78.7% after 1000 cycles),57 and
graphene-wrapped MnO2 (82.4% after 1000 cycles).37 Figures 11a
and 11b show SEM images of the electrode morphology before and af-
ter 5000 cycles of the CV test, respectively. After 5000 cycles, the mor-
phology of petal-like structure was slightly changed. As is well known,
the electric double-layer capacitance is related to the re-arrangement
of charges, whereas the pseudocapacitance is related to chemical re-
actions. Consequently, EDLCs have better electrochemical stability
than that of pseudocapacitors, but a lower specific capacitance.58 In
this study, CNCs support the performance associated with electric
double-layer capacitance, and MnO2 nanoflakes support the perfor-
mance related to specific capacitance. Because MnO2 was chemically
bonded on the surface of the CNCs, the possibility of MnO2 being dis-
solved in the electrolyte during CV measurements was reduced. The
cycling stability performance was thus improved. It is believed that
the specific capacitance of CNC@MnO2 is mainly contributed from
pseudocapacitors due to small surface area of CNC@MnO2. As a re-
sult, the role of CNC in this study is (1) acting as seeds for the growth
of CNC@MnO2 core shell catalyst, and (2) providing electronic path
to the MnO2 for higher rate and (3) more stable cycle performances.

The electrochemical characteristics of the composite were ana-
lyzed using EIS in the frequency range of 100 mHz - 100 kHz and a
5-mV AC perturbation at the open-circuit potential. Figure 12 shows
the Nyqusit plots before the 1st cycle and after the 5000th cycle.
The EIS data was analyzed by fitting it to an equivalent electri-
cal circuit model shown in the inset of the Figure 12. The results
obtained from EIS analysis are given in Table III. In the inset of
Figure 12, the two impedance spectra are quite similar from the in-
tercept point and the semicircle at high frequency. The intercept with
the real axis represents the overall resistance of the electrode material
(Rs), including the resistance of the electrode, the resistance of the
ions in the electrolyte, and the resistance in between the electrode
material and the collector.59 It was found that after 5000 cycles, Rs

slightly decreased from 2.2–1.9 �. This might be caused by the in-
crease of pore diameter due to the redox reaction between sodium
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Figure 11. SEM images of CNC@MnO2 particles (a) before 1st cycle and (b)
after 5000th cycle.

ions and MnO2, making the insertion and extraction of ions easier. In
Figure 12, the semicircle, referred to as the Warburg semicircle, is
caused by the charge transfer resistance (Rct), which demonstrates
the ease of electrochemical reactions between ions in the electrolyte
and the interior material of the electrode.49 After 5000 cycles, Rct

increased from 0.22–0.97�. The increase in Rct might be associated
with the morphological change of the petal-like MnO2 structure, which
increased the resistance of charge transfer. At low frequency, shown

Figure 12. Impedance spectra obtained with a scan rate of 100 mV/s before
1st cycle and after 5000th cycle. Inset shows spectra at low frequency.

Table III. Fitting results of Rs and Rct of CNC@MnO2 electrodes
before 1st cycle and after 5000th cycle.

Resistance Before 1st cycle After 5000th cycle

Rs (�) 2.2 1.9
Rct (�) 0.2261 0.9722

in the inset in the Figure 12 the slope of the inclined line is related
to the ease of ion diffusion into the electrode material. The slope in-
creased slightly after 5000 cycles, indicating better mass transport of
the ions into the electrode. Based on the impedance studies, it can be
concluded that the CNC@MnO2 particles had high cycling stability
and desirable electrochemical characteristics.

Conclusions

In this study, CNC@MnO2 core-shell particles with a petal-like
structure were prepared using a simple approach. Based on XRD,
XPS, and Raman analyzes, the obtained petal-like material was con-
firmed to be birnessite-type MnO2. A possible growth mechanism
of the CNC@MnO2 material was proposed. The specific capacitance
measured by CV with a scan rate of 2 mVs−1 was found to be 163 Fg−1.
The specific capacitance retained 97.8% of its initial value after 5000
cycles based on cycling stability measurements with a scan rate of
100 mVs−1. The results of the EIS showed that the material performed
desirable electrochemical characteristics. Therefore, the CNC@MnO2

particles have high specific capacitance and excellent cycling stability,
making them suitable as the electrode material in supercapacitors.
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