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ABSTRACT: Functionalized porous carbon materials with
hierarchical structure and developed porosity coming from
natural and renewable biomass have been attracting tremen-
dous attention recently. In this work, we present a facile and
scalable method to synthesize MnO2 loaded carbonaceous
aerogel (MnO2@CA) composites via the hydrothermal
carbonaceous (HTC) process. We employ two reaction
systems of the mixed metal ion precursors to study the
optimal selective adsorption and further reaction of MnO2
precursor on CA. Our experimental results show that the
system containing KMnO4 and Na2S2O3·5H2O exhibits better
electrochemical properties compared with the reaction system
of MnSO4·H2O and (NH4)2S2O8. For the former, the obtained
MnO2@CA displays the specific capacitance of 123.5 F·g−1. The enhanced supercapacitance of MnO2@CA nanocomposites
could be ascribed to both electrochemical contributions of the loaded MnO2 nanoparticles and the porous structure of three-
dimensional carbonaceous aerogels. This study not only indicates that it is vital for the reaction systems to match with porous
carbonaceous materials, but also offers a new fabrication strategy to prepare lightweight and high-performance materials that can
be used in energy storage devices.
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■ INTRODUCTION

In recent years, concentrated efforts have been made to design
and develop new advanced materials for energy storage, due to
the demand of high energy and high power density.
Supercapacitors, one of the most promising electrochemical
energy storage systems, have received increasing attention, as
they possess high power capability, excellent cycle stability and
reversibility, etc.1−3 Currently, one of the great challenges being
faced is to provide low-cost and environmentally benign high-
power energy resources.
Carbon-based materials have received the most attention for

their remarkable and unusual physicochemical properties,
motivated by their potential importance in separation science,
heterogeneous catalyst supports, and water purification filters,
and as well as the developing areas of energy generation and
storage.4,5 To date, the utilization of various carbonaceous
materials, such as activated carbons,6 carbon fibers,7 CNTs,8,9

graphene,10,11 carbon spheres, and carbon aerogels,12−18 has
been investigated extensively as the electrode materials for
supercapacitors. Although they have high power density and
long cycle life, the relatively low specific capacitance greatly
limits their application in commercialized supercapacitor
devices.19,20 Compared with the carbon-based electrode

materials, typical active pseudocapacitive materials, including
transition metal oxides such as RuO2, Fe3O4, NiO, and MnO2,
and conducting redox polymers such as polyanilines,
polypyrroles, and polythiophenes, have been studied generally
as active electrode materials for supercapacitors featured with
high energy density and large charge transfer reaction.21−27 Of
these pseudocapacitive electrode materials, MnO2 is considered
to be one of the most promising alternative electrode materials
for a high-performance supercapacitor, benefiting from its low-
cost, environmental benignity, and natural abundance.28−31

However, it suffers from poor electrical conductivity, which
largely prevents its widespread practical application.30,31 Recent
studies have shown that the combination of MnO2 and
carbonaceous material can successfully improve the specific
capacitance of supercapacitor devices, as it enables the resultant
compounds with the synergy of electric double layer
capacitance and pseudocapacitance.28,30−34

Biomass, such as carbohydrates, crude plants, and others, has
been used as a promising starting material for the synthesis of
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functional carbonaceous materials.35−37 Until now, many
synthetic methods have been established to prepare carbon
materials, while most of them require harsh and rather
expensive processing conditions.38,39 A hydrothermal carbon-
ization (HTC) process is a promising route to produce
functional carbonaceous materials, considering its relatively
mild temperatures and high carbon efficiency.19,34,40−43 Besides,
the obtained biomass-derived carbonaceous materials not only
have hierarchical porous nanoarchitecture, but also contain
abundant functional groups that can greatly improve their
hydrophilicity and chemical reactivity.37

Herein, we apply a simple and facile hydrothermal approach
to synthesize MnO2@CA composites as electrode materials for
supercapacitors. The experimental sketch of our idea has been
illustrated in Scheme 1. In this work, we choose watermelon as

the research object. After hydrothermal carbonization and
freeze-drying process, porous carbonaceous aerogels can be
obtained. In order to obtain the high-performance electrode
materials, further functionalization on the carbonaceous
aerogels with precursors of MnO2 are adopted. Two reaction
systems, (1) KMnO4+Na2S2O3·5H2O system and (2) MnSO4·
H2O+(NH4)2S2O8 system, are employed to help obtaining the
MnO2@CA. It is anticipated that such method can be explored
successfully to synthesize functionalized carbonaceous materials
by using the sustainable biomass materials as the carbon
precursors, which is environmentally benign and reproducible.

■ EXPERIMENTAL SECTION
All the chemicals were analytic grade reagents used without further
purification. Potassium permanganate (KMnO4, purity: ≥ 99%),
Sodium thiosulfate pentahydrate (NaS2O3·5H2O, purity: ≥99%),
Manganese sulfate monohydrate (MnSO4·H2O, purity: ≥99%),
Ammonium persulfate ((NH4)2S2O8, purity: ≥98%), Potassium
hydroxide (KOH, purity: ≥85%), dehydrated alcohol (CH3CH2OH,
purity: ≥99.7%), deionized water, and watermelon as the carbon
resource.
Sample Preparation. The carbonaceous hydrogel (CG) was

prepared by a simple hydrothermal process directly from the soft tissue
biomass of watermelon. Watermelon was first cut into the appropriate
volume and then put it into the corresponding Teflon-lined stainless
steel autoclave. After that, the autoclave was put into an oven and
heated at 180 °C for 12 h. The obtained carbonaceous hydrogel
monolith was washed by deionized water and dehydrated alcohol (the
volume ratio is 1:1) several times to remove the soluble impurities.

Then corresponding carbonaceous aerogel (CA) was obtained by
freeze-drying at −42 °C for 2 h, followed by drying at 60 °C for 12 h.

MnO2@CA composite materials were also synthesized under
hydrothermal conditions. For the system of KMnO4 and Na2S2O3·
5H2O, in a typical procedure, the mole ratio of CA and potassium
permanganate is 20:1. The mole ratio of sodium thiosulfate
pentahydrate and potassium permanganate is 1:2. While for the
system of MnSO4·H2O and (NH4)2S2O8, the mole ratio of CA and
manganese sulfate monohydrate is 20:1, the mole ratio of ammonium
persulfate and manganese sulfate monohydrate is 1:2. Then they were
dissolved in deionized water to form the precursor solution. To
prepare the MnO2@CA composite material, the carbonaceous aerogel
was first cut into small sizes by a sharp knife to wipe off its hard
surface. Then, the obtained piece of CA was fully immersed in the
precursor solution, which was then transferred into a Teflon-lined
stainless steel autoclave (the ratio volume of solution/volume of
autoclave is around 0.6). The autoclave was sealed and maintained at
120 °C for 12 h. Then the autoclave was allowed to cool to room
temperature naturally. The obtained samples were filtered, washed
several times with deionized water and dehydrated alcohol to remove
impurities and excess ions, and then dried in air at 60 °C for 24 h. The
as-prepared samples were calcined in N2 atmosphere at 350 °C for 2 h.

Characterizations. The structure of the materials was charac-
terized by Field-emission scanning electron microscope (FE-SEM,
JSM7500F) and transmission electron microscopy (TEM) (JEM-
2100). X-ray diffraction (XRD) patterns of samples were measured on
a Y-2000 X-ray Diffractometer with copper Kα radiation (λ = 1.5406
Å) operating at 40 kV and 40 mA. The Raman measurements were
carried out on a Renishaw Microscope System RM2000 with a 50
mWAr+ laser at 514.5 nm. Fourier transform infrared spectra (FTIR)
were recorded on a TENSOR 27 FTIR spectrometer (Bruker) in the
absorption mode with resolution of 2 cm−1 to determine the surface
functional groups of the carbonaceous gels. The specific surface areas
and pore size distributions of the electrode materials were calculated
by Brunauer−Emmett−Teller (BET), N2 adsorption isotherms at 77
K using a Micromeritics ASAP 2020 system. Then the samples were
degassed at 300 °C for 10 h. Thermogravimetric analysis (TGA) was
carried out in a SMP/PF7548/MET/600W thermogravimetric
analyzer from 50 to 700 °C with a heating rate of 20 °C min−1 in
air flow.

Electrochemical Measurements. A three-electrode configuration
was used to measure the electrochemical behaviors of the electrode
materials. Cyclic voltammetry (CV), galvanostatic charge/discharge,
and electrochemical impedance spectroscopy (EIS) experiments were
performed on a CHI 660D electrochemical workstation at room
temperature. The working electrode was prepared by mixing 80 wt %
MnO2@CA composite material, 10 wt % polytetrafluoroethylene
(PTFE) used as a binder, and 10 wt % carbon black. The mixture was
spread and pressed onto nickel foam (1 × 1 cm2). After the electrode
materials were loaded, the working electrode was pressed and dried in
vacuum at 80 °C for 12 h. The auxiliary and reference electrode were
Pt foil and Ag/AgCl, respectively. The electrolyte used in all of the
measurements was a 6 M KOH solution. The potential range for CV
tests was −1.0 to 0 V, and the scan rate was 5, 10, 20, 50, and 100 mV·
s−1. Galvanostatic charge/discharge measurements were done from
−1.0 to 0 V with different current densities at 0.5, 1, 2, 4, 6, and 10.0
A·g−1. Electrochemical impedance spectroscopy (EIS) measurements
were carried out in a frequency range of 0.01 Hz to 100 kHz with AC
amplitude of 5 mV.

■ RESULTS AND DISCUSSION
The monolithic carbonaceous hydrogel (CG) (Figure 1a) was
produced via a simple hydrothermal carbonization (HTC)
process from the soft tissue of watermelon. During the initial
stages of the HTC process, hydroxymethyl furfural (HMF) and
furfural are formed, which are the dehydration products of the
carbohydrate.38,44 Next, a series of polymerization−polycon-
densation reactions take place and enable the formation of
polyfuranic structure. Then the polyfuranic chains react further

Scheme 1. Illustration of the Synthetic Strategy and Further
Application for the Functional Carbonaceous Materials That
Come from Watermelon
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to obtain the aromatic networks.24,38 Through further freeze-
drying, the 3D porous carbonaceous aerogel (CA) (Figure 1b)
can be obtained, and the color of it turned from black to brown.
Figure 1b also shows that the CA is lightweight for it can stand
on a dandelion. The mass density of the CA was measured to
be about 21.7 mg·cm−3. In addition, the volumes of the CA
monolith can be tuned by cutting the fresh watermelon into
monoliths with different sizes (Supporting Information (SI)
Figure S1, ) and using the corresponding volumetric autoclaves.
Fourier transform infrared (FT-IR) spectroscopy (Figure 1c)

was used to identify the surface functional groups of the
resulting CA. The broad and strong band at ca. 3450 cm−1 is
attributed to the OH stretching vibrations. The observed
bands at ca. 1635 cm−1 are attributed to the CO or CC
stretching vibrations, indicating the existence of furanic or
aromatic groups.34,37,42 The bands at about 1400 cm−1 can be
attributed to CH in-plane bending vibration. The bands at
1101 cm−1 is ascribed to the COC stretching vibration or
CC framework vibration.42 The bands at 990 and 620 cm−1

are ascribed to deformation vibration of vinyl CH and CH
plane bending vibration, respectively.39 The FT-IR result
indicates that the surfaces of the obtained CA are rich in
hydroxyl, carbonyl, carboxyl, and aromatic groups. Such surface
groups provide the possibilities for their further functionaliza-
tion, which make the materials more hydrophilic and highly
dispersible in water.37 Raman spectra of CA shows that the
broad and strong bands at about 1580 and 1358 cm−1 can be
attributed to the in-plane bond-stretching motion of the pairs of
C-sp2 atoms and the disorder-induced mode associate with
structure defects and imperfections, respectively (Figure
1d).45−47 Therefore, the intensity ratio of D and G bands
(ID/IG) may reflect the extent of disordered structure. The

calculated ID/IG ratio for CA is 0.3097, suggesting that it was
highly graphitized.
Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) were used to observe the internal
morphology and structure of CA. SEM and TEM images reveal
that the obtained CA consists of both global catenulate (Figure
2a,c) and carbon nanofibers network cross-linked with carbon
nanospheres (Figure 2b,d), which constitute the 3D porous
structure.43 The size of the final nanospheres and nanofibers of
the CA is highly dependent on the time and temperature of
hydrothermal carbonization.40 In addition, substantial oxygen-
containing functional groups on the surface of carbonaceous

Figure 1. (a) Photograph of the carbonaceous hydrogel monolith; (b) a carbonaceous aerogel standing on a dandelion; (c) FT-IR spectra of
carbonaceous aerogel; and (d) Raman spectra of carbonaceous aerogel.

Figure 2. SEM images (a,b) and TEM images (c,d) of carbonaceous
aerogel.
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gels make it easily processable, which enable them to be a good
scaffold for the synthesis of 3D composite materials.33 Next, we
try to develop a facile hydrothermal process for growing MnO2
nanoparticles on carbonaceous aerogels from the solution of
mixed metal ion precursors.48−51 Two reaction systems were
chosen to study the optimal selective adsorption and reaction
on CA, i.e., the first system of KMnO4 and Na2S2O3·5H2O, and
the second system of MnSO4·H2O and (NH4)2S2O8. Further,
the conductive MnO2@CA composites are fabricated by
calcinations.34 The obtained nanocomposites are labeled
MnO2@CA1 and MnO2@CA2, respectively. The detail
illustration of experimental process of the MnO2@CA1
composite is presented as SI Figure S2.
Figure 3a,b shows the cross section of MnO2@CA1 and

MnO2@CA2. Their SEM images indicate that they both inherit

the monolithic architecture of the original CA even after the
calcination process. TEM images (Figure 3c,d) reveal the
excellent dispersion of MnO2 nanoparticles inside the 3D
carbon networks. From the magnified TEM images, as shown
in Figure 3e,f, it can be observed that the small MnO2
nanoparticles with an average size of about 5 nm incorporated
in MnO2@CA1, while larger MnO2 nanoparticles with average
size of about 15 nm are incorporated in MnO2@CA2. There
are more TEM images of MnO2@CA1 and MnO2@CA2 that
can be seen in SI Figures S3 and S4. From the characterization
images of TEM, it can be observed that for MnO2@CA1, most
MnO2 nanoparticles are inserted into CA1. While for MnO2@
CA2, apparently more MnO2 nanoparticles grew on the surface
of CA2. The various size and dispersion of MnO2 on carbon
aerogels may have a profound effect on their further
functionality. N2 sorption isotherms analysis was conducted
to determine the porosity of CA. The nitrogen adsorption and
desorption isotherms and the pore size distribution curve are
provided in Figure 4. The experimental results indicate that the

average pore diameter of CA was 5.4 nm and the most probable
distribution of pore size was lower than 11 nm. Considering the
average size of MnO2 nanoparticles in MnO2@CA1 are 5 nm,
and that of MnO2 in MnO2@CA2 are 15 nm, therefore, it is
deduced that for MnO2@CA1, the smaller MnO2 nanoparticles
are inserted inside the carbonaceous aerogels, while for
MnO2@CA2, MnO2 nanoparticles are on the surface of
carbonaceous aerogels. And this phenomenon can be further
confirmed in the following study of TGA.
X-ray diffraction (XRD) measurements are used to

investigate the crystal structure of the resultant materials. As
shown in Figure 5a, the existence of MnO2 can be confirmed,
and the comparatively weak peaks indicate that MnO2 is in
microcrystal structure. The weak diffraction peaks of MnO2
mainly correspond to the (200), (310), (220), (400), (600),
and (521), which are in good agreement with α-MnO2.

52,53

Figure 5b shows the TGA of MnO2@CA1, MnO2@CA2, and
CA, respectively. The experiment was performed from 50 to
700 °C with a ramp heating rate of 20 °C min−1 in air
atmosphere.45 The CA lost 98.67 wt % at ca. 545 °C, while the
mass losses of MnO2@CA1 and MnO2@CA2 were 79.48% and
97.12%, respectively. From the residue, it can be calculated that
the amount of MnO2 in MnO2@CA1 is about 12.4 times
higher than that in MnO2@CA2. In the initial stage, the small
mass loss of these samples is due to the removal of adsorbed
water and dehydration of them.47,54,55 The distinct mass loss in
the range of 260−430 °C (MnO2@CA1) and 290−600 °C
(MnO2@CA2) observed in the TGA data is related to the
removal of carbon from the composites as well as the phase
transition of MnO2.

45,54−56 Figure 5c,d shows the TGA-DTA
curves of MnO2@CA1 and MnO2@CA2. It can be clearly seen
that MnO2@CA1 has only one exothermic peak at ca. 350 °C,
which corresponds to the phase transition from α-MnO2 to
Mn3O4.

54,57 While MnO2@CA2 has two exothermic peaks at
ca. 350 and 500 °C, which corresponds to the phase transition
from α-MnO2 to Mn3O4 and Mn3O4 to Mn2O3, respec-
tively.56,57 This may be due to the fact that the MnO2
nanoparticles of MnO2@CA1 embedded in the 3D carbon
networks and the substrate of carbon aerogel can effectively
protect the MnO2 nanoparticles from further transforming into
other oxide phases at higher temperatures. Furthermore, TGA
thermograms of MnO2 in MnO2@CA1 and MnO2@CA2 are
employed to explain the calcination temperature we used (SI
Figure S5). It can be seen that the curves of reach a stable level

Figure 3. SEM images of the cross section of MnO2@CA1 (a) and
MnO2@CA2 (b), TEM images of MnO2@CA1, MnO2@CA2 at low
magnification (c,d) and high magnification (e,f).

Figure 4. Nitrogen adsorption−desorption isotherm and its
corresponding pore size distributions (inset) of the carbonaceous
aerogel.
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Figure 5. XRD patterns (a) and thermogravimetric analysis (TGA) curves (b) of MnO2@CA1, MnO2@CA2, and CA. TGA and DTA curves of
MnO2@CA1 (c) and MnO2@CA2 (d).

Figure 6. (a) Cyclic voltammetry (CV) curves of CA and MnO2@CA1 electrode in 6 M KOH aqueous electrolyte, scan rates: 5 mV·s−1. (b)
Charge/discharge curves of the CA and MnO2@CA1 electrode, constant current densities: 0.5 A·g−1.

Figure 7. (a) CV curves of MnO2@CA1 and MnO2@CA2 electrode materials in 6 M KOH aqueous electrolyte, scan rates: 5 mV·s−1. (b) Calculated
specific capacitances from the CV curves of MnO2@CA1 and MnO2@CA2 electrode materials at different scan rates. (c) Charge/discharge curves of
MnO2@CA1 and MnO2@CA2 electrode, constant current densities: 0.5 A·g−1. (d) Nyquist plots of MnO2@CA1 and MnO2@CA2 electrode
materials. The inset is the equivalent circuit.
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in the range of ca. 350−530 °C, which suggests that the lattice
of MnO2 is steady. So we chose 350 °C as the calcination
temperature.
In order to get more information on the properties of

MnO2@CA composite, we made the contrast experimental
studies about the electrochemical performance of MnO2@CA
and CA. The CA was also calcined in N2 atmosphere at 350 °C
for 2 h. The electrochemical performances of the obtained
MnO2@CA nanocomposite electrode materials were con-
ducted to investigate the contribution of MnO2 by cyclic
voltammetry (CV) and galvanostatic charge/discharge within
the potential window between −1.0 and 0 V in 6 M KOH
aqueous solution. Figure 6a shows the CV date of CA and
MnO2@CA1 electrode with a scan rates of 5 mV·s−1. It can be
clearly seen that for MnO2@CA1, it exhibits nearly rectangular
shapes that indicate ideal capacitive behavior, while CA has low
capacitances. The galvanostatic charge/discharge analytic
results of CA and MnO2@CA1 electrodes are shown in Figure
6b. The CA has a shorter discharging period, indicating the
lower capacitance, which is consistent with the CV date.
Compared with CA, the discharging time of MnO2@CA1 is
apparently longer than CA, and it is suggested that MnO2@
CA1 possesses good electrochemical performances. So these
experimental results indicate that the enhanced specific
capacitance is mainly due to the synergistic effect of CA and
MnO2 nanoparticles. For the nanocomposite of MnO2@CA1,
CA can form a porous three-dimensional conducting network
for fast electron transfer and act as the support for the growth
of MnO2 as well.

58 At the same time, MnO2 attached on the
CA can effectively reduce the diffusion length of the
electrolyte.46

From the study above, it can be suggested that MnO2-
modified CA has an apparent improved electrochemical
performance compared to pure CA. Next we need to know
which reaction system is the optimal one to achieve the
excellent electrochemical properties when they are used as the
electrode materials. In the following, we investigated the
electrochemical properties of MnO2@CA1 and MnO2@CA2
(Figure 7). As shown in Figure 7a, the CV curve of MnO2@
CA1 at a scan rate of 5 mV·s−1 has a more rectangular shape
and larger loop area than that of MnO2@CA2, indicating that
MnO2@CA1 exhibited lower resistance and better capacitive
behavior.59 The specific capacitances of MnO2@CA obtained
from the CV curves can be quantitatively calculated by the
equation C = (ΔS)/(2υmu), where C is the specific capacitance
(F·g−1), ΔS is the area of the CV curves, u is the potential
window (V), υ is the scan rate (mV·s−1), and m is the mass of
the sample used for the electrochemical test (g) excluding the
binder and conductive carbon black. The MnO2@CA1
electrode exhibits a relatively high specific capacitance achieved
of 123.5 F·g−1 at 5 mV·s−1. The value of specific capacitance of
MnO2@CA2 was 62.3 F·g−1 at the same scan rate. The CV
curves of the two systems measured at potential sweep rates of
5−100 mV·s−1 are shown in SI Figure S6a,c, respectively.
Figure 7b shows the calculated specific capacitances at different
scan rates, in which the MnO2@CA1 electrode shows the best
capacitance performance in a wide scan rate range.
Figure 7c shows the galvanostatic charge/discharge results of

MnO2@CA1 and MnO2@CA2 with a constant current density
at 0.5 A·g−1. The specific capacitance of the electrode material
was calculated from the discharge curve according to C = I·Δt/
(ΔV·m), where I is the discharge current (A), Δt is the
discharge time (s), ΔV is the voltage change (V) excluding IR

drop in the discharge process, and m is the mass of the
electrode material (g), excluding the binder and conductive
carbon black. The presence of the IR drop at the beginning of
discharge is usually associated with the equivalent series
resistance (ESR) phenomenon.60 The specific capacitance of
MnO2@CA1 from the discharge curve is calculated to be 106.4
F·g−1, while MnO2@CA2 shows lower specific capacitance of
49.3 F·g−1 at the same current density. The high capacitance of
MnO2@CA1 is mainly due to the high content of MnO2, which
can provide more pesudocapacitance contribution.46,61,62 The
galvanostatic charge/discharge behavior of the MnO2@CA
electrode was also tested at current densities from 0.5 to 10 A·
g−1 (SI Figure S6b,d).
Electrochemical impedance spectroscopy (EIS) provides

important information about the interfacial properties of
electrodes, which was used to examine their conductive and
diffusive behavior.19,62,63 It was carried out in a frequency range
from 0.01 Hz to 100 kHz (Figure 7d). The equivalent circuit
fitting the Nyquist plots is shown in inset of Figure 7d. The
semicircular part at higher frequencies corresponds to the
charge transfer process at electrode/electrolyte interface, and its
diameter is equivalent to the Faradaic charge transfer resistance
(Rct).

32,56 Solution resistance (Rs) is the intersection of the
curve at real part Z′ in the high frequency range. It is a
combinational resistance of ionic resistance of electrolyte,
intrinsic resistance of substrate, and contact resistance between
electrode and current collector.32,46 The slope of the curves at a
low frequency is called Warburg impedance (W), which is
induced by ion diffusion/transport from the electrolyte to the
electrode surface.46 Comparing the Nyquist plots of MnO2@
CA1 and MnO2@CA2, we can clearly observe that a smaller
diameter of semicircular at the high frequency region for
MnO2@CA1 than that of MnO2@CA2, indicating that the
higher conductivity achieved in the MnO2@CA1 system. And
the more vertical shape at lower frequencies for MnO2@CA1
also indicates the better capacitive behavior of the electrode
materials. Furthermore, consecutive galvanostatic charge/
discharge cycling test of the MnO2@CA1 electrode was
measured in the range of −1−0 V at 1 A·g−1 in 6 M KOH
aqueous solution (SI Figure S7). It can be seen that the
MnO2@CA1 electrode maintained over 60% of the initial
specific capacitance after 1000 cycles.
The experimental results above indicate that the electro-

chemical performance of MnO2@CA1 is apparently higher
than that of MnO2@CA2. The excellent electrochemical
performance of the MnO2@CA1 composite may be due to
its unique architecture as illustrated in Figure 8. For MnO2@
CA1, from the characterization and analysis of SEM, TEM,
BET, and TGA, it can be suggested that the smaller MnO2

Figure 8. Schematic illustration for the electrochemical performance of
MnO2@CA1 composite.
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nanoparticles are inserted inside the carbonaceous network,
which not only increases the interfacial contact between MnO2
and CA, but also enhances the effective interfacial area between
MnO2 and the electrolyte. In addition, the relatively high mass
loading of active MnO2 on CA can provide the pseudocapa-
citance, which can distinctly improve the specific capacitance.
While for MnO2@CA2, the larger MnO2 nanoparticles cannot
be inserted into the porous architecture of the carbon aerogel,
so it does not facilitate the diffusion of the electrolyte.
Therefore, a conclusion can be drawn from this study that
different reaction systems utilized in the biomass substrate can
be induced to various functionality. And it is important to
choose the appropriate reaction system for the functionalization
of biomass materials.

■ CONCLUSIONS

In summary, we have demonstrated a simple and cost-effective
method to synthesize MnO2@CA composites from natural and
renewable biomass. The experimental results indicate that the
ideal electrochemical performance of electrode materials can be
obtained from the synergistic effect of excellent hierarchical
structure and active component. Two reaction systems were
chosen and compared, confirming that the system of KMnO4
and Na2S2O3·5H2O exhibits better electrochemical properties
than the system of MnSO4·H2O and (NH4)2S2O8. The KMnO4
system displays a specific capacitance as high as 123.5 F·g−1 at 5
mV·s−1. Furthermore, this hybrid material strategy opens up
possibilities to combine the CA with other redox pseudocapa-
citive materials like polyaniline, polypyrrole, NiO, and Co3O4
by choosing appropriate precursors which can interact with the
CA to enhance the energy density of supercapacitors.
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