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Abstract: MnO2/N-containing graphene composites with various contents of Mn were fabricated
and used as active materials for the electrodes of flexible solid-state asymmetric supercapacitors.
By scanning electron microscopes (SEM), transmission electron microscope (TEM), energy-dispersive
X-ray spectroscopy (EDS), X-ray photoelectron spectrometer (XPS), fourier-transform infrared
spectroscopy (FTIR) and Raman spectra, the presence of MnO2 and N-containing graphene was
verified. The MnO2 nanostructures decorated on the N-containing graphene were of α- and
γ-mixed phases. N-containing graphene was found to reduce the charge transfer impedance in
the high-frequency region at the electrode/electrolyte interface (RCT) due to its good conductivity.
The co-existence of MnO2 and N-containing graphene led to a more reduced RCT and improved
charge transfer. Both the mass loading and content of Mn in an active material electrode were crucial.
Excess Mn caused reduced contacts between the electrode and electrolyte ions, leading to increased
RCT, and suppressed ionic diffusion. When the optimized mass loading and Mn content were used,
the 3-NGM1 electrode exhibiting the smallest RCT and a lower ionic diffusion impedance was obtained.
It also showed a high specific capacitance of 638 F·g−1 by calculation from the cyclic voltammetry
(CV) curves. The corresponding energy and power densities were 372.7 Wh·kg−1 and 4731.1 W·kg−1,
respectively. The superior capacitance property arising from the synergistic effect of mixed-phase
MnO2 and N-containing graphene had permitted the composites promising active materials for
flexible solid-state asymmetric supercapacitors. Moreover, the increase of specific capacitance was
found to be more significant by the pseudocapacitive MnO2 than N-containing graphene.

Keywords: MnO2; N-containing graphene; composite; active material; specific capacitance;
asymmetric supercapacitor

1. Introduction

The rapid development of portable and wearable consumer electronics results in the demand for
high-performance energy-storage devices [1–7]. Solid-state supercapacitors (SSCs) have thus attracted
growing attention, due to their reversibility, safe operation without the use of any liquid electrolyte,
longer cycling stability than batteries, and higher power and energy densities than conventional
capacitors [1,2,8,9]. Further improvement in energy density and searching for economic flexible
current collectors are regarded as the two major challenges when pushing the technology of SSCs
forward. Lots of effort have been made to investigate electrode active materials, to achieve higher
specific capacitance. Carbonaceous materials such as activated carbon, carbon fibers, carbon nanotubes,
graphene (G), and graphene oxides, etc., can be used as the active materials for electrodes of SSCs due to
low cost, high conductivity, and chemical stability [10–16]. However, they usually show the drawback
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of lower specific capacitance, as compared to manganese oxide (MnO2) [17,18]. The theoretical
specific capacitance of porous carbon materials is only 250 F·g−1 when the specific surface area is
1000 m2·g−1 [19]. Modification of pure carbon, like mixing activated carbon with conductive additives
to obtain active materials with a high surface area and better contact for more efficient electrodes,
was reported to improve the conductivity and capacitances of supercapacitors (SCs) [17]. Addition of
heteroatom(s) or a pseudocapacitive material in G to fabricate composites was also conducive to the
performance of SCs. Nitrogen (N) has a high electronegativity and lone pair of electrons, which can be
in conjugation with the π electrons of G to enhance conductivity and electron transport. So, compared
to pure G, N-containing G (NG) would be more favorable to the specific capacitance of SSCs.

Compared with carbonaceous materials, transition metal oxides and hydroxides (RuO2, MnO2,
Ni(OH)2, Fe2O3, etc.) are deemed as more promising active materials for electrode applications to SSCs
with large specific capacitances and high energy densities because the diverse oxidation states of the
transition metals permit effective charge transfer [20–24]. Among them, MnO2 has attracted considerable
attention due to its low cost, natural abundance, environmentally benign nature, and high theoretical
specific capacitance (1370 F·g−1) [25–27]. Its pseudocapacitive characteristic can be attributed to the
single electron transfer in the Mn3+/Mn4+ redox system [28]. Nevertheless, its poor conductivity and low
ion diffusion constant may suppress the further progress [29,30]. The stability and potential application
may be hindered by its problematic dissolution in electrolytes. To address these issues, the combination
of MnO2 nanostructures with conductive carbonaceous materials to form hybrid structures has been
adopted [31–39]. Some studies have focused on the development of MnO2-G composites, which took
advantages of the high capacitance of MnO2 and the high conductivity of G simultaneously.

Despite the advantages of good electrochemical stability, high conductivity, and large specific
surface area, G nanosheets tend to restack during the formation of solid materials due to the strong
π-π interactions. The aggregation reduces the accessible surface area for adsorption and desorption
of electrolyte ions, which would finally result in a small specific capacitance. The high conductivity
and unique surface characteristics of the single-layer G nanosheets can be thereby lost [40]. Thus,
suppression of the aggregation would greatly optimize the electrochemical properties of electrodes.
One feasible method is to anchor transition metal oxides to the surface of G, working as spacers to
separate adjacent G nanosheets. Transition metal oxides such as RuO2, NiO, CoOx, and MnO2 are
appropriate candidates since they have been considered as extensively explored pseduocapacitor’s
electrode materials showing high theoretical specific capacitance [41–44]. Introducing porous MnO2

nanostructures into G nanosheets would suppress the aggregation. The specific surface area of G
was then increased, and more electrical conduction pathways were provided. The relatively higher
gravimetric capacitances had been demonstrated for a variety of MnO2-G composites with low mass
loadings, whereas some literature highlighted the importance of fabricating composites with higher
mass loadings [45–50]. The optimization of mass loading would remain an important challenge.

The asymmetric SCs consisted of a carbonaceous negative electrode and a MnO2-based positive
electrode offered enlarged operation voltage windows and thus improved power energy properties,
compared with symmetric SCs [51]. For example, MnO2 nanostructures grown on activated carbon
by a wet chemical reaction process was used as the positive electrode, which exhibited a high
specific capacitance (345.1 F·g−1 at 0.5 A·g−1) and excellent cycle stability. It was assembled with an
activated carbon negative electrode to fabricate asymmetric SCs, which showed high energy density
of 31.0 Wh·kg−1 at a power density of 500.0 W·kg−1 [19]. Layered δ-MnO2 on N-doped G obtained
by a hydrothermal approach was used as the cathode to improve the conductivity and present a
high specific capacitance of about 305 F·g−1 at a scan rate of 5 mV·s−1. When it was assembled
with an activated carbon anode using a gel electrolyte to fabricate flexible asymmetric SSCs (ASSCs),
a maximum energy density of 3.5 mWh·cm−3 at a power density of 0.019 W·cm−3 was achieved [52].
Despite the progress, most MnO2-based SSCs did not exceed the energy density of lead acid batteries.
Lots of efforts have been made to ASSCs with various electrode combinations [53–55]. Consequently,
it is crucial to develop new active materials for more efficient electrodes applied to SCs.
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In this study, MnO2/NG composites with various contents of Mn were fabricated by a
hydrothermal approach and used as the electrode active materials for flexible ASSCs. Graphite
paper on polyimide (PI) was employed as the soft substrate. NG can enhance the conductivity of
composites and efficiently reduce the interfacial impedance. It can also serve as a better template
for inducing the growth of MnO2 nanostructures than G. By the synergistic effect of MnO2 and NG,
the specific capacitance, energy, and power densities were significantly improved. The MnO2 in the
composites was found to be mixed phases containing γ-MnO2 and α-MnO2. The impacts of mass
loading and the content of Mn on the capacitance parameters were also explored. The 3-NGM1
electrode with the most appropriate Mn content and mass loading of active material exhibited a high
specific capacitance of 258 F·g−1 at a current density of 1 A·g−1. By calculating the cyclic voltammetry
(CV) results, it had a superior specific capacitance of 638 F·g−1. The corresponding energy and power
densities were 372.7 Wh·kg−1 and 4731.1 W·kg−1, respectively. The ongoing work regarding flexible
ASSCs will be designed as using G as the negative electrode and a MnO2/NG composite as the
positive electrode by employing a solid gel electrolyte. It is perceived that the optimized conditions of
electrodes will lead to more enhanced capacitive behavior and cycle stability of the flexible ASSCs.

2. Experimental

2.1. Preparation of G

Graphite oxide (GO) was synthesized by the modified Hummers’ method using graphite
powder [56]. A graphite oxidation procedure was executed before the synthesis of GO [57,58]. 4 g of
graphite powder were added into a solution composed of 2 g of potassium persulfate (K2S2O8), 2 g of
phosphorus pentoxide (P2O5), and 30 mL of conc. sulfuric acid (H2SO4). The mixture solution was
heated to 80 ◦C under continuous stirring for 6 h. When it was cooled down to room temperature, rinse
with deionized (DI) water was performed repeatedly by centrifugation until the neutral pH level was
achieved. Afterward, 4 g of the pre-oxidized graphite powder were added into 100 mL of conc. H2SO4

solution in an ice bath. Then 12 g of potassium permanganate (KMnO4) were slowly added at 35 ◦C.
The stirring was continued for 2 h until the color of the mixture turned to dark brown. Subsequently,
a solution containing 200 mL of DI water and 40 mL of hydrogen peroxide (H2O2, 30 vol% in water)
was added slowly while a violent chemical reaction occurred. A yellow-brown intermediate was
produced when the reaction was completed, which was then put in a dilute aqueous hydrochloric acid
(HCl) solution to remove metal ions. After ultrasonication for 1 h, rinse with DI water was repeatedly
performed by centrifugation until the neutral pH level was achieved to obtain the GO powder.

20 mg of GO were added in 100 mL of DI water to prepare the GO solution. After ultrasonication
for 2 h to make better dispersion of GO, the suspension was transferred to an autoclave, which was
placed in a furnace for the hydrothermal process at 200 ◦C for 2 h. When cooling down to room
temperature, the product was collected by filtration, and then dried at 80 ◦C for 12 h. After grinding,
the powder of G was acquired [59].

2.2. Preparation of NG Composites

55 mg of G were mixed with 8.6 mL of ammonia hydroxide solution (28 vol%~30 vol%) in 70 mL
of DI water. After ultrasonication for 2 h to make better dispersion of G, the suspension was transferred
to an autoclave, which was placed in a furnace for the hydrothermal process at 140 ◦C for 6 h. When
cooling down to room temperature, the product was repeatedly rinsed by DI water until the neutral
pH level was achieved, and then collected by centrifugation. After dried at 80 ◦C for 12 h and grinding,
the NG powder was obtained [52].

2.3. Preparation of NG/MnO2 (NGM) Composites

55 mg of G were mixed with 8.6 mL of ammonia hydroxide solution (28 vol%~30 vol%) in 70 mL
of DI water. After ultrasonication for 2 h to make better dispersion of G, the suspension was transferred
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to an autoclave, which was placed in a furnace for the hydrothermal process at 140 ◦C for 6 h. When
cooling down to the room temperature, five different weights of potassium permanganate (KMnO4)
were added, respectively, to prepare the mixtures containing 8.9 mM, 17.8 mM, 26.7 mM, 35.6 mM,
and 44.5 mM of KMnO4 solutions. After ultrasonication for 30 min, every mixture was transferred back
to the autoclave, which was then placed in the furnace for another hydrothermal process at 160 ◦C for
2 h. When cooling down to room temperature, every mixture was taken out and repeatedly rinsed by
DI water until the neutral pH level was achieved, and then collected by centrifugation. After dried at
80 ◦C for 12 h and grinding, five NGM composites with various contents of Mn were obtained [52].
They were named as x-NGM, in which x was 1, 2, 3, 4, and 5, respectively, to represent the five KMnO4

concentrations as mentioned above used during the preparation processes.

2.4. Fabrication of Electrodes

100 mg of G, NG and x-NGM composites were mixed with 12.5 mg of carbon black in 2 mL of
absolute ethanol, respectively. After ultrasonication for 10 min to make better dispersion, 0.5 g of ethyl
cellulose and 1 mL of terpineol were added to the three kinds of suspensions. Ultrasonication for
another 10 min was performed to obtain more even mixing. The subsequent stirring for 10 min was to
evaporate some ethanol, to achieve an appropriate consistency of the G, NG and x-NGM slurries for
fabricating the electrodes of ASSCs.

A polyimide (PI) tape with the dimension of 3.5 cm × 2.5 cm was attached and stuck to a graphite
paper to obtain a PI/graphite flexible substrate. On the other hand, a square hole with the length of 1.6 cm
was made in the center of transparency, which was placed upper the flexible substrate and fixed by the
3M tape. The transparency was closely attached to the substrate, and the effective area was thus defined.
Afterward, an appropriate amount of the G, NG and x-NGM slurries was uniformly coated within the
square on the flexible substrate by the doctor-blade method. After standing at the room temperature
overnight, the transparency was removed to acquire the electrodes, which were then calcined at 200 ◦C
for 1 h to eliminate organics. Three different mass loadings were used for coating active materials on the
PI/graphite flexible substrates. The resulting electrodes were named as Gy, NGy, and x-NGMy, in which
y was 1, 2, and 3, to represent the mass loadings of 1 mg, 2 mg, and 3 mg, respectively.

2.5. Characterization

The surface morphologies of active materials were examined by field-emission gun scanning
electron microscopes (SEM) (Hitachi, Tokyo, Japan and JEOL, Tokyo, Japan). Their microstructures
and lattice fringes were examined by a high-resolution transmission electron microscope (HRTEM)
(JEOL, Tokyo, Japan). The elemental mappings were obtained by the energy-dispersive X-ray
spectroscopy (EDS). The chemical compositions of active materials were examined by the X-ray
photoelectron spectrometer (XPS) (Thermo VG-Scientific, Waltham, MA, USA). According to the
binding energies of photoelectrons emitted from the surface, the chemical state of each element could
be ascertained. The vibrational modes of molecules identified from the absorption characteristics by
Raman spectroscopies (Horiba Jobin Yvon, Paris, France) and infrared (Bruker, Billerica, MA, USA)
ranging from 400 cm−1 to 2000 cm−1 and 400 cm−1 to 4000 cm−1, respectively, were used to determine
the chemical compositions, bond configurations, and molecular structures of the active materials.

2.6. Electrochemical Measurements

The electrochemical properties were characterized by CV, galvanostatic charge/discharge (GCD),
and electrochemical impedance spectroscopy (EIS), using a potentiostat/galvanostat (CH Instruments,
Austin, TX, USA) as the analyzer. When the measurements on the electrodes coated with active
materials were performed, a 5 M LiCl solution was employed as the electrolyte, and a three-electrode
configuration consisting of a platinum (Pt) wire as the auxiliary electrode and silver chloride (Ag/AgCl)
reference electrode was adopted.
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The capacitance characteristics of the electrodes could be determined by the areas inside the CV
curves obtained at different scan rates and the symmetry of the GCD curves obtained by different
current densities. By Equations (1) and (2), the gravimetric specific capacitances CCV and CC-DC of
individual electrodes were calculated from the CV and GCD curves, respectively [60]:

CCV= k

∫
i

m·s (1)

CC-DC = k
i·∆t

∆V·m (2)

EEL(Wh/kg) = (
1
4
× CCV × V2)/3.6 (3)

EEL(Wh/kg) = (
1
4
× CC-DC × ∆V2)/3.6 (4)

PEL(W/kg) = EEL/(∆t) (5)

where k is the electrode constant (usually 2 for a single electrode and 4 for a couple of electrodes), i is the
discharging current,

∫
i is the integral area of a CV curve, m is the mass of electrode active materials,

s is the scan rate (100 mV·s−1 in this work), ∆t is the discharging time, and ∆V is the potential window
subtracting the initial potential drop. In this study, the potential windows for individual electrodes were
−1.9 V to 1.0 V. After substituting CCV into Equation (3) and CC-DC into Equation (4), the energy densities
of the electrodes (EEL) could be calculated. By further substituting EEL into Equation (5), the power
densities of the electrodes (PEL) were obtained [60]. On the other hand, the electronic and ionic transports
across the interface of active material in the electrodes were investigated by EIS. The frequency range for
EIS was 10−2 Hz to 105 Hz. The AC amplitude was set as 10 mV between two electrodes.

3. Results and Discussion

The surface morphologies of graphite oxide, G, NG, and x-NGM composites at different
magnifications were examined by SEM. The ultrathin sheet-like structures of graphite oxide, G,
and NG were observed, as displayed in Figure 1. There are fine needle structures in x-NGM, which
grow on the surface of NG, as shown in Figure 1d–f. The changes in the content of Mn were discovered
to impact the morphologies and structures of x-NGM composites significantly. When the concentration
of KMnO4 used during the preparation was higher to increase the content of Mn, a larger dimension of
the needle structure resulted, as shown in Figure 1e,f. When the concentration of KMnO4 was 26.7 mM
to fabricate 3-NGM, the intertwined MnO2 nanowires formed. When the KMnO4 concentration
increased to 35.6 mM and 44.5 mM to obtain 4-NGM and 5-NGM, the MnO2 nanorods were observed,
as displayed in Figure 1g,h. For further confirmation, elemental mappings were examined. Figure 2
demonstrates the presence of the C, O, N and Mn elements in 2-NGM and their even distributions.
It verifies the successful preparation of the x-NGM composites as well. The sparser distribution of the
N element was attributed to the relatively lower proportion of the N content in the composite.

Figure 3 displays the TEM micrographs and microstructures of NG, 2-NGM, and 3-NGM.
The semitransparent membranous structure can be observed, as shown in Figure 3a,c,e, demonstrating
the existence of NG in the composites. The lattice fringe spacing value of 0.34 nm corresponds to the
d-spacing of G crystalline plane, indicating the successful formations of G and NG by the hydrothermal
method [61]. Lots of fine needle structures appear on the NG surfaces of 2-NGM and 3-NGM, as shown
in Figure 3c,e, respectively. The needle structure in 2-NGM is larger than that in 3-NGM. By the
high-resolution atomic images in Figure 3d,f, the MnO2 in the x-NGM composites is discovered to be
a two-phase mixture. Namely, the co-existence of γ-MnO2 and α-MnO2. Another two lattice fringe
spacing values of 0.212 nm and 0.239 nm correspond to the (200) plane of γ-MnO2 and (211) plane
of α-MnO2, respectively [29], which also contribute to confirming the presence of MnO2 and the
successful preparation of the x-NGM composites.
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(g) 4-NGM, and (h) 5-NGM.
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The functional group types on the surface of a material can be identified by the FTIR technique.
Figure 4 shows the FTIR spectra of graphite oxide, G, NG, and x-NGM composites. For graphite
oxide, the main absorption peaks are at 1084 cm−1 and 1218 cm−1, which are ascribed to the C-O
stretchings. For G and NG, the two peaks at 1401 cm−1 and 1565 cm−1 are attributed to the O-H
bending and C=C stretching, respectively. Graphite oxide, G, and NG all show the peak at 1720 cm−1,
which is ascribed to the C=O stretching. Another peak for G at 1214 cm−1 can be assigned to the
C-O stretching [62–65]. For the N-containing composites (NG and x-NGM), the two main absorption
peaks are at 1195 cm−1 and 1565 cm−1, which are attributed to the C-N and C=N/C=C stretchings,
respectively [66,67]. For the x-NGM composites, the two peaks at 438 cm−1 and 560 cm−1 can be
ascribed to the Mn-O stretching [64–67]. One more peak for 2-NGM to 5-NGM is observed at 749 cm−1,
which can also be attributed to the Mn-O stretching, and not be found in the composite without or
with too less content of Mn (such as 1-NGM). The FTIR results mentioned above also contribute to
confirming the successful preparation of the G, NG, and x-NGM composites.
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Figure 3. TEM micrographs and microstructures of (a,b) NG, (c,d) 2-NGM, and (e,f) 3-NGM.

Raman spectroscopy is a widely used technique to examine the structures and electronic properties
of G and its derivatives. Figure 5 shows the Raman spectra of graphite oxide, G, NG, and x-NGM
composites, ranging from 400 cm−1 to 2000 cm−1. The two feature peaks at 1329 cm−1 and 1590 cm−1

are D and G bands, respectively [52,68,69]. The D band is due to the presence of disorders in
sp2-hybridized carbon systems. It can be used to estimate the defect level and content of impurity
in the G sheets. The G band is derived from the stretching of sp2-hybridized carbon-carbon bonds
and highly sensitive to strain effects in the sp2 system within the G sheets. Furthermore, the intensity
ratio of D and G bands, ID/IG, can be considered as a measure of the relative concentration of local
defects or interferences, i.e., can be used to estimate the extent of sp3 graphite oxide converting to
sp2 G [68,69]. Thus, an increment of the ID/IG value implies an increase in the number of defects.
From Figure 5a, the ID/IG value of graphite oxide obtained before the hydrothermal process is
calculated to be 1.73. However, those of the G, NG, and x-NGM composites drop to in between 1.55 to
1.69 after the hydrothermal process. It can be then deduced from the reduced ID/IG values that the
hydrothermal process could remove oxygen-containing functional groups and reduce graphite oxide to
G successfully. This again helps to ascertain the presence of G in NG and x-NGM composites. Since the
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incident light wavelength of the Raman spectrometer influences excitation efficiency, the wavelength
of 532 nm regarded as comparatively of less negative impact on enhancing the characteristic peak of
Mn-O bonds was chosen to excite the x-NGM composites. However, as shown in Figure 5a, it still
unavoidably resulted in weaker scattering intensity and thereby less distinct Mn-O characteristic
peaks. After magnification, the peak at around 560 cm−1 attributed to the stretching vibration of Mn-O
bonds [52] can be more clearly seen in Figure 5b, again confirming that the hydrothermal preparation
of x-NGM composites was successful.
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Figure 6 shows the XPS spectra of graphite oxide, G, NG, and x-NGM composites. The composition
of a composite and chemical states of elements can be investigated by XPS. Figure 6a displays the C 1s
spectra. For graphite oxide and G, they have a strong energy peak centered at approximately 283.8 eV,
which is assigned to the C=C bonds (sp2-hybridized carbon atoms). Another weak peak with higher
binding energy at 285.6 eV can be assigned to the C-O bonds (oxygenated carbon atoms) [62,63,70].
There is a weaker peak for graphite oxide at 287.4 eV, which is assigned to the C=O bonds. G shows
an even weaker peak at 288.6 eV, which is assigned to the O-C=O bonds [52,62,63,70]. For NG and
x-NGM composites, they also have energy peaks ascribed to the C=C bonds (symbol of the presence
of G), centered at approximately 284.0 eV. When the containing of Mn in x-NGM to diminish the C=C
bonds and sp2-hybridized carbon atoms, the peak intensity is found to be weakened. Another two
weaker peaks of NG and x-NGM, centered at approximately 285.3 eV and 286.6 eV, can be assigned to
the C=N and C-N bonds, respectively [62,63,69], which stand for another evidence for the existence of
N element in the composites.
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Figure 6b displays the O 1s spectra. Both graphite oxide and G show an energy peak ascribed
to the C=O bonds at 531.8 eV and 532.7 eV, respectively. The three energy peaks of NG at 531.6 eV,
533.3 eV, and 535.7 eV, can be assigned to the bondings of O-C, O-H, and H2O, respectively [52,62,63].
The five x-NGM composites have similar O 1s spectra. They all exhibit the three energy peaks centered
at approximately 529.8 eV, 531.4 eV, and 533.5 eV, which correspond to the Mn-O, C-O, and O-H bonds,
respectively [52,62,63,69]. The increase in the content of Mn is found to enhance the intensity of the
529.8 eV energy peak. Figure 6c shows the N 1s spectra. All the six NG and x-NGM composites
exhibit a strong peak at 399.0 eV and two weak peaks at 400.1 eV and 401.0 eV, which can be attributed
to the three types of N-containing species on the surface: pyridinic-N, pyrrolic-N, and graphitic-N
(quaternary N), respectively [52,70,71]. Again, the presence of the N element in the six active materials
is confirmed. The fabrication of NG from G is demonstrated to be successful as well. Figure 6d shows
the high-resolution Mn 2p spectra. All the five x-NGM composites exhibit the two peaks centered at
approximately 642.3 eV and 654.1 eV, which are ascribed to the Mn 2p3/2 and Mn 2p1/2 spin-orbit
splitting states, respectively. The separation of spin energy between the two peaks is 11.8 eV, indicating
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the oxidation state of Mn is +4. [52]. Moreover, the intensity of the two peaks is found to increase with
an increased content of Mn. This not only confirms the presence of Mn in the x-NGM composites,
but also demonstrates that the use of a hydrothermal method for preparation of the composites
containing both NG and MnO2 was successful [52,62,63,72]. The XPS surveys have confirmed the
presence of C, Mn, O, and N on the surface of the x-NGM composites.

EIS is a technique used for acquiring information of internal impedances in an electrochemical
system. The electronic and ionic transports along the bulk and across the interface of active material
in the electrode were thus investigated. The Nyquist plots of the 21 electrodes with different active
materials are displayed in Figure 7, where the compressed semicircles at the high and medium
frequency regions are related to the electronic transport resistance, a kinetic-controlled process.
The line tail connecting the semicircle at the low-frequency region is associated with the ionic diffusion
resistance, a thermodynamic-controlled process. The equivalent circuit for the EIS analysis is also
depicted in Figure 7, which includes [73]: (1) the charge transfer impedance in the high-frequency
region at the electrode/electrolyte interface (RCT), (2) the solution resistance (RS), which is the contact
series resistance between the substrate and current collector, (3) Warburg impedance (W), which is
the diffusion resistance of ions in the electrolyte and in relation to the slope of the line tail in the
low-frequency region, (4) the electric double-layer capacitor (C1) [65,74–76]. The corresponding RCT

values obtained by simulation are listed in Table 1. By contrast, G1, NG1, 1-NGM1, 2-NGM1, 3-NGM1,
4-NGM1, and 5-NGM1 are found to exhibit smaller semicircles in the high-frequency region. Their
RCT values are 3.27 Ω, 2.22 Ω, 2.17 Ω, 1.28 Ω, 1.15 Ω, 8.06 Ω, and 9.29 Ω, respectively. When the
mass loading of active materials on the substrate increases to 2 mg, the RCT values of G2, NG2,
1-NGM2, 2-NGM2, 3-NGM2, 4-NGM2, 5-NGM2 are 3.52 Ω, 2.98 Ω, 2.49 Ω, 1.35 Ω, 1.23 Ω, 8.43 Ω,
and 9.40 Ω, respectively. When the mass loading further increases to 3 mg, the RCT values of G3, NG3,
1-NGM3, 2-NGM3, 3-NGM3, 4-NGM3, and 5-NGM3 are 12.83 Ω, 9.21 Ω, 8.42 Ω, 2.14 Ω, 1.70 Ω, 9.46 Ω,
and 11.60 Ω, respectively. According to the significantly increased RCT and larger semicircle in the
high-frequency region, it can be then concluded that the preferred mass loading of active materials on
the PI/graphite flexible substrate is 1 mg.
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Table 1. RCT values of the 21 electrodes with Gy, NGy, and x-NGMy composites obtained by
EIS simulation.

Electrode RCT (Ω) Electrode RCT (Ω) Electrode RCT (Ω)

G1 3.27 1-NGM2 2.49 3-NGM3 1.70
G2 3.52 1-NGM3 8.42 4-NGM1 8.06
G3 12.83 2-NGM1 1.28 4-NGM2 8.43

NG1 2.22 2-NGM2 1.35 4-NGM3 9.46
NG2 2.98 2-NGM3 2.14 5-NGM1 9.29
NG3 9.21 3-NGM1 1.15 5-NGM2 9.40

1-NGM1 2.17 3-NGM2 1.23 5-NGM3 11.60

As shown in Table 1, after N was involved in the active materials to obtain NG composites,
the RCT value decreased from 3.27 Ω (G1) to 2.22 Ω (NG1). The interconnected NG component can
effectively facilitate electronic transport. When N and MnO2 were simultaneously involved in the
x-NGM composites, the RCT value was further reduced from 2.22 Ω (NG1) to 1.15 Ω (3-NGM1).
This indicates that the co-existence of NG and MnO2 in an active material could even more improve
charge transfer. The diffusion/transport properties of electrolyte ions to the electrode surface can be
examined by the linear response (slope) of the Nyquist plot in the low-frequency region. An increased
slope usually illustrates a lower diffusion resistance, faster ionic transport, and thereby enhanced
capacitive property [74,77]. As displayed in Figure 7, compared to those of G1 and NG1 electrodes,
the Nyquist plot of the 1-NGM1 electrode has a larger slope in the low-frequency region, indicating
its better ionic diffusion and higher conductivity since it contains NG and MnO2 simultaneously.
The impact of the Mn content on RCT was further investigated. Among the 15 electrodes with x-NGM
active materials, the RCT values for 1-NGM1, 2-NGM1, 3-NGM1, 4-NGM1, and 5-NGM1 are 2.17 Ω,
1.28 Ω, 1.15 Ω, 8.06 Ω, and 9.29 Ω, respectively. The 3-NGM1 electrode exhibits the smallest RCT,
indicating its best charge transfer efficiency. Its Nyquist plot in the low-frequency region is almost
vertical and shows the largest slope, representing the best ionic diffusion and capacitive properties of
the 3-NGM1 electrode. It can be then deduced that the MnO2 nanowires growing on the NG surface
provide more effective contacts between the electrode and electrolyte ions, and charge transfer is
thus improved. However, excess Mn in the 4-NGM1 and 5-NGM1 electrodes causes increased RCT

values due to fewer contacts. Ion diffusion and charge transfer capacity are thereby suppressed, and a
smaller slope of the Nyquist plot in the low-frequency region results. By the aforementioned results,
it is confirmed that both the mass loading and content of Mn in an active material electrode affect
conductivity. The best charge transfer efficiency can be obtained only when the mass loading is 1 mg
and the content of Mn in x-NGM composites is optimized (x = 3).

The capacitive characteristic of an active material electrode can be evaluated by integrating
the area inside a CV curve loop. Figure 8a,b shows the CV curves of the 21 electrodes with Gy,
NGy, and x-NGMy composites, obtained at the scanning rate of 100 mV·s−1 with a fixed potential
range of −2.9 V to 1.0 V. All x-NGMy composites show redox waves, indicating that the faradaic
phenomena occurred during the charge/discharge process. No redox peaks are found for Gy and NGy
composites. Their CV curves exhibit similar rectangular and symmetrical form, which is related to the
characteristics of an electric double-layer capacitor. In Figure 8a, the CV curve loops of the 1-NGMy
electrodes are the largest, indicating that they have the highest specific capacitances, followed by the
NGy and then the Gy electrodes. Among them, the 1-NGM1 electrode has the largest area inside the
loop, giving rise to a high specific capacitance of 416 F·g−1. Its energy and power densities obtained
by calculations are 243.2 Wh·kg−1 and 959.9 W·kg−1, respectively. The capacitance enhancement can
be ascribed to the synergistic effect of the higher conductivity by NG and the larger specific surface
area by MnO2 nanostructures. Afterward, the content of Mn was tuned by using various KMnO4

concentrations. The impacts of mass loading on the capacitive property were also studied by using
1 mg, 2 mg, and 3 mg of active materials (y = 1, 2, and 3) for each x. From the CV curve loops of
the x-NGMy electrodes in Figure 8b, the 3-NGM1 electrode shows the best capacitance performance
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with the highest specific capacitance of 638 F·g−1. Its energy and power densities are 372.7 Wh·kg−1

and 4731.1 W·kg−1, respectively. All the capacitance parameters acquired by calculations are listed in
Table 2, which reveals that there was a most appropriate KMnO4 concentration, i.e., 26.72 mM when x
= 3, to achieve an NGM composite with the optimum Mn content. Moreover, the increase of specific
capacitance is more significant by pseudocapacitive MnO2 than NG.

Table 2. Capacitance parameters obtained from the CV results of the 21 electrodes with Gy, NGy, and
x-NGMy composites.

Electrode Scan Rate
(mV·s−1)

Specific Capacitance
(F·g−1)

Energy Density
(Wh·kg−1)

Power Density
(W·kg−1)

G1 100 243 141.9 930.5
G2 100 99 57.5 889.0
G3 100 14 8.3 381.8

NG1 100 247 144.4 810.9
NG2 100 104 60.6 375.5
NG3 100 45 26.1 224.9

1-NGM1 100 416 243.2 959.9
1-NGM2 100 223 130.4 662.3
1-NGM3 100 154 90.1 572.9
2-NGM1 100 516 301.6 6556.8
2-NGM2 100 267 155.7 6370.1
2-NGM3 100 173 100.7 6407.3
3-NGM1 100 638 372.7 4731.1
3-NGM2 100 298 174.2 7208.0
3-NGM3 100 192 112.0 6001.7
4-NGM1 100 141 82.0 7959.5
4-NGM2 100 62 36.4 6689.0
4-NGM3 100 36 20.9 6105.0
5-NGM1 100 94 55.0 7799.2
5-NGM2 100 40 23.4 4918.4
5-NGM3 100 12 7.1 2227.0

By the interlaced nanowire structures of MnO2, the contact between the electrode surface
and electrolyte ions and the use of active materials are both improved. There are more sites for
electrochemical reactions to occur, and enhanced diffusion of ions in the electrolyte favorable for
capacitive characteristic has resulted. The higher KMnO4 concentrations during the preparation
process, 35.62 mM and 44.53 mM when x = 4 and 5, led to excess MnO2 in the NGM composites, which
grew into nanorod structures detrimental to more contact between the electrode surface and electrolyte
ions. Inferior ion diffusion and worse capacitive characteristics of the 4-NGMy and 5-NGMy electrodes
are thereby caused, as shown in Figure 8b and Table 2. It can be also seen from Table 2 that the mass
loading of active material on the flexible electrode is also critical. 1 mg has been demonstrated to
be the most appropriate mass loading. 2 mg and 3 mg cause overloaded active materials and thus
reduced specific capacitance, energy, and power densities. By plotting energy density vs. power
density obtained from the CV results and calculated by Equations (3) and (5), a Ragone plot is achieved,
as shown in Figure 8c, which again demonstrates the best electrochemical performance of 3-NGM1
among the 21 x-NGMy electrodes when x = 3 and the mass loading of 1 mg were used.
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The symmetry of charge and discharge curves can be investigated to understand capacitive
behavior. Figure 9a shows the GCD curves of the 9 electrodes with Gy, NGy, and 1-NGMy composites,
obtained by a fixed potential range of −1.2 V to 1.0 V under different current densities. Those of the
1-NGMy electrodes are slightly distorted from the ideal triangle shape because of the pseudocapacitive
contribution from MnO2. The curvature implies that they are typical Faraday capacitance curves [78].
It is revealed that the 1-NGMy electrodes have the best capacitive characteristics, followed by the
NGy electrodes, and the Gy electrodes are the worst. The 1-NGM1 electrode exhibits a longer charge
and discharge time at a current density of 0.2 A·g−1, resulting in a specific capacitance of 188 F·g−1,
and the corresponding energy and power densities are 63.1 Wh·kg−1 and 249.2 W·kg−1, respectively.
Afterward, the impacts of the Mn content and mass loading on the capacitive parameters of the
electrodes were also explored. The specific capacitances can be calculated from the GCD curves by
Equation (2), as listed in Table 3. Figure 9b shows the plots of specific capacitance vs. current density
for the 21 electrodes. The Gy, NGy, 1-NGMy, 4-NGMy, and 5-NGMy electrodes cannot endure the
current densities larger than 1 A·g−1. The 2-NGM2 electrode can endure only the current densities of
1 A·g−1, 3 A·g−1, and 5 A·g−1. The 3-NGM2 electrode can endure the current densities of 1 A·g−1,
3 A·g−1, 5 A·g−1, and 7 A·g−1. The 2-NGM3 and 3-NGM3 electrodes can endure only the current
densities of 1 A·g−1 and 3 A·g−1, whereas the 2-NGM1 and 3-NGM1 electrodes can endure all current
densities. Among the 21 electrodes, the 3-NGM1 electrode exhibits the best endurance. Its energy
and power densities are 86.7 Wh·kg−1 and 1100.0 W·kg−1, respectively. The above results have also
confirmed the optimum conditions for the mass loading and content of Mn.
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Since the 3-NGM1 electrode has shown the best sustainable ability to permit its higher charging
capacity, it was selected to perform further GCD investigation by different current densities, are shown
in Figure 9c. The rapid intercalation/deintercalation of metallic cations in an active material reveals
the redox concerning the oxidation state transitions between Mn (III) and Mn (IV). It is inferred that at
higher current densities, only the external surface of an active material is involved in charge/discharge,
leading to insufficient redox and relatively lower specific capacitances. The charge/discharge time
decreases along with a small number of electrolyte ions occupying the active sites. By contrast, at lower
current densities, more internal and external active sites are involved, attaining more complete redox
reactions and higher specific capacitances [79]. The increased charge/discharge time results from
most electrolyte ions being anchored to the active sites at the interface. As displayed in Table 3, when
the current density applied to the 3-NGM1 electrode increases from 1 A·g−1 to 9 A·g−1, the specific
capacitance reduces from 258 F·g−1 to 13 F·g−1. The massive capacitance decay implies that the rate
capability of the x-NGMy electrodes still needs considerable improvement. Moreover, it is perceived
from Table 3 that the mass loading of active materials on the flexible electrode is very critical. 1 mg
has been proven to be the optimum. Both 2 mg and 3 mg are overloads to cause lower conductivity
and inferior capacitive parameters. For the Gy, NGy, and x-NGMy electrodes, their energy and
power densities calculated from the GCD results are plotted as a Ragone plot, as shown in Figure 9d.
Consistent with the EIS and CV results, the synergistic effect of NG with MnO2 is demonstrated again,
to promote reversible redox reactions on the pseudocapacitive materials and play great impacts on the
capacitance characteristics of the electrodes.
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Table 3. Capacitance parameters obtained from the GCD results of the 21 electrodes with Gy, NGy, and
x-NGMy composites by different current densities.

Electrode Current Density
(A·g−1)

Specific Capacitance
(F·g−1)

Energy Density
(Wh·kg−1)

Power Density
(W·kg−1)

G1 0.2 113 38.0 249.2
G2 0.1 24 8.1 124.6
G3 0.07 5 1.8 83.1

NG1 0.2 132 44.4 249.2
NG2 0.1 60 20.1 124.6
NG3 0.07 29 9.7 83.1

1-NGM1 0.2 188 63.1 249.2
1-NGM2 0.1 73 24.5 124.6
1-NGM3 0.07 39 13.1 83.1
2-NGM1 1 172 57.8 1100.0
2-NGM2 1 69 23.1 1100.0
2-NGM3 1 46 15.4 1100.0
3-NGM1 1 258 86.7 1100.0
3-NGM2 1 79 26.6 1100.0
3-NGM3 1 61 20.5 1100.0
2-NGM1 3 44 14.7 1100.0
2-NGM2 3 14 4.6 3300.0
2-NGM3 3 4 1.3 3300.0
3-NGM1 3 56 18.8 3300.0
3-NGM2 3 38 12.7 3300.0
3-NGM3 3 6 2.1 3300.0
2-NGM1 5 35 11.8 5500.0
2-NGM2 5 6 2.1 5500.0
3-NGM1 5 36 11.9 5500.0
3-NGM2 5 11 3.5 5500.0
2-NGM1 7 26 8.6 7700.0
3-NGM1 7 29 9.6 7700.0
3-NGM2 7 7 2.4 7700.0
2-NGM1 9 12 3.9 9900.0
3-NGM1 9 13 4.4 9900.0
4-NGM1 0.1 3 1.1 110.0
4-NGM2 0.1 2 0.6 110.0
4-NGM3 0.1 1 0.4 110.0
5-NGM1 0.1 2 0.8 110.0
5-NGM2 0.1 1.6 0.5 110.0
5-NGM3 0.1 1 0.3 110.0

4. Conclusions

In this study, x-NGM composites consisting of NG and MnO2 with various Mn contents were
fabricated by a low-cost hydrothermal method. By SEM, TEM, EDS mappings, XPS, FTIR and Raman
spectra, the presence of NG and MnO2 was confirmed, and the successful preparation of the composites
was demonstrated. The microstructure analysis by TEM manifested that the MnO2 in the x-NGM
composites was a two-phase mixture of γ- and α-MnO2. According to the EIS results, the NG
component was found to reduce RCT effectively due to its good conductivity. The co-existence of
NG and MnO2 in an active material led to a more reduced RCT and further improved charge transfer.
Among the 15 electrodes with x-NGM active materials, the 3-NGM1 electrode exhibited the smallest
RCT, indicating its best charge transfer efficiency. Its Nyquist plot in the low-frequency region had
the largest slope, implying a lower diffusion impedance, more rapid ionic diffusion, and enhanced
capacitive property. Both the mass loading and content of Mn in an active material electrode were
crucial. The best electrochemical performance was achieved when the mass loading of active materials
on the PI/graphite flexible substrate was 1 mg and x = 3 to obtain the optimized Mn content in the
x-NGM composites. Excess Mn caused decreased contacts between the electrode and electrolyte ions,
leading to increased RCT, and suppressed ionic diffusion. Among the 21 electrodes with Gy, NGy,
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and x-NGMy composites, the 3-NGM1 electrode exhibited the best sustainable ability. However,
its rate capability still required large improvement. After calculation of the CV results, it showed
a high specific capacitance of 638 F·g−1, and the corresponding energy and power densities were
372.7 Wh·kg−1 and 4731.1 W·kg−1, respectively. The enhancement was ascribed to the synergistic
effect of the higher conductivity by NG and the larger specific surface area by MnO2 nanostructures.
Moreover, the increase of specific capacitance was found to be more significant by the pseudocapacitive
MnO2 than NG.

Author Contributions: Methodology, C.-P.C.; Validation, H.-Y.C.; Data Curation, H.-Y.C.; Investigation, H.-Y.C.;
Formal Analysis, H.-Y.C.; Writing-Original Draft Preparation, C.-P.C.; Writing-Review & Editing, C.-P.C.;
Visualization, C.-P.C.; Supervision, C.-P.C.; Project Administration, C.-P.C.; Funding Acquisition, C.-P.C.

Funding: This research and the APC were funded by the Ministry of Science and Technology, Taiwan under the
grant number of MOST 107-2221-E-260-002-.

Acknowledgments: Supports from the Ministry of Science and Technology Taiwan and National Chi Nan
University are gratefully appreciated.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008, 7, 845–854. [CrossRef]
[PubMed]

2. Merlet, C.; Rotenberg, B.; Madden, P.A.; Taberna, P.L.; Simon, P.; Gogotsi, Y.; Salanne, M. On the molecular
origin of supercapacitance in nanoporous carbon electrodes. Nat. Mater. 2012, 11, 306–310. [CrossRef]
[PubMed]

3. Kyeremateng, N.A.; Brousse, T.; Pech, D. Microsupercapacitors as miniaturized energy-storage components
for on-chip electronics. Nat. Nanotechnol. 2017, 12, 7–15. [CrossRef] [PubMed]

4. Stauss, S.; Honma, I. Biocompatible batteries-materials and chemistry, fabrication, applications, and future
prospects. Bull. Chem. Soc. Jpn. 2018, 91, 492–505. [CrossRef]

5. Pedico, A.; Lamberti, A.; Gigot, A.; Fontana, M.; Bella, F.; Rivolo, P.; Cocuzza, M.; Pirri, C.F. High-performing
and stable wearable supercapacitor exploiting rGO aerogel decorated with copper and molybdenum sulfides
on carbon fibers. ACS Appl. Energy Mater. 2018, 1, 4440–4447. [CrossRef]

6. Abdelkader, A.; Rabeh, A.; Mohamed, A.D.; Mohamed, J. Multi-objective genetic algorithm based sizing
optimization of a stand-alone wind/PV power supply system with enhanced battery/supercapacitor hybrid
energy storage. Energy 2018, 163, 351–363. [CrossRef]

7. Scalia, A.; Bella, F.; Lamberti, A.; Bianco, S.; Gerbaldi, C.; Tresso, E.; Pirri, C.F. A flexible and portable
powerpack by solid-state supercapacitor and dye-sensitized solar cell integration. J. Power Sources 2017, 359,
311–321. [CrossRef]

8. Chen, H.Y.; Zeng, S.; Chen, M.H.; Zhang, Y.Y.; Zheng, L.X.; Li, Q.W. Oxygen evolution assisted fabrication of
highly loaded carbon nanotube/MnO2 hybrid films for high-performance flexible pseudosupercapacitors.
Small 2016, 12, 2035–2045. [CrossRef] [PubMed]

9. Wang, J.G.; Kang, F.Y.; Wei, B.Q. Engineering of MnO2-based nanocomposites for high-performance
supercapacitors. Prog. Mater. Sci. 2015, 74, 51–124. [CrossRef]

10. Wang, J.G.; Liu, H.Y.; Liu, H.Z.; Fu, Z.H.; Nan, D. Facile synthesis of microsized MnO/C composites with
high tap density as high performance anodes for Li-ion batteries. Chem. Eng. J. 2017, 328, 591–598. [CrossRef]

11. Zhu, Y.Q.; Cao, C.B.; Tao, S.; Chu, W.S.; Wu, Z.Y.; Li, Y.D. Ultrathin nickel hydroxide and oxide nanosheets:
Synthesis, characterizations and excellent supercapacitor performances. Sci. Rep. 2015, 4, 5787. [CrossRef]
[PubMed]

12. Zhang, L.L.; Zhao, X.S. Carbon-based materials as supercapacitor electrodes. Chem. Soc. Rev. 2009, 38,
2520–2531. [CrossRef] [PubMed]

13. Wu, X.L.; Wen, T.; Guo, H.L.; Yang, S.B.; Wang, X.K.; Xu, A.W. Biomass-derived sponge-like carbonaceous
hydrogels and aerogels for supercapacitors. ACS Nano 2013, 7, 3589–3597. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nmat2297
http://www.ncbi.nlm.nih.gov/pubmed/18956000
http://dx.doi.org/10.1038/nmat3260
http://www.ncbi.nlm.nih.gov/pubmed/22388172
http://dx.doi.org/10.1038/nnano.2016.196
http://www.ncbi.nlm.nih.gov/pubmed/27819693
http://dx.doi.org/10.1246/bcsj.20170325
http://dx.doi.org/10.1021/acsaem.8b00904
http://dx.doi.org/10.1016/j.energy.2018.08.135
http://dx.doi.org/10.1016/j.jpowsour.2017.05.072
http://dx.doi.org/10.1002/smll.201503623
http://www.ncbi.nlm.nih.gov/pubmed/26929042
http://dx.doi.org/10.1016/j.pmatsci.2015.04.003
http://dx.doi.org/10.1016/j.cej.2017.07.039
http://dx.doi.org/10.1038/srep05787
http://www.ncbi.nlm.nih.gov/pubmed/25168127
http://dx.doi.org/10.1039/b813846j
http://www.ncbi.nlm.nih.gov/pubmed/19690733
http://dx.doi.org/10.1021/nn400566d
http://www.ncbi.nlm.nih.gov/pubmed/23548083


Nanomaterials 2018, 8, 924 20 of 23

14. Khan, A.H.; Ghosh, S.; Pradhan, B.; Dalui, A.; Shrestha, L.K.; Acharya, S.; Ariga, K. Two-dimensional
(2D) nanomaterials towards electrochemical nanoarchitectonics in energy-related applications. Bull. Chem.
Soc. Jpn. 2017, 90, 627–648. [CrossRef]

15. Lin, C.; Hu, L.; Cheng, C.; Sun, K.; Guo, X.; Shao, Q.; Li, J.; Wang, N.; Guo, Z. Nano-TiNb2O7/carbon
nanotubes composite anode for enhanced lithium-ion storage. Electrochem. Acta 2018, 260, 65–72. [CrossRef]

16. Murat, C.; Kakarla, R.R.; Fernando, A.M. Advanced electrochemical energy storage supercapacitors based
on the flexible carbon fiber fabric-coated with uniform coral-like MnO2 structured electrodes. Chem. Eng. J.
2017, 309, 151–158.

17. Gu, W.; Yushin, G. Review of nanostructured carbon materials for electrochemical capacitor applications:
Advantages and limitations of activated carbon, carbide-derived carbon, zeolite-templated carbon, carbon
aerogels, carbon nanotubes, onion-like carbon, and graphene. WIREs Energy Environ. 2014, 3, 424–473.
[CrossRef]

18. Zeiger, M.; Jackel, N.; Mochalin, V.N.; Presser, V. Review: Carbon onions for electrochemical energy storage.
J. Mater. Chem. A 2016, 4, 3172–3196. [CrossRef]

19. Wang, X.; Chen, S.; Li, D.; Sun, S.; Peng, Z.; Komarneni, S.; Yang, D. Direct interfacial growth of
MnO2 nanostructure on hierarchically porous carbon for high-performance asymmetric supercapacitors.
ACS Sustain. Chem. Eng. 2018, 6, 633–641. [CrossRef]

20. Conway, B.E. Transition from “supercapacitor” to “battery” behavior in electrochemical energy storage.
J. Electrochem. Soc. 1991, 138, 1539–1548. [CrossRef]

21. Cottineau, T.; Toupin, M.; Delahaye, T.; Brousse, T.; Belanger, D. Nanostructured transition metal oxides
for aqueous hybrid electrochemical supercapacitors. Appl. Phys. A Mater. Sci. Process. 2006, 82, 599–606.
[CrossRef]

22. Qu, Q.; Zhang, P.; Wang, B.; Chen, Y.; Tian, S.; Wu, Y.; Holze, R. Electrochemical performance of MnO2

nanorods in neutral aqueous electrolytes as a cathode for asymmetric supercapacitors. J. Phys. Chem. C 2009,
113, 14020–14027. [CrossRef]

23. Yan, J.; Fan, Z.; Sun, W.; Ning, G.; Wei, T.; Zhang, Q.; Zhang, R.; Zhi, L.; Wei, F. Advanced asymmetric
supercapacitors based on Ni(OH)2/graphene and porous graphene electrodes with high energy density.
Adv. Funct. Mater. 2012, 22, 2632–2641. [CrossRef]

24. Yang, P.; Ding, Y.; Lin, Z.; Chen, Z.; Li, Y.; Qiang, P.; Ebrahimi, M.; Mai, W.; Wong, C.P.; Wang, Z.L. Low-cost
high-performance solid-state asymmetric supercapacitors based on MnO2 nanowires and Fe2O3 nanotubes.
Nano Lett. 2014, 14, 731–736. [CrossRef] [PubMed]

25. Jiang, H.; Lee, P.S.; Li, C.Z. 3D carbon based nanostructures for advanced supercapacitors. Energy Environ. Sci.
2013, 6, 41–52. [CrossRef]

26. Li, H.H.; Zhang, X.D.; Ding, R.; Qi, L.; Wang, H.Y. Facile synthesis of mesoporous MnO2 microspheres
for high performance AC//MnO2 aqueous hybrid supercapacitor. Electrochim. Acta 2013, 108, 497–505.
[CrossRef]

27. Shimamoto, K.; Tadanaga, K.; Tatsumisago, M. All-solid-state electrochemical capacitors using MnO2/carbon
nanotube composite electrode. Electrochim. Acta 2013, 109, 651–655. [CrossRef]

28. Wang, H.J.; Peng, C.; Zheng, J.D.; Peng, F.; Yu, H. Design, Synthesis and the electrochemical performance of
MnO2/C@CNT as supercapacitor material. Mater. Res. Bull. 2013, 48, 3389–3393. [CrossRef]

29. Devaraj, S.; Munichandraiah, N. Effect of crystallographic structure of MnO2 on its electrochemical
capacitance properties. J. Phys. Chem. C 2008, 112, 4406–4417. [CrossRef]

30. Xiao, X.; Li, T.; Yang, P.; Gao, Y.; Jin, H.; Ni, W.; Zhan, W.; Zhang, X.; Cao, Y.; Zhong, J.; et al. Fiber-based
all-solid-state flexible supercapacitors for self-powered systems. ACS Nano 2012, 6, 9200–9206. [CrossRef]
[PubMed]

31. Jiang, H.; Dai, Y.; Hu, Y.; Chen, W.; Li, C. Nanostructured ternary nanocomposite of rGO/CNTs/MnO2 for
high-rate supercapacitors. ACS Sustain. Chem. Eng. 2014, 2, 70–74. [CrossRef]

32. Liu, J.; Zhang, Y.; Li, Y.; Li, J.; Chen, Z.; Feng, H.; Li, J.; Jiang, J.; Qian, D. In situ chemical synthesis of
sandwich-structured MnO2/graphene nanoflowers and their supercapacitive behavior. Electrochim. Acta
2015, 173, 148–155. [CrossRef]

33. Yu, N.; Yin, H.; Zhang, W.; Liu, Y.; Tang, Z.; Zhu, M.Q. High-performance fiber-shaped all-solid-state
asymmetric supercapacitors based on ultrathin MnO2 nanosheet/carbon fiber cathodes for wearable
electronics. Adv. Energy Mater. 2016, 6, 1501458. [CrossRef]

http://dx.doi.org/10.1246/bcsj.20170043
http://dx.doi.org/10.1016/j.electacta.2017.11.051
http://dx.doi.org/10.1002/wene.102
http://dx.doi.org/10.1039/C5TA08295A
http://dx.doi.org/10.1021/acssuschemeng.7b02960
http://dx.doi.org/10.1149/1.2085829
http://dx.doi.org/10.1007/s00339-005-3401-3
http://dx.doi.org/10.1021/jp8113094
http://dx.doi.org/10.1002/adfm.201102839
http://dx.doi.org/10.1021/nl404008e
http://www.ncbi.nlm.nih.gov/pubmed/24382331
http://dx.doi.org/10.1039/C2EE23284G
http://dx.doi.org/10.1016/j.electacta.2013.07.066
http://dx.doi.org/10.1016/j.electacta.2013.07.154
http://dx.doi.org/10.1016/j.materresbull.2013.05.015
http://dx.doi.org/10.1021/jp7108785
http://dx.doi.org/10.1021/nn303530k
http://www.ncbi.nlm.nih.gov/pubmed/22978389
http://dx.doi.org/10.1021/sc400313y
http://dx.doi.org/10.1016/j.electacta.2015.05.040
http://dx.doi.org/10.1002/aenm.201501458


Nanomaterials 2018, 8, 924 21 of 23

34. Teng, F.; Santhanagopalan, S.; Wang, Y.; Meng, D.D. In-situ hydrothermal synthesis of three-dimensional
MnO2-CNT nanocomposites and their electrochemical properties. J. Alloys Compd. 2010, 499, 259–264.
[CrossRef]

35. Li, G.R.; Feng, Z.P.; Ou, Y.N.; Wu, D.; Fu, R.; Tong, Y.X. Mesoporous MnO2/carbon aerogel composites
as promising electrode materials for high-performance supercapacitors. Langmuir 2010, 26, 2209–2213.
[CrossRef] [PubMed]

36. Li, L.; Hu, Z.A.; An, N.; Yang, Y.Y.; Li, Z.M.; Wu, H.Y. Facile synthesis of MnO2/CNTs composite for
supercapacitor electrodes with long cycle stability. J. Phys. Chem. C 2014, 118, 22865–22872. [CrossRef]

37. Zhu, K.; Wang, Y.; Tang, J.; Qiu, H.L.; Meng, X.; Gao, Z.M.; Chen, G.; Wei, Y.J.; Gao, Y. In situ growth of
MnO2 nanosheets on activated carbon fibers: A low-cost electrode for high performance supercapacitors.
RSC Adv. 2016, 6, 14819–14825. [CrossRef]

38. Xu, W.B.; Mu, B.; Zhang, W.B.; Wang, A.Q. Facile hydrothermal synthesis of tubular kapok fiber/MnO2

composites and application in supercapacitors. RSC Adv. 2015, 5, 64065–64075. [CrossRef]
39. Jin, Y.; Chen, H.Y.; Chen, M.H.; Liu, N.; Li, Q.W. Graphene patched CNT/MnO2 nanocomposite papers for

the electrode of high-performance flexible asymmetric supercapacitors. ACS Appl. Mater. Interfaces 2013, 5,
3408–3416. [CrossRef] [PubMed]

40. Li, M.; Tang, Z.; Mei, L.; Xue, J. Flexible solid-state supercapacitor based on graphene-based hybrid films.
Adv. Funct. Mater. 2014, 24, 7495–7502. [CrossRef]

41. Wu, Z.S.; Wang, D.W.; Ren, W.; Zhao, J.; Zhou, G.; Li, F.; Cheng, H.M. Anchoring hydrous RuO2 on graphene
sheets for high-performance electrochemical capacitors. Adv. Funct. Mater. 2010, 20, 3595–3602. [CrossRef]

42. Zeng, W.; Zhang, G.; Hou, S.; Wang, T.; Duan, H. Facile synthesis of graphene@NiO/MoO3 composite
nanosheet arrays for high-performance supercapacitors. Electrochim. Acta 2015, 151, 510–516. [CrossRef]

43. Wu, Z.S.; Ren, W.; Wen, L.; Gao, L.; Zhao, J.; Chen, Z.; Zhou, G.; Li, F.; Cheng, H.M. Graphene anchored
with Co3O4 nanoparticles as anode of lithium ion batteries with enhanced reversible capacity and cyclic
performance. ACS Nano 2010, 4, 3187–3194. [CrossRef] [PubMed]

44. Li, H.; Jiang, L.; Cheng, Q.; He, Y.; Pavlinek, V.; Saha, P.; Li, C. MnO2 nanoflakes/hierarchical porous
carbon nanocomposites for high-performance supercapacitor electrodes. Electrochim. Acta 2015, 164, 252–259.
[CrossRef]

45. Chen, Y.; Xu, J.; Yang, Y.; Zhao, Y.; Yang, W.; He, X.; Li, S.; Jia, C. Enhanced electrochemical performance of
laser scribed graphene films decorated with manganese dioxide nanoparticles. J. Mater. Sci. Mater. Electron.
2016, 27, 2564–2573. [CrossRef]

46. Ghasemi, S.; Hosseinzadeh, R.; Jafari, M. MnO2 nanoparticles decorated on electrophoretically deposited
graphene nanosheets for high performance supercapacitor. Int. J. Hydrogen Energy 2015, 40, 1037–1046.
[CrossRef]

47. Zheng, Y.; Pann, W.; Zhengn, D.; Sun, C. Fabrication of functionalized graphene- based MnO2 nanoflower
through electrodeposition for high-performance supercapacitor electrodes. J. Electrochem. Soc. 2016, 163,
D230–D238. [CrossRef]

48. Kang, Y.; Cai, F.; Chen, H.; Chen, M.; Zhang, R.; Li, Q. Porous reduced graphene oxide wrapped carbon
nanotube-manganese dioxide nanocables with enhanced electrochemical capacitive performance. RSC Adv.
2015, 5, 6136–6141. [CrossRef]

49. Zhang, Z.; Xiao, F.; Qian, L.; Xiao, J.; Wang, S.; Liu, Y. Facile synthesis of 3D MnO2-graphene and
carbon nanotube-graphene composite networks for high-performance flexible, all-solid-state asymmetric
supercapacitors. Adv. Energy Mater. 2014, 4, 1400064. [CrossRef]

50. Lin, M.; Chen, B.; Wu, X.; Qian, J.; Fei, L.; Lu, W.; Chan, L.W.H.; Yuan, J. Controllable in situ synthesis of
epsilon manganese dioxide hollow structure/RGO nanocomposites for high-performance supercapacitors.
Nanoscale 2016, 8, 1854–1860. [CrossRef] [PubMed]

51. Brousse, T.; Taberna, P.L.; Crosnier, O.; Dugas, R.; Guillemet, P.; Scudeller, Y.; Zhou, Y.; Favier, F.; Bélanger, D.;
Simon, P. Long-term cycling behavior of asymmetric activated carbon/MnO2 aqueous electrochemical
supercapacitor. J. Power Sources 2007, 173, 633–641. [CrossRef]

52. Liu, Y.; Miao, X.; Fang, J.; Zhang, X.; Chen, S.; Li, W.; Feng, W.; Chen, Y.; Wang, W.; Zhang, Y. Layered-MnO2

nanosheet grown on nitrogen-doped graphene template as a composite cathode for flexible solid-state
asymmetric supercapacitor. ACS Appl. Mater. Interfaces 2016, 8, 5251–5260. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jallcom.2010.03.181
http://dx.doi.org/10.1021/la903947c
http://www.ncbi.nlm.nih.gov/pubmed/20067294
http://dx.doi.org/10.1021/jp505744p
http://dx.doi.org/10.1039/C5RA24692J
http://dx.doi.org/10.1039/C5RA13602D
http://dx.doi.org/10.1021/am400457x
http://www.ncbi.nlm.nih.gov/pubmed/23488813
http://dx.doi.org/10.1002/adfm.201402442
http://dx.doi.org/10.1002/adfm.201001054
http://dx.doi.org/10.1016/j.electacta.2014.11.088
http://dx.doi.org/10.1021/nn100740x
http://www.ncbi.nlm.nih.gov/pubmed/20455594
http://dx.doi.org/10.1016/j.electacta.2015.02.218
http://dx.doi.org/10.1007/s10854-015-4059-z
http://dx.doi.org/10.1016/j.ijhydene.2014.11.072
http://dx.doi.org/10.1149/2.0341606jes
http://dx.doi.org/10.1039/C4RA12693A
http://dx.doi.org/10.1002/aenm.201400064
http://dx.doi.org/10.1039/C5NR07900D
http://www.ncbi.nlm.nih.gov/pubmed/26726127
http://dx.doi.org/10.1016/j.jpowsour.2007.04.074
http://dx.doi.org/10.1021/acsami.5b10649
http://www.ncbi.nlm.nih.gov/pubmed/26842681


Nanomaterials 2018, 8, 924 22 of 23

53. Lu, X.; Yu, M.; Zhai, T.; Wang, G.; Xie, S.; Liu, T.; Liang, C.; Tong, Y.; Li, Y. High energy density asymmetric
quasi-solid-state supercapacitor based on porous vanadium nitride nanowire anode. Nano Lett. 2013, 13,
2628–2633. [CrossRef] [PubMed]

54. Lu, X.; Yu, M.; Wang, G.; Zhai, T.; Xie, S.; Ling, Y.; Tong, Y.; Li, Y. H-TiO2@ MnO2//H-TiO2@C core-shell
nanowires for high performance and flexible asymmetric supercapacitors. Adv. Mater. 2013, 25, 267–272.
[CrossRef] [PubMed]

55. Chen, P.; Chen, H.; Qiu, J.; Zhou, C. Inkjet printing of single-walled carbon nanotube/RuO2 nanowire
supercapacitors on cloth fabrics and flexible substrates. Nano Res. 2010, 3, 594–603. [CrossRef]

56. Hummers, W.S.; Offeman, R.E. Preparation of graphitic oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
57. Kovtyukhova, N.I.; Ollivier, P.J.; Martin, B.R.; Mallouk, T.E.; Chizhik, S.A.; Buzaneva, E.V.; Gorchinskiy, A.D.

Layer-by-layer assembly of ultrathin composite films from micron-sized graphite oxide sheets and
polycations. Chem. Mater. 1999, 11, 771–778. [CrossRef]

58. Wen, Y.; Ding, H.; Shan, Y. Preparation and visible light photocatalytic activity of Ag/TiO2/graphene
nanocomposite. Nanoscale 2011, 3, 4411–4417. [CrossRef] [PubMed]

59. Zhang, Z.; Xiao, F.; Guo, Y.; Wang, S.; Liu, Y. One-pot self-assembled three-dimensional TiO2-graphene
hydrogel with improved adsorption capacities and photocatalytic and electrochemical activities. ACS Appl.
Mater. Interfaces 2013, 5, 2227–2233. [CrossRef] [PubMed]

60. Chee, W.K.; Lim, H.N.; Zainal, Z.; Huang, N.M.; Harrison, I.; Andou, Y. Flexible graphene-based
supercapacitors: A review. J. Phys. Chem. C 2016, 120, 4153–4172. [CrossRef]

61. Liu, L.; Su, L.; Lang, J.; Hu, B.; Xu, S.; Yan, X. Controllable synthesis of Mn3O4 nanodots@nitrogen-doped
graphene and its application for high energy density supercapacitors. J. Mater. Chem. A 2017, 5, 5523–5531.
[CrossRef]

62. Xu, H.; Qu, Z.; Zong, C.; Huang, W.; Quan, F.; Yan, N. MnOx/graphene for the catalytic oxidation and
adsorption of elemental mercury. Environ. Sci. Technol. 2015, 49, 6823–6830. [CrossRef] [PubMed]

63. Yang, Y.; Zeng, B.; Liu, J.; Long, Y.; Li, N.; Wen, Z.; Jiang, Y. Graphene/MnO2 composite prepared by a
simple method for high performance supercapacitor. Mater. Res. Innov. 2016, 20, 92–98. [CrossRef]

64. Li, Z.; Mi, Y.; Liu, X.; Liu, S.; Yang, S.; Wang, J. Flexible graphene/MnO2 composite papers for supercapacitor
electrodes. J. Mater. Chem. 2011, 21, 14706–14711. [CrossRef]

65. Unnikrishnan, B.; Wu, C.W.; Chen, I.W.P.; Chang, H.T.; Lin, C.H.; Huang, C.C. Carbon dot-mediated synthesis
of manganese oxide decorated graphene nanosheets for supercapacitor application. ACS Sustain. Chem. Eng.
2016, 4, 3008–3016. [CrossRef]

66. Du, D.; Li, P.; Ouyang, J. Nitrogen-doped reduced graphene oxide prepared by simultaneous thermal
reduction and nitrogen doping of graphene oxide in air and its application as an electrocatalyst. ACS Appl.
Mater. Interfaces 2015, 7, 26952–26958. [CrossRef] [PubMed]

67. Wang, B.; Qin, Y.; Tan, W.; Tao, Y.; Kong, Y. Smartly designed 3D N-doped mesoporous graphene for
high-performance supercapacitor electrodes. Electrochim. Acta 2017, 241, 1–9. [CrossRef]

68. Chen, S.; Zhu, J.; Wu, X.; Han, Q.; Wang, X. Graphene oxide MnO2 nanocomposite for supercapacitors.
ACS Nano 2010, 4, 2822–2830. [CrossRef] [PubMed]

69. Qu, J.; Shi, L.; He, C.; Gao, F.; Li, B.; Hu, Q.Z.H.; Shao, G.; Wang, X.; Qiu, J. Highly efficient synthesis of
graphene/MnO2 hybrids and their application for ultrafast oxidative decomposition of methylene blue.
Carbon 2014, 66, 485–492. [CrossRef]

70. Arunabha, G.; Hee, L.Y. Carbon-based electrochemical capacitors. ChemSusChem 2012, 5, 480–499.
71. Sun, L.; Wang, L.; Tian, C.; Tan, T.; Xie, Y.; Shi, K.; Li, M.; Fu, H. Nitrogen-doped graphene with high

nitrogen level via a one-step hydrothermal reaction of graphene oxide with urea for superior capacitive
energy storage. RSC Adv. 2012, 2, 4498–4506. [CrossRef]

72. Zhang, W.; Xu, C.; Ma, C.; Li, G.; Wang, Y.; Zhang, K.; Li, F.; Liu, C.; Cheng, H.M.; Du, Y.; et al.
Nitrogen-superdoped 3D graphene networks for high-performance supercapacitors. Adv. Mater. 2017,
29, 1701677. [CrossRef] [PubMed]

73. Zhang, X.; He, M.; He, P.; Li, C.; Liu, H.; Zhang, X.; Ma, Y. Ultrafine nano-network structured bacterial
cellulose as reductant and bridging ligands to fabricate ultrathin K-birnessite type MnO2 nanosheets for
supercapacitors. Appl. Surf. Sci. 2018, 433, 419–427. [CrossRef]

http://dx.doi.org/10.1021/nl400760a
http://www.ncbi.nlm.nih.gov/pubmed/23634667
http://dx.doi.org/10.1002/adma.201203410
http://www.ncbi.nlm.nih.gov/pubmed/23080535
http://dx.doi.org/10.1007/s12274-010-0020-x
http://dx.doi.org/10.1021/ja01539a017
http://dx.doi.org/10.1021/cm981085u
http://dx.doi.org/10.1039/c1nr10604j
http://www.ncbi.nlm.nih.gov/pubmed/21909581
http://dx.doi.org/10.1021/am303299r
http://www.ncbi.nlm.nih.gov/pubmed/23429833
http://dx.doi.org/10.1021/acs.jpcc.5b10187
http://dx.doi.org/10.1039/C7TA00744B
http://dx.doi.org/10.1021/es505978n
http://www.ncbi.nlm.nih.gov/pubmed/25922870
http://dx.doi.org/10.1179/1433075X15Y.0000000021
http://dx.doi.org/10.1039/c1jm11941a
http://dx.doi.org/10.1021/acssuschemeng.5b01700
http://dx.doi.org/10.1021/acsami.5b07757
http://www.ncbi.nlm.nih.gov/pubmed/26580573
http://dx.doi.org/10.1016/j.electacta.2017.04.120
http://dx.doi.org/10.1021/nn901311t
http://www.ncbi.nlm.nih.gov/pubmed/20384318
http://dx.doi.org/10.1016/j.carbon.2013.09.025
http://dx.doi.org/10.1039/c2ra01367c
http://dx.doi.org/10.1002/adma.201701677
http://www.ncbi.nlm.nih.gov/pubmed/28736956
http://dx.doi.org/10.1016/j.apsusc.2017.10.053


Nanomaterials 2018, 8, 924 23 of 23

74. Ren, Y.; Xu, Q.; Zhang, J.; Yang, H.; Wang, B.; Yang, D.; Hu, J.; Liu, Z. Functionalization of biomass
carbonaceous aerogels: Selective preparation of MnO2@CA composites for supercapacitors. ACS Appl.
Mater. Interfaces 2014, 6, 9689–9697. [CrossRef] [PubMed]

75. Zolfaghari, A.; Naderi, H.R.; Mortaheb, H.R. Carbon black/manganese dioxide composites synthesized by
sonochemistry method for electrochemical supercapacitors. J. Electroanal. Chem. 2013, 697, 60–67. [CrossRef]

76. Naderia, H.R.; Norouzia, P.; Ganjali, M.R. Electrochemical study of a novel high performance supercapacitor
based on MnO2/nitrogen-doped graphene nanocomposite. Appl. Surf. Sci. 2016, 366, 552–560. [CrossRef]

77. Li, Y.; Zhao, N.; Shi, C.; Liu, E.; He, C. Improve the supercapacity performance of MnO2-decorated graphene
by controlling the oxidization extent of graphene. J. Phys. Chem. C 2012, 116, 25226–25232. [CrossRef]

78. Huang, B.; Huang, C.; Qian, Y. Facile hydrothermal synthesis of manganese dioxide/nitrogen-doped
graphene composites as electrode material for supercapacitors. J. Electrochem. Sci. 2017, 12, 11171–11180.
[CrossRef]

79. Xiao, W.; Zhou, W.J.; Yu, H.; Pu, Y.; Zhang, Y.H.; Hu, C.B. Template synthesis of hierarchical mesoporous
δ-MnO2 hollow microspheres as electrode material for high-performance symmetric supercapacitor.
Electrochim. Acta 2018, 264, 1–11. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/am502035g
http://www.ncbi.nlm.nih.gov/pubmed/24882146
http://dx.doi.org/10.1016/j.jelechem.2013.03.012
http://dx.doi.org/10.1016/j.apsusc.2016.01.058
http://dx.doi.org/10.1021/jp307661x
http://dx.doi.org/10.20964/2017.12.40
http://dx.doi.org/10.1016/j.electacta.2018.01.070
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Preparation of G 
	Preparation of NG Composites 
	Preparation of NG/MnO2 (NGM) Composites 
	Fabrication of Electrodes 
	Characterization 
	Electrochemical Measurements 

	Results and Discussion 
	Conclusions 
	References

