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ABSTRACT: A three-dimensional (3D) nanostructure comprised of ternary
rGO/CNTs/MnO, nanocomposites was successfully developed and
prepared for high-rate supercapacitors. The optimized nanocomposite
exhibited a high specific capacitance (SC) of 319 F g~! with enhanced rate
capability (222 F g™" even at 60 A g') and cycling stability (85.4% retention
of original capacity after cycling for 3000 times) in a 1 M Na,SO, aqueous
solution. Such outstanding capacitive behaviors are mainly attributed to smart
nanostructures, which possess several advantages as supercapacitor electro-
des, such as easy access pseudoactive species with high utilization and fast
ion/electron transfer and also a strong interaction between the 3D rGO/
CNTs carbon matrix and pseudoactive MnO, nanoflakes. It is concluded that
the present 3D rGO/CNTs/MnO, nanocomposites can serve as promising

electrode materials for advanced supercapacitors.
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B INTRODUCTION

For the past few years, considerable research efforts have been
focused on high-power and energy-density storage devices due
to the ever-increasing needs for high-power applications such as
electric vehicles, hybrid electric vehicles, and other power
supply facilities.' > Supercapacitors have attracted intense
interest owing to their combining merits, ie., high power
density of conventional dielectric capacitors and high energy
density of batteries.*® On the basis of the energy storage
mechanism, supercapacitors can be divided into electrical
double-layer capacitors (EDLCs) and pseudocapacitors,
basically, the former use carbon-active materials as electrodes
and the latter use redox-active materials. The key to develop
supercapacitors is the design and synthesis of high-performance
electrode materials. Among the various materials studied so far,
MnO, has been considered as the most promising candidate in
view of its low cost, environmentally friendly nature, and
especially its high theoretical capacity.” > More significantly,
MnO,-based nanomaterials are usually applied in neutral
aqueous electrolytes, which can meet the current environmental
requirements of “green electrolytes” in supercapacitors.
However, the intrinsic poor conductivity of MnO, (107 to
107¢ S cm™)" leads to an unsatisfying charge—discharge rate
performance, especially for high-power devices.

To solve the problem, one strategy is to combine the two
kinds of electrode materials by coupling MnO, with EDLCs-
based carbon materials considering their high power density
and long cycling life.*'"'> Graphene, a rapidly rising star, has
been the focus of world attention in energy storage fields owing
to its ultrahigh surface area, outstanding electrical conductivity,
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and strong mechanical stability."> Some reports show that the
combination of metal oxide-based electrode materials with
graphene can greatly improve the electrochemical perform-
ance."*™!¢ For instance, Yan et al."* used surface carbon as the
reducing agent to prepare graphene/MnO, composite electro-
des with the aid of necessary binder and conducting agents,
which delivered a specific capacitance of 310 F/g at a scan rate
of 2 mV/s. Chen et al.'” reported the integration of GO and
needle-like MnO, crystals, which endowed the composites with
better electrochemical behaviors for supercapacitors. It is widely
known that the surface area of graphene highly depends on the
number of graphene layers. However, a critical challenge in the
fabrication and application of graphene is to weaken the strong
van der Waals force of the z-stacked layers in graphite.

In this work, we demonstrated the synthesis of ternary rGO/
CNTs/MnO, nanocomposites, in which CNTs were grown in
between the rGO nanosheets layers by a chemical vapor
deposition forming intriguing three-dimensional (3D) nano-
structures, and then MnO, nanoflakes were loaded on the 3D
rGO/CNTs framework. In this architecture, CNTs were used
as “stabilizers” or “spacers” between graphene layers forming a
3D conductive network and, hence, avoiding the aggregation of
graphene and accelerating electron transportation. Meanwhile,
the as-designed nanostructures can also create amounts of
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Scheme 1. Schematic Illustration of Experimental Steps for Preparation of 3D rGO/CNTs/MnO, Nanocomposites
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porous configurations, which may further shorten the diffusion
path of ions. The resulting nanocomposites, when applied as
supercapacitor electrodes, exhibited high specific capacitance

with outstanding rate capability and high cycling stability.

B EXPERIMENTAL SECTION

General. All the reagents used in the experiment were of analytical
grade (Sigma-Aldrich) and were used as received.

Method. Synthesis of rGO/CNTs-Ni. Graphene oxide (GO) was
prepared from natural graphite flake (Alfa Aesar) via the modified
Hummers method, which was described elsewhere.'* In a typical
procedure, 54 mg of GO was well dispersed in 108 mL of deionized
(DI) water by sonication for 30 min. Afterward, an appropriate
amount of nickel nitrate was slowly added into the suspension,
followed by few drops of diluted ammonia solution, and then stirred
for 2 h at room temperature. The obtained precursor, ie, GO-
Ni(OH), composite was collected by freeze-drying and was annealed
at 500 °C for 2 h in flowing argon to obtain rGO-Ni. Then the CVD
method was used to grow CNTs on the Ni-loaded rGO sheets at 650
°C for 15 min with acetylene as the carbon source based on our
previous work.

Synthesis of rGO/CNTs/MnO,. Typically, 30 mg rGO/CNTs-Ni
was first dispersed in 30 mL deionized water. Then an appropriate 0.1
M KMnO, solution was slowly added into the suspension, and the
mixed solution was transferred to a 50 mL Teflon-lined stainless steel
autoclave. The autoclave was sealed tightly and subjected to an
elevated temperature of 150 °C in air oven for 6 h and then naturally
cooled. The precipitate was collected by filtration, washed several
times with DI water and absolute ethanol, and finally dried at 60 °C
overnight for further characterizations.

Characterizations. The as-prepared products were characterized
with X-ray powder diffractometer (XRD; Rigaku D/max 2550VB/PC
with Cu Ka radiation (40 kV, 100 mA)), scanning electron
microscopy (FESEM; Hitachi $-4800, 1S kV), and transmission
electron microscopy (TEM; JEOL 2010, 200 kV) operated at 200 kV
equipped with an energy dispersive X-ray spectrometer (EDS). N,
adsorption/desorption was carried out by Brunauer—Emmett—Teller
(BET) measurements using a Micromertics 2010 analyzer. Thermog-
ravimetric analysis (TGA, QS00) was proceeded with a heating rate of
10 °C min~" under flowing nitrogen.

Electrochemical Measurements. Electrochemical measurements
(Autolab PGSTAT30 potentiostat) were conducted in a 1 M Na,SO,
aqueous solution using a three-electrode mode. The working electrode
was prepared as follows. The active material powder (80 wt %),
acetylene black (1S wt %), and polyvinylidene fluoride (PVDF, S wt
%) were first mixed in NMP, and then an appropriate absolute ethanol
was added into the mixture to promote homogeneity. After that, the
mixture was coated onto the graphite paper (1 cm?) to form the
electrode layer by drying at 120 °C for around 2 h. The mass loading
of active materials is about 0.8 mg cm™. The reference and counter
electrodes were Ag/AgCl electrode and platinum foil, respectively.
Typical CV curves were measured between —0.2 and 0.8 V.
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B RESULTS AND DISSUSION

The experimental steps for the resulting nanocomposites are
illustrated in Scheme 1. The detailed process for the
preparation of rGO/CNTs/MnO, are listed in the Exper-
imental Section. The XRD pattern of the as-obtained rGO/
CNTs/MnO, nanocomposites with ~75.6 wt % MnO, (TG
curve, Figure S3, Supporting Information) is shown in Figure 1.
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Figure 1. XRD pattern of the rGO/CNTs/MnO, nanocomposites.

All of the diffraction peaks correspond to monoclinic K-
birnessite MnO, (JCPDS no. 80-1098), which consists of 2D
nanosheets of edge-shared MnOg octahedral separated from
each other with K* ions and water molecules located at the
interlayer space. No other characteristic peaks from the
impurities are detected in the spectrum. The first two peaks
are indexed to (001) and (002) basal reflections, while two
other peaks arise from the (201/111) and (021/311) diffraction
bands, respectively.'®"?

Figure 2a shows the corresponding SEM image of the
composites. It is noted that CNTs are well distributed on the
surface of rGO nanosheets, and MnO, nanoflakes are well
grown on the surface of the whole rGO/CNTs framework. A
high-magnification SEM image is also provided in Figure S1
(Supporting Information). The detailed structure of the rGO/
CNTs/MnO, nanocomposites was further examined by TEM,
as shown in Figure 2(b—d). Figure 2b exhibits that the CNTs
grown from the CVD method are multi-walled CNTs. Notably,
most of the Ni nanoparticle catalysts disappear at the top of
CNTs. A TEM image of Ni nanoparticles loaded rGO is
provided in Figure S2 (Supporting Information). The tip
growth mechanism of CNTs in this work has been discussed
elsewhere.”® From the observation of a high-magnification
TEM image, an obvious hole at the top of the CNTs can be
observed, labeled by a yellow dotted circle in Figure 2c. The
addition of acid KMnO, with strong oxidizing ability is
responsible for the dissolution of Ni nanoparticles. In addition,
it is clear that the MnO, nanoflakes are well grown on the CNT
wall and the surface of rGO, which coincide exactly with the
observation of SEM. By controlling the KMnO,, concentration,
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Figure 2. (a) SEM image. (b) Low-magnification and (c) high-
magnification TEM images. (d) High-resolution TEM images of the
rGO/CNTs/MnO, nanocomposites. Inset shows the corresponding
SAED pattern.

the thickness of the MnO, layer can be easily varied. As shown
in Figure 2d, the interplanar distance of the MnO, nanoflake is
measured to be 0.67 nm," which is in accordance with the
literature for birnessite-type MnO,. The electron diffraction
(ED) pattern (Figure 2d, inset), taken from a randomly chosen
area, shows a polycrystalline nature.

The rGO/CNTs/MnO, nanocomposites also show a high
BET surface area of 140 m* g™" with a pore volume of 0.36 m*
g~". The N, adsorption and desorption isotherms and pore size
distribution are shown in Figure 3. A distinct hysteresis loop is
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Figure 3. N, adsorption/desorption isotherms and pore size
distribution curves (inset) of the rGO/CNTs/MnO, nanocomposites.

noticed in the larger range of 0.45—1.0 P/P,, suggesting the
presence of mesoporous and macroporous structures.” The
pore size distribution was estimated to have an average
diameter of 3.8 nm calculated from the desorption data using
the BJH model. The high BET surface area and porous feature
of the rGO/CNTs/MnO, make it possible that electrons and
ions transport easily and efficiently in the electrode matrix, thus
leading to better electrochemical performances.

Figure 4a shows the CV curves of the as-synthesized rGO/
CNTs/MnO,, rtGO/CNTs, and pure MnO, at a scan rate of 20
mV s™' in a 1 M Na,SO, aqueous solution. All the samples
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present a typical capacitive behavior with rectangular and
symmetric CV curves. It is noted that the specific capacitance of
the rGO/CNTs/MnO, nanocomposites is just above pure
MnO, but much higher than rGO/CNTs. In the CV curves, an
obvious gradient angle appears from —0.2 to 0 V and from 0.6
to 0.8 V for pure MnO,, while an almost vertical line can be
observed for tGO/CNTs/MnO,, indicating that the electrical
conductivity of the rGO/CNTs/MnO, has been greatly
improved, suggesting an excellent power performance. This
also demonstrates the strong synergistic effect of the electric
double layer-/pseudo-capacitive contributions from the rGO/
CNTs framework and MnO, nanoflakes, respectively. To
obtain a better understanding of the effect of MnO, content on
the electrochemical performance of the nanocomposites, the
specific capacitances based on different MnO, contents are
provided in Figure S4 of the Supporting Information according
to their CV measurements. The results indicated that the rGO/
CNTs/MnO, nanocomposites with 75.6% MnO, content
possessed the highest specific capacitance. To further
investigate the electrochemical performance of the optimized
rGP/CNTs/MnO, nanocomposites, the galvanostatic charge—
discharge curves of the rGO/CNTs/MnO, nanocomposites
were measured from 0.5 to 20 A g~', as shown in Figure 4b. It
is shown that the charging curves are basically symmetrical to
their discharging counterparts, suggesting good electrochemical
behavior. A maximum specific capacitance of 319 F ¢! can be
achieved at a low current density of 0.5 A g™". Figure 4c further
illustrates the relationship between specific capacitance and
current density. The data of pure MnO, is also provided as a
comparison. It is found that the capacitance retention of rGO/
CNTs/MnO, is much better than pure MnO, with an increase
in current density. A specific capacitance of 222 F ¢! is
maintained for rGO/CNTs/MnO,, while only 52 F g_1 for
pure MnO, at a very high current density of 60 F g~'. Ragone
plots are also presented in Figure 4d for rtGO/CNTs/MnO,,
pure MnO,, and rGO/CNTs. The energy densities can be
estimated to be 44.3 Wh kgl_ for rGO/CNTs/MnO,, 41.4 Wh
kg'™ for pure MnO,, and 18.1 Wh kg'~ for rGO/CNTs at a
power density of 250 W kg™'. More importantly, the energy
density still maintains a high value of 30.8 Wh kg'~ for rGO/
CNTs/MnO,, while only 7.2 Wh kg'~ and 6.7 Wh kg'~ are
retained for pure MnO, and rGO/CNTs, respectively, even
when the power density is as high as 30000 W kg™'. The
capacitive performances of the rGO/CNTs/MnO, nano-
composites are encouraging, which is of great potential as the
electrode materials for high-rate charge—discharge applications
in supercapacitors.

The long-term cycling stability of the rtGO/CNTs/MnO,
nanocomposites is also studied by CV measurement at a scan
rate of SO mV s™! for 3000 cycles, as depicted in Figure S. The
as-designed nanocomposites exhibited a high electrochemical
stability that still kept about 85.4% capacitance retention after
cycling for 3000 times. The high cycling stability can be mainly
due to the synergistic effects among rGO, CNTs, and MnO,. It
is noted that the electrolyte gradually turns a light shade of
brown after the cycling test, indicating partial dissolution of
MnO, into electrolyte, which would probably be the reason of
the capacitance decrease.

On the basis of the above discussions, the capacitive
performance of the rGO/CNTs/MnO, nanocomposites is
better than the reported pure MnO, nanostructures, even with
more intri§uing morphologies, such as ultrafine MnO,

2 : 22
nanowires,” 3D claw-like MnO, nanostructures.”™ In a
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Figure 4. (a) CV curves of the rGO/CNTs/MnO,, pure MnO,, and rGO/CNTs at a scan rate of 20 mV s™/, respectively. (b) Charge—discharge
curves of the rGO/CNTs/MnQ, at current densities of 0.5—-20 A g’l. (c) Specific capacitance as a function of different current densities of rGO/
CNTs/MnO, and pure MnO,. (d) Ragone plots of tGO/CNTs/MnO,, pure MnO,, and rtGO/CNTs.
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previous report, MnO, multilayer nanosheets clusters were
synthesized by Feng et al,> which showed a high specific
capacitance of 521 F g™' at S mV s™' but only 42 F g™" at 50
mV s~ (205 F g™' for this work, Supporting Information).
Compared with most of the reported MnO,-based nano-
composites, our as-designed material also exhibited superior
electrochemical performance, such as MnO,/multi-walled
CNTs composites,” MnO, nanosheets/ graphene nanocompo-
sites,” ultrafine -MnO,/polypyrrole nanorod composites,®
Zn,Sn0,/MnO, core/shell nanocable-carbon microfiber hy-
brids,>” MnO,/activated carbon textiles,”® and so forth.
Recently, Lee et al*® reported MnO, nanoparticles enriched
in poly(3,4-ethylenedioxythiophene) nanowires, showing a high
specific capacitance of 250 F g™" at 5 mA cm™ However, these
materials systems showed a poor stability, 10% capacity loss
after 500 cycles (only 3.9% capacity loss for our work). Several
advantages are supposed to account for the intriguing
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electrochemical performances of the as-obtained 3D rGO/
CNTs/MnO, nanocomposites. First, the construction of the
rGO/CNTs framework is conducive to greatly enhancing the
electrical conductivity of MnO, by forming a highly conductive
network, which will ensure the high rate capability of electrode
materials. Second, MnO, nanoflakes have been well grown and
well dispersed all over the 3D rGO/CNTs framework,
constructing amounts of porous configuration. The porous
feature leads to more contact area with the electrolyte and can
also accommodate the possible volume change during cycling.
Therefore, high specific capacitance and cycling stability were
obtained. Third, an obvious synergistic effect was achieved
between high power density electric double-layer capacitance
material (rGO/CNTs) and high energy density pseudocapaci-
tance material (MnO,). It is therefore reckoned to be a
promising candidate for supercapacitors.

B CONCLUSION

In summary, we demonstrated the design and synthesis of 3D
rGO/CNTs/MnO, nanocomposites for high-performance
supercapacitor applications. The optimized nanocomposite
exhibited a high specific capacitance of 319 F g~' with
enhanced rate capability (222 F g™' even at 60 A g™') and
cycling stability (85.4% retention of original capacity after
cycling for 3000 times) in a 1 M Na,SO, aqueous solution.
Such excellent electrochemical behaviors are mainly attributed
to the smart nanostructures, which can provide fast ion and
electron transfer by forming a 3D conductive network, superior
reversible redox reactions of the pseudoactive materials,
efficient utilization of the highly accessible MnO, species, and
a strong interaction between the rGO/CNTs carbon matrix
and pseudoactive MnO, nanoflakes. The present findings are
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important not only for the synthesis of 3D rGO/CNTs/MnO,
nanocomposites but also for the development of advanced
electrode materials with better electrochemical performance,
which may provide huge potential for applications in
supercapacitors.
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