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ABSTRACT: A type of freestanding three-dimensional (3D)

micro/nanointerconnected structure, with a conjunction of

microsized 3D graphene networks, nanosized 3D carbon nano-
fiber (CNF) forests, and consequently loaded MnO, nanosheets,
has been designed as the electrodes of an ultralight flexible
supercapacitor. The resulting 3D graphene/CNFs/MnO, compo-
site networks exhibit remarkable flexibility and highly mechanical
properties due to good and intimate contacts among them,
without current collectors and binders. Simultaneously, this
designed 3D micro/nanointerconnected structure can provide

an uninterrupted double charges freeway network for both

electron and electrolyte ion to minimize electron accumulation
and ion-diffusing resistance, leading to an excellent electro-
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chemical performance. The ultrahigh specific capacitance of 946 F/g from cyclic voltammetry (CV) (or 920 F/g from
galvanostatic charging/discharging (GCD)) were obtained, which is superior to that of the present electrode materials based on
3D graphene/MnO, hybrid structure (482 F/g). Furthermore, we have also investigated the superior electrochemical
performances of an asymmetric supercapacitor device (weight of less than 12 mg/cm?® and thickness of ~0.8 mm), showing a
total capacitance of 0.33 F/cm? at a window voltage of 1.8 V and a maximum energy density of 53.4 W h/kg for driving a digital
clock for 42 min. These inspiring performances would make our designed supercapacitors become one of the most promising
candidates for the future flexible and lightweight energy storage systems.
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B INTRODUCTION

Due to their potential applications in portable electronic
devices, such as flexible displays, electronic papers, wearable
electronics, mobile phones, and portable computers, flexible
energy storage devices have attracted more and more
attention.'* In particular, flexible supercapacitors have been
considered as one of the most promising ones due to their
irreplaceable properties, such as fast charging/discharging rate,
long life-cycles, high power density, and simple device
configuration.”~” In view of the flexible supercapacitors’
electrode materials, porous carbon materials, showing superior
mechanical and electrical properties, low-cost, and excellent
capacitance performance with conductive double layers, have
been frequently employed.® ' Recently, to achieve fundamen-
tal investigation into the electrode kinetic process and the
relationship between carbon porous structure and electrolyte
ions,"' ™2 extensive attention has been fixed on the design and
fabrication of three-dimensional (3D) multifunctional carbon
structures for high-performance supercapacitors."*”"” Most
importantly, those types of 3D carbon materials like porous
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structures can provide fast transport channels for easy ion
access to the solid-state electrode and well-interconnected wall
structures for a continuous electron pathway. Thus, it is
expected that the flexible supercapacitors with 3D carbon
electrodes would show an enhanced electrochemical perform-
ance.

Among those 3D carbon structures, nanosized carbon
materials have attracted intense attention, including active
carbon (AC),"® carbide-derived carbon," templated mesopo-
rous carbons,®® and carbon nanotubes (CNTs),*' carbon
nanofibers (CNFs),*” graphene nanosheets,” and their
hybrid-based nanostructures.”*>® The typical advantages
inherited from those 3D nanostructured materials include the
following:'**” (1) large specific surface area (SSA), which can
significantly enlarge the electrode/electrolyte contact area per
unit mass, and provide more ion adsorption sites for double-
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Figure 1. Schematic illustration of 3D micro/nanointerconnected structure as flexible supercapacitor electrode. The designed 3D micro/
nanointerconnected structure is based on the bulk hierarchical graphene/CNFs/MnO, composite (with the dimension >1 cm), where primary
structure (with a dimension of 100 ym) is made by the graphene networks, secondary structure (with a dimension of 1 ym) is made by the CVD
grown-CNF forest on graphene skeletons, and tertiary structure (with a dimension of 10 nm) is made by a hemicylindrical MnO, nanosheetlike
shell. Moreover, this 3D micro/nanointerconnected structure can provide uninterrupted charges transfer pathways in storage reaction.

layer formation and charge-transfer reactions; (2) conductive
structural interconnectivity, which can provide both nano-
porous channels for low-resistant ion diffusion and nanosized
skeletons for electron transfer. However, those nanosized
carbon materials are usually powderlike, and two inherent
drawbacks cannot be avoided during the process of mixing
them with some binders or additives to form a paste on the
collectors:*® (i) the disruption of long-range electron-
conducting pathways in mixture of powdered components
and the frustration of electrolyte infiltration to the interior
surfaces by poorly interconnected macro-sized void volume and
(ii) the aggregation and obscuration of nanosized 3D structured
carbon powder when mixed with binding additives. Undoubt-
edly, these drawbacks will hinder their potential applications of
nanosized electrode materials in supercapacitors, especially in
flexible ones.

More recently, graphene-based microsized 3D structures
have been proposed as a new class of ultralight and porous
carbon bulk electrode materials due to their continuously
robust interconnected macroporous skeletons, low mass
density, and high electrical conductivity.ls’16 These 3D
structures can serve as freestanding bulk electrode or collector
for supercapacitors without extra binders or conductive
additives compared with the previously reported 3D nanosized
carbon materials.””~>" Moreover, the macropores in these 3D
structures can provide ion-buffering reservoirs to minimize the
diffusion distances from the electrolyte to the interior surfaces,
meanwhile the microsized and robust carbon skeletons in them
can maintain long-range electron-conducting pathways."!
However, in most cases, those freestanding collectors or
electrodes have often suffered from the limited efficiency of
mass transport and charge storage due to the limited SSA and
the lack of nanosized pores. To solve these problems, a more
design-rich strategy was proposed to integrate nanosized 3D
structure into microsized 3D graphene bulk structure.>*~>* This
design can not only enlarge SSA by providing mesopores and/
or micropores but also show a synergistic enhancement effect
by introducing both microsized 3D graphene structures and
nanosized 3D structures in bulk electrode. It is demonstrated
that this kind of 3D micro/nanosized carbon structures exhibits
a superior electrochemical performance than those of the

reported single 3D microsized or nanosized carbon structures.
However, their mechanical properties and charge (electron and
ion) transfer in storage reaction are still limited due to the lack
of effective conjunction between micro- and nanostructures. It
is suggested that this conjunction not only should be strong
mechanical strength for keeping micro/nanostructure during
bending operations but also provide interconnected pores and
wall leading to uninterrupted electron-conducting and ion-
diffusing pathways.

Herein, we present a design for fabricating a freestanding,
lightweight, flexible, and mechanically robust 3D micro/
nanointerconnected structure for supercapacitor electrodes
based on the synergistic effects among the 3D graphene
networks, CNFs forest, and MnO, nanosheets decorated on
their surface (Figure 1). This type of highly flexible 3D
microsized graphene networks produced by chemical vapor
deposition (CVD) using pressed Ni foam as 3D template and
catalyst can serve as current collector in the flexible
supercapacitors. Moreover, the ion-buffering reservoirs resulted
from those macropores (with a dimension of 100 ym) can
minimize the diffusion distances from the electrolyte to the
interior surfaces. On the other hand, CNF forest (with a
dimension of 1 ym) directly grown on the flexible graphene
skeletons by CVD can achieve a very tight conjunction between
graphene and CNFs, and this type of hierarchical structure can
provide an efficient transfer of electrons to each CNF in the
forest. Simultaneously, the void volume between the neighbor-
ing CNFs can allow easy penetration of the electrolyte, further
shortening the ion transfer pathway to their surface. Finally, to
achieve a high capacitance, MnO, nanosheet as an active
material was intimately coated on each CNF by the redox
reaction between CNFs and KMnO, through microwave
heating. Therefore, this rationally designed 3D micro/nano-
interconnected structure, which combined micro- and nano-
structured wall and/or pores seamlessly, can serve as the
uninterrupted double charge freeway networks for quick
electron transfer and easy electrolyte ion diffusion in the
flexible bulk electrodes.
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Figure 2. SEM images of 3D graphene networks after removal of Ni foam (a) and 3D graphene/CNF composite networks (b). The corresponding
insets show high-magnification SEM images of both the graphene skeletons and CNF forest. (c) Raman spectra of 3D graphene networks and 3D
graphene/CNFs composite networks. (d) Electrical resistance for 3D graphene/CNF networks at the different bending angles. The inset shows the
digital photographs of the 3D graphene/CNF networks with different bending shapes.

B RESULTS AND DISCUSSION

The morphologies of 3D graphene networks and 3D graphene/
CNFs composite networks were observed by scanning electron
microscopy (SEM) as shown in Figure 2a and b, respectively.
After removal of Ni template, it can be seen that the graphene
network skeleton has inherited the 3D porous structure from
the pressed Ni foam without cracking and collapsing. And these
3D porous graphene networks would exhibit a high electrical
conductivity of 55 S/cm and a large specific surface area of 392
m?/g, which was reported in our previous work.”> Moreover,
the surface of the graphene skeleton is very smooth due to a
conformal CVD growth on the Ni foam (the inset of Figure
2a). Subsequently, CNF forest was grown in a CVD system
using graphene networks as the 3D catalyst support, and the
obtained 3D graphene/CNT networks possess a lightweight
density of 1.5—2.0 mg/ cm? and a thickness less than 200 pm.
As shown in Figure 2b, the as-grown CNF forest is dense and
uniform around the whole graphene skeletons. The thickness of
the CNF layer is estimated to be 6—10 um by the width
increase of the graphene skeleton (the inset of Figure 2b) and
the average diameter of the as grown CNFs is around 20 nm,
which was roughly measured from the high magnification SEM
image (Supporting Information Figure S1). The structures of
both 3D graphene networks and 3D graphene/CNFs
composite networks were further determined by Raman
spectroscopy, as shown in Figure 2c. The type Raman
characteristics of the G peak at 1581 cm™, the 2D peak at
2713 cm™, and their peak intensity ratio (G/2D ratio) from
the 3D graphene networks indicate those graphene networks
comprised few-layer graphene sheets. And no D band is
observed at 1360 cm™', implying the high quality of the as-
grown structures. In comparison, the presence of the intense D
band centered around 1360 cm™" for the 3D graphene/CNFs
networks can be associated with characteristic defects within
the as-grown CNFs.
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Figures 2d shows that the dependence of electrical-resistance
variation as a function of the bending angles (from 0° to 180°)
imposed on the 3D graphene/CNF networks. Inspiringly, there
are little changes (less than 1%) occurring in the electrical
resistance under different degrees of mechanical deformation.
Simultaneously, it can be seen from the inset of Figure 2d that,
after the growth of CNFs on the surface of 3D graphene
network skeletons, the obtained freestanding 3D graphene/
CNFs networks still maintain a high flexibility and superior
mechanical strength properties the same as the 3D graphene
networks.” These high flexible performances for graphene/
CNFs composite might be mainly attributed to the following
two factors: (1) the forestlike CNF structure is highly flexible
and robust; (2) a direct growth of CNFs on the graphene
skeletons allows excellent physical connectivity, as well as good
electrical connectivity. Thus, this designed 3D grapheme/CNFs
composite will make the fabrication of supercapacitor electro-
des without additional carbon additives and polymeric binders.
And, they can directly serve as freestanding flexible electrodes
as well as an ideal support for active materials.

In order to achieve a high capacitance, a more design-rich
strategy is to uniformly load well-dispersed active material on
each CNF. However, CVD-grown CNF forest is usually
hydrophobic owing to a lack of hydrophilic groups on the
surface (Supporting Information Figure S2), resulting in hard
access for the reaction solution to the inner of CNF forest.
Preliminary results show that this type of 3D graphene/CNFs
composite structures would inevitably suffer from the structural
damages and become frangible and poorly flexible after the
treatments of heating reflux in nitric and/or sulfuric acid,
although its hydrophilic property can be improved. To solve
this problem, the active material of MnO, was loaded by a
redox reaction between carbon and KMnO, with microwave
heating. Figure 3a and b shows no collapses of CNFs and
agglomerations of MnO, in the composite with a MnO, mass
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Figure 3. (a) SEM image of the graphene/CNFs/MnO, composite with an areal MnO, mass density of 0.1 mg/cm? (b) SEM image of the CNFs/
MnO, composite forest marked by a red square in part a. The inset is the high-magnification SEM image. (c and d) Low- and high-magnification
TEM images of CNFs/MnO, composite with the areal mass density of 0.1 mg/ cm? The inset of d shows a lattice-resolution TEM image of the
MnO, nanosheets marked by a red square. (e) Low-magnification TEM images of graphene/CNFs/MnO, composite with the areal mass density of
1.03 mg/cm? The inset shows its high-magnification TEM images and the MnO, shell are marked by red lines. (f) XPS survey spectra of graphene/
CNFs/MnO, composite. The inset illustrates the narrow spectra of Mn2p peaks of the composite.

loading of 0.1 mg/cmz, maintaining a micro/nanointercon-
nected structure. Moreover, it can be seen in the inset of Figure
3b that the nanostructured MnO, has been uniformly coated
on the surface of each CNF, and the deposited MnO, layer
consists of abundant nanosheets. This uniform coating of
MnO, should be attributed to a self-limiting deposition during
the redox reaction between KMnO, and the carbon from
CNFs, in which the formed MnO, will cover the whole surface
of CNFs and hinder the further redox reaction between them.
On the other hand, CNFs serve as a sacrificial reductant
substrate and convert aqueous permanganate to insoluble
MnO,, which will result in intimate contacts between MnO,
and CNF for a fast electron collection and a robust mechanical
connection.>

Further characterization of microstructures of 3D graphene/
CNFs/MnO, composite was conducted on a high revolution
transmission electron microscopy. As shown in Figure 3¢, the
layer-structured MnO, is ultrathin and well-dispersed on the
CNFs. This morphology might be attributed to the merits of
microwave heating,36’3 such as high penetration depth, less
thermal gradient in the reaction medium, and accordingly
enhanced nucleation rate during the synthesis process. The
crystalline MnO, nanosheets were also examined as shown in
Figure 3d, indicating a 0.24 nm lattice spacing of the (100)
planes of MnO, nanosheets. Moreover, it was found that, as the
content of KMnO, increases, the MnO, nanosheet layer
coating will become dense, but no aggregation of MnO, yet
appears as shown in Supporting Information Figure S3. In our
case, a relatively thick coating of MnO, with an areal mass
density of 1.03 mg/cm* was achieved at 8 mg/mL of KMnO,,.
From Figure 3e and its inset, it can be seen that and the
deposited MnO, shell is about 20 nm in thickness and still
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layer-structured. Thus, this type of unique core—shell
nanostructure would provide open nanoscale void to minimize
ion diffusion length. In addition, X-ray photoelectron spectros-
copy (XPS) was further employed to check our designed 3D
graphene/CNFs/MnO, composite, as shown in Figure 3f. It
was found that only signals from Mn, C, and O elements are
detected. The binding energies of Mn 2p3/2 and Mn 2p1/2
(the inset of Figure 3f) are centered around 641.7 and 653.4
eV, revealing a difference of 11.7 eV in binding energy. This
results is consistent with both the binding energy of Mn 2p3/2
and Mn 2p1/2 and the spin energy difference in MnO,.>

To evaluate the electrochemical properties of our designed
3D micro/nanointerconnected structured electrodes, cyclic
voltammetry (CV) and galvanostatic charge—discharge
(GCD) measurements were performed on 3D graphene/
CNFs/MnO, composite networks in 1 M Na,SO, aqueous
solution. During the measurements, we employed a three-
electrode system, with the freestanding graphene/CNFs/MnO,
composite networks, a Pt plate, and an Ag/AgCl (4 M KCl)
electrode as the working, counter, and reference electrodes,
respectively. These composite networks were directly fixed on
the metal clip without metal support or current collectors used
in the tests. Figure 4a shows the CV performance response to
the scan rates. The areal mass density of MnO, in the samples
kept the same as 0.1 mg/cm® It can be seen that the CV shapes
are almost rectangular at scan rates below 400 mV/s and
remain quasi-rectangular even at 1000 mV/s, indicating the
superior charge storage performance and ultrafast response of
the electrodes. Simultaneously, GCD tests were also carried out
under different current densities in the voltage window from 0
to 1V, as shown in Figure 4b. It was demonstrated that all the
charging curves are symmetric to their corresponding discharge
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Figure 4. (a) CVs of a 3D graphene/CNFs/MnO, composite electrode with a fixed areal mass density of 0.1 mg/ cm? at different scan rates. (b)
GCD curves of a 3D graphene/CNFs/MnO, composite electrode with a fixed areal mass density of 0.1 mg/ cm? at different current densities. (inset)
Specific capacitance vs current density for 0.1 mg/cm?* of MnO, from GCD curves. (c and d) CVs of graphene/CNFs/MnO, composite electrodes
with different areal mass densities of MnO, at scan rates of 20 (c) and 200 mV/s (d). (e) Specific capacitance vs scan rate for samples with different
areal mass densities of MnO, calculated from CVs. (f) Nyquist plots of the graphene/CNFs/MnO, composite electrode and graphene/MnO,
composite electrode with a fixed MnO, mass loadings of 0.1 mg/cm? respectively.

counterparts and show good linear voltage—time profiles.
These results indicate a good capacitive behavior of the
designed 3D micro/nanointerconnected structure. In addition,
the inset of Figure 4b shows the specific capacitances as a
function of different current densities from 3 to 70 A/g, and the
maximum value of the specific capacitance was estimated to be
920 F/g.

The CV performance response to the areal mass densities of
MnO, have been further estimated in Figures 4 ¢ and d, at scan
rates of 20 and 200 mV/s, respectively. The corresponding
current increases with increased MnO, content in the
electrodes for both scan rates, indicating more materials
contribute to charge storage. As the scan rate increases from
20 to 200 mV/s, the CV shapes remain nearly rectangular
except only a few deviations as the MnO, coating gets thicker.
These results further indicate the excellent electrochemical
performance of this kind of 3D graphene/CNFs/MnO,
composite networks. Moreover, the specific capacitances
according to the mass of MnO, have been derived from CVs
and plotted in Figure 4e. Here, to evaluate the specific
capacitance of MnO,, the plot was processed by subtracting the
base charge of the bare 3D graphene/CNFs networks, of which
the value is very small due to lack of electroactive sites and
hydrophilic groups. The specific capacitance of 946 F/g (for 0.1
mg/cm* MnO, loading) and 676 F/g (for 0.21 mg/cm* MnO,
loading) can be obtained at a scan rate of 2 mV/s. In contrast,
an electrode made from a freestanding 3D graphene/MnO,
composite networks with a similar areal density shows a much
lower specific capacitance (482 and 336 F/g for 0.11 and 0.20
mg/cm® MnO, loading, respectively). It is believed that such a
large difference is caused by the incorporation of nanosized 3D
structure of CNF forest, which is the key reason for obtaining
high performance in our tests. Thus, it is proposed that CNF
forest would provide an electrochemical transition region

between 3D graphene networks and nanostructured MnO,
layer. In this region, a double highway for electron transfer to
the collector and electrolyte ions access to MnO, surfaces are
formed by CNFs and their open voids in the forest,
respectively. Simultaneously, the extended large active surface
area of CNF forest allows a thinnest MnO, layer, and
consequently these composite networks can achieve a high
specific surface area, as shown in Supporting Information Table
S1.

For a deep understanding of the designed 3D micro/
nanointerconnected structure, the Nyquist plot of the
graphene/CNFs/MnO, composite electrode in the frequency
range from 0.1 Hz to 100 kHz at open-circuit voltage with an ac
amplitude of 5 mV was obtained in a 1 M Na,SO, aqueous
solution, as shown in Figure 4f In the Nyquist plot, the
intercept at the real part (Z’) reflects the combination of the
ionic resistance of the electrolyte and the electrode resistance of
the freestanding graphene/CNFs/MnO, composite. The ionic
resistance of the electrolyte is ~3.1 €, which was measured
using Pt wire as the working electrode in the same test system.
After subtracting the ionic resistance of the electrolyte from the
value of Z’, the resistances of graphene/CNFs/MnO,
composite and graphene/MnO, composite electrodes were
0.6 and 2.5 Q for 0.1 mg/cm?® MnO, mass loading, respectively.
These values suggest good contacts among nanostructured
MnO,, CNFs, and 3D graphene networks. While, this rather
larger resistance of graphene/MnO, composite electrode
should be mainly attributed to its thicker MnO, layer.

After systematically checked the electrochemical perform-
ances of as-prepared electrode materials, we have further
assembled those 3D micro/nanointerconnected structures into
an ultralight flexible asymmetric supercapacitor, in which the
3D graphene/CNFs/MnO, composite networks was employed
as the positive electrode and graphene/active carbon (AC)
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Figure S. (a) Schematic structure of the flexible supercapacitor consisting of a polymer separator, two PET membranes, and two asymmetric
graphene-based electrodes, of which graphene/CNFs/MnO, composite networks was used as the positive electrode and graphene/AC networks as
the negative electrode. The left bottom digital photograph shows the flexibility of the device during bending operations. The right bottom digital
photograph shows a digital clock driven by the flexible supercapacitor. (b) CV curves of an optimized 3D graphene/CNFs/MnO, composite
network||3D graphene/AC network asymmetric flexible supercapacitor measured at different potential windows in 1 M Na,SO, aqueous solution at
a scan rate of 10 mV/s. (c) CVs of the flexible supercapacitor at scan rates of 5, 20, 50, 100, and 200 mV/s. (d) GCD curves of the flexible
asymmetric supercapacitor at different current densities. (inset) Areal capacitance vs current density. (e) Ragone plot related to energy and power
densities of the designed asymmetric flexible supercapacitor with various voltage windows, the designed symmetric flexible supercapacitor, and
another symmetric flexible supercapacitor based on 3D graphene/MnO, composite networks. (f) Cycling performance of the flexible supercapacitor
for charging and discharging at a current density of 10 mA/cm” The inset shows the Nyquist plots of the flexible supercapacitor without blending

and after 100th cycle blending at a bending angle of 90°.

networks as the negative electrode. These two electrodes,
separated by a polymer membrane, were sandwiched between
polyethylene terephthalate (PET) films and immersed in 1 M
Na,SO, solution, as shown in Figure Sa. The as-fabricated
supercapacitor was lightweight (~12 mg/cm?), thin (~0.8
mm), and highly flexible (the left bottom of Figure Sa).
Inspiringly, this designed supercapacitor, after charging at 3
mA/cm?* for 2 min, could drive a digital clock and lasts for a
long time up to 42 min (the right bottom of Figure Sa). This
result reveals the potential application of the fabricated
ultralight flexible supercapacitor in flexible and lightweight
energy storage. At the same time, the cell voltage of the
asymmetric device was ensured by a pre-experiment of CV
measurements in a three-electrode system separately on 3D
graphene/CNFs/MnO, composite networks with a 1.0 mg/
cm?® MnO, mass loading and graphene/AC networks with a 1.6
mg/cm® AC mass loading (Supporting Information Figure S4).
The 3D graphene/CNFs/MnO, composite network was
measured within a stable potential window of —0.1—0.9 V (vs
Ag/AgCl), while the graphene/AC networks was measured
within a potential window of —1.0 to 0 V (vs Ag/AgCl) at a
scan rate of 10 mV/s. Considering the total voltage of
asymmetric supercapacitor can be expressed as the sum of the
potential range for both electrodes, it is deduced that the cell
voltage can be extended up to 1.8 V in 1 M Na,SO, aqueous
solution for an asymmetric supercapacitor.

Figure Sb shows the CV responses of an optimized
asymmetric supercapacitor to applied window potentials at a
scan rate of 10 mV/s. It can be seen that the as-fabricated cell
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shows an ideal capacitive behavior with rectangle CV curves
even at the window potential up to 1.8 V. Moreover, it is was
further confirmed from Figure Sc that those CV curves exhibit
rectangularlike shapes without obvious redox peaks with the
increasing scan rates, even up to 200 mV/s. This result can be
ascribed to the fast surface electrosorption of Na' cations and
the subsequent quick reversible faradic process that occurs
between Na® cations and MnO,. In addition, to demonstrate
the flexibility of the supercapacitor, CV curves were measured
under different curvatures of 0°, 45° 90° and 180° at a scan
rate of 20 mV/s (Supporting Information Figure SS). No
significant change of their electrochemical performance under
bending conditions was observed, which suggests the great
potential application of flexible storage devices.

Furthermore, GCD curves of the ultralight flexible
asymmetric supercapacitor were also explored at various
current densities over the voltage window of 0—1.8 V, as
shown in Figure 5d. Both the linear profiles of charge and
discharge curves and their symmetry demonstrate the good
capacitive characteristics of the asymmetric supercapacitor. The
areal capacitances with respect to current densities have been
derived from the GCDs and plotted in the inset of Figure 5d.
The maximum value is achieved to be 0.33 F/cm?® at current
density of 1 mA/cm? and preserves 51% of its areal capacitance
when the current density increases up to 15 mA/cm® To
further evaluate the electrochemical performance of the 3D
graphene/CNFs/MnO, composite network||3D graphene/AC
network ultralight flexible supercapacitor, Ragone plots relating
energy and power densities was calculated in a voltage window
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of 0—1.3, 0—1.5, and 0—1.8 V with current densities from 1 to
15 mA/cm? (Figure Se). With an operating potential of 1.8 V,
the maximum energy density of the asymmetric supercapacitors
reaches 53.4 Wh/kg with a power density of 332.5 kW/kg. This
maximum energy density is much higher than those of other
MnO,-based asymmetric supercapacitors with aqueous electro-
lyte solutions, such as MnO,/graphene composite (MGC)||gra-
phene (304 Wh/kg),*® 3D graphene/MnO, composite||3D
graphene (44 \/\fll/kg),39 3D graphene||MnO, (23.2 VVh/kg),40
MnO,||AC (7.0-28.8 Wh/kg),"' * CNTs/MnO,||CNTs/
SnO, (20.3 Wh/kg),¥ NaMnO,||AC (19.5 Wh/kg),*
MnO, ||Fe;0, (8.1 Wh/kg),* MnO,||FeOOH (12 Wh/kg),*
MnO,||polypyrrole (7.37 Wh/kg),so MnO,||polyaniline (5.86
Wh/ kg),so and MnO,||poly(3,4-ethylenedioxythiophene) (13.5
W h/kg).*® Moreover, this assembled asymmetric super-
capacitor can also exhibit a good power characteristic of
supercapacitor, and the power density can reach 5172.4 W/kg
when the energy density keeps at 29.4 W h/kg in a voltage
window of 0—1.8 V. It is indicated that the power density
obtained in our cases can not only meet the requirements as
power supply components in hybrid vehicle systems (PNGYV,
15 kW/kg)"" but also extends further smart applicability in
flexible and lightweight energy supply systems. In addition, it is
worth noting that, to some extent, the applied energy/power
densities of the supercapacitors can be well adjusted by
selecting a suitable window voltage to meet practical require-
ments (Figure Se).

For comparison, two symmetric flexible supercapacitors were
also fabricated based on 3D graphene/CNFs/MnO, composite
networks and 3D graphene/MnO, composite networks,
respectively, and were tested galvanostatically between 0 and
1.0 V. The symmetric supercapacitor made from 3D graphene/
CNFs/MnO, composite networks exhibits a maximum energy
density of 10.1 W h/kg (with a power density of 175 kW/kg),
which are superior to that of the symmetric supercapacitor
made from 3D graphene/MnO, composite networks (6.2 Wh/
kg and 125 kW/kg) as well as other symmetrical super-
capacitors such as doped 3D graphene||3D graphene (8.7 W h/
kg),*® MnO,/graphene composite (MGC)|[MGC (52 W h/
kg),38 graphene||graphene (2.8 W h/kg),38 and MnO,||MnO,
supercapacitors within a cell voltage of 0.6—1.0 V (1.9-3.3 W
h/kg).4 S0SL A rough comparison demonstrates that these
values are much higher than those of other symmetric and
asymmetric flexible supercapacitors, of which the energy
densities and the electrode materials are listed in Supporting
Information Table S2. Meanwhile, both the leakage current and
the self-discharge of as-fabricated symmetrical device were also
tested, as shown in Supporting Information Figure S6. It can be
seen that the leakage current was stable at about 22.8 uA/g for
a long time beyond 2 h, and the output voltage of the device
reached about 0.21 V after 24 h. It is suspected that these large
leakage current and self-discharge characteristics may result
from the cooperation from the high mobility of Na* ion in
liquid electrolyte and their easy penetrability into the
macroporous separator. Meanwhile, these electrochemical
performances could be significantly im};roved by using solid-
state electrolyte design such as H,SO,™>* or H;PO, > PVA gel
electrolyte. Further research is still underway.

In addition, long cycling life is one of the most critical factors
of flexible supercapacitors in real applications. The cycling
stability of our designed asymmetric supercapacitor was tested
at a constant current density of 10 mA/cm” for 1000 cycles.
Figure Sf shows the capacitance retention ratio of the
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asymmetric supercapacitor charged at 1.8 V as a function of
the cycle number. It is observed that only a slight capacitance
loss occurs after 100 cycles, and the Coulombic efficiency
remains above 98.4%. After 1000 cycles, the asymmetric
supercapacitor still exhibits excellent capacitive performance
with only 5.9% degradation of the initial specific capacitance.
This retention of 94.1% after 1000 cycles of the designed
asymmetric supercapacitor is comparable to those of other
reported asymmetric supercapacitors such as MGC||graphene
(79% retention after 1000 cycles),®® MGCJ||CNTs (95%
retention after 5000 cycles),”* MGC||activated CNFs (97.3%
retention after 1000 cycles),”> and MGC/functionalized
CNTs||AC/functionalized CNTs (95% retention after 2000
cycles).>> Moreover, the bending cycle stability of the flexible
supercapacitor (bending angle of 90°) was also tested by
electrochemical impedance spectroscopy (EIS), as shown in the
inset of Figure 5f. After the 100th bending, due to a small
mechanical damage to this micro/nanointerconnected structure
electrode, the initial of resistance of the asymmetric super-
capacitor slightly increases from 5.72 to 7.5 €, indicating its
excellent mechanical and flexible properties. Thus, it is
concluded that the high cycling performances and highly
flexible properties should be due to the good contacts among
graphene, CNFs, and MnO,, which are formed by the direct
growth of CNFs on 3D graphene networks and the subsequent
redox deposition of MnO, on the surface of CNFs. Addition-
ally, our research suggests that the redox deposition of MnO,
can effectively avoid the material loss or film detachment from
CNFs surfaces, which are common causes for limited cycling
life of MnO,-based supercapacitors.

B CONCLUSIONS

In summary, we have developed a type of freestanding,
lightweight, flexible, and mechanically robust 3D graphene/
CNFs/MnO, composite networks, which can be used as
electrodes of ultralight flexible supercapacitors. The obtained
3D micro/nanointerconnected flexible electrode exhibits out-
standing electrochemical performances with high specific
capacitance, remarkable energy density, and cycling perform-
ance. Their superior electrochemical and flexible performances
can be attributed to the following aspects: (1) The
interconnected macropores within 3D graphene networks can
serve as ion-buffering reservoirs to minimize the diffusion
length from the external electrolyte to the interior surfaces.
Moreover, the open void volume in both CNF forest and their
surface coated MnO, nanosheet layer can further enhance ion
transport and charge storage capability. (2) The conductive
CNFs-based nanosized 3D structure together with graphene-
based microsized 3D networks can provide multidimensional
electron pathways to accelerate its transport in the bulk
electrodes. (3) The good connections among each component
promise a freestanding robust mechanical and flexible electrode
without use of binding actives and collector, as well as
maintaining micro/nanostructured interconnected wall and
pores leading to uninterrupted electron-conducting and ion-
diffusing pathways. These outstanding electrochemical behav-
iors of the 3D graphene/CNFs/MnO, composite networks will
make it be attractive for real applications in the ultralight
flexible supercapacitors.

In our initial applications, the simple assembly of this
ultralight flexible asymmetric and symmetric supercapacitors
show excellent energy densities and capacitances. This indicates
that the ultralight flexible supercapacitors fabricated in our case
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should have great potential in hybrid vehicle systems, as well as
lightweight and flexible energy supply systems for small flying
devices, adhesive tape-like devices, wearable devices, and so on.
And, it can be foreseen that this design concept would be
readily applicable toward other active materials based on redox-
based deposition with water-soluble oxidizing agent (such as
FeO,”", RuO4~, and so on) on carbon materials for energy
storage systems, which will bring new opportunities for a wide
range of applications.

B EXPERIMENTS AND METHODS

Growth of 3D Graphene/CNFs Networks. First, the
flexible 3D graphene networks were grown by CVD with the
pressed Ni foam as template and catalyst. After that, 0.2 g of
Co(NO;),"6H,0, 0.8 g of urea, and 0.05 g sodium dodecyl
benzene sulfonate (SDBS) were dissolved in 180 mL of
deionized water. Subsequently, the obtained 3D graphene
networks with a size of 1 cm X 2 cm were immersed into 20 mL
of the above Co(NO;), solution for 30 min to wet completely,
and then, heated using a microwave oven (Haier, 2450 MHz,
700 W) for S min. After drying in air at 80 °C for 20 min, the
resulting graphene foams were loaded into a quartz tube for the
CVD growth of CNFs under flowing of a reactive gas mixture
(C,H,: § SCCM, Ar: 100 SCCM, and H,: 20 SCCM), using
ethylene as the precursor. The chemical vapor reduction and
deposition reaction were performed at 500 °C for 60 min
before the furnace was cooled down gradually in Ar atmosphere
to room temperature. Finally, the resulting 3D graphene/CNFs
composite networks was soaked in 1 M HCI aqueous solution
for 6 h to remove the Co catalyst.

Preparation of Graphene/CNFs/MnO, Composite Net-
works. MnO, nanosheet layer was uniformly coated onto CNF
forest by redox reaction between CNF and KMnO, under
microwave heating. The predetermined amount of KMnO,
(Supporting Information Table S3) and SBDS (0.01g) were
added into 50 mL of deionized water and stirred for 10 min.
Then, the 3D graphene/CNFs networks were immersed in the
above solution for 6 h to make KMnO, absorb on the walls of
CNFs sufficiently. Subsequently, the resulting mixture was
heated using the same microwave oven for 3 min, and then
cooled to room temperature naturally. Finally, the graphene/
CNFs/MnO, composite networks was taken out, washed with
distilled water, and dried at 80 °C for 12 h in a vacuum oven.
The mass of the deposited MnO, nanomaterials was calculated
by the equation from the redox reaction (4KMnO,” + 3C +
H,0 = 4MnO, + CO;*” + 2HCO;"):

AWl(MnOZ) = 347'76Am(weight difference)/31 1.76

where Afm(yeight difference) 1 the weight difference between the
networks before coating and after postdrying. Additionally, the
preparation of 3D graphene/MnO, composite networks was
carried out in the same manner, where the 3D graphene
networks was directly used as carbon source and freestanding
substrate. And, the morphology of graphene/MnO, composite
was shown in Supporting Information Figure S7.
Electrochemical Measurement. In half cell tests, a three-
electrode system was employed to measure electrochemical
performances, where 3D graphene/CNFs/MnO, composite
networks, 3D graphene/MnO, composite networks, and 3D
graphene/AC composite networks were used as working
electrodes, Ag/AgCl as reference electrode, and Pt plate as
counter electrode, respectively. Among them, 3D graphene/AC

composite networks was prepared by dipping graphene
networks into AC ink (mixing 85 wt % AC, 10 wt % acetylene
black, and 5 wt % polyvinylidene fluoride binder dispersed in
N-methyl-2-pyrrolidone solvent) and subjected to “dip and dry”
coating cycles to control the mass loading of AC.>* In full cell
tests, the flexible supercapacitor devices were assembled as we
previously reported.”” In the device, the 3D graphene/CNFs/
MnO, composite networks with a mass loading of 1.0 mg/ cm?
and 3D graphene/active carbon (AC) networks with a mass
loading of 1.6 mg/cm” were used as positive electrode and
negative electrode, respectively. The total thickness of as-
fabricated devices were ~0.8 mm, and their weight was less
than 12 mg/cm® In the above measurements, 1 M Na,SO,
aqueous solution was used as the electrolyte and kept at pH 10.

Material Characterization. The materials characterization
were conducted by transmission electron microscopy (TEM,
FEI Tecnai F30), field emission scanning electron microscopy
(FE-SEM, Hitachi S-4800), X-ray photoelectron spectroscope
(XPS, PHI-5702) using Mg Ka X-ray (hv = 1253.6 eV) as the
excitation source, Raman spectroscopy (JY-HR800 micro-
Raman, 532 nm), Brunauer—Emmett—Teller (BET ASAP
2020), microbalance (Mettler, XS10SDU), and electrochemical
workstation (RSTS200, Zhengzhou Shiruisi Instrument Tech-
nology Co., Ltd., China).
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SEM images of 3D graphene/CNFs composite networks, 3D
graphene/MnO, composite networks, and 3D graphene/
CNFs/MnO, composite networks with different MnO, mass
loadings, respectively; the contact angle for 3D graphene/CNFs
composite networks; comparative CV curves for 3D graphene/
CNFs/MnO, composite networks and 3D graphene/AC
composite networks, and asymmetric supercapacitor at different
curvatures; leakage current and self-discharge of the super-
capacitor device. Tables for surface areas of 3D graphene/
CNFs/MnO, composites, relationship of the amount of
KMnO, and the resulting MnO, mass loading, and summary
of energy densities of previous symmetric and asymmetric
flexible supercapacitors based on MnO,, CNTs, or/and
graphene. This material is available free of charge via the
Internet at http://pubs.acs.org.
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