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he energy and power densities of
Tenergy storage devices should be

improved significantly to meet the
growing power supply demand of a variety
of applications such as cordless electric tools,
hybrid electric vehicles, day—night storage,
and industrial energy management.' ~® In this
context, supercapacitors are considered to
be very attractive energy storage devices, as
they have high power density and cycling
stability.*~” However, supercapacitors are still
not capable of delivering high energy densi-
ties comparable to those of lithium ion bat-
teries, and this drawback restricts the use of
supercapacitors mainly to high-power appli-
cations such as emergency power supplies,
hybrid bus, and portable power tools. The
energy density (E) of supercapacitors depends
on the cell potential (V) and capacitance (C),
based on E = 1/2(CV?).° These two parameters
are determined mainly by electrodes, and
therefore, previous attempts at increasing
the capacitance of supercapacitors have dealt
extensively with various electrode materials
including carbonaceous materials, conduct-
ing polymers, transition metal oxides, and
their composites® "' More recently, the
development of supercapacitors has focused
on the use of graphene, due to its excellent
electrical and mechanical properties, chemical
stability, high specific surface area up to
2675 m*/g, and feasibility for large-scale pro-
duction (especially the chemically modified
graphenes (CMGs))."”>"'* Graphene-based
symmetric supercapacitor devices show a large
electrical double layer capacitance (around
100—200 F/g using aqueous and organic
electrolytes).””~"” Higher capacitances (200—
550 F/g) can be obtained by combining gra-
phenes with other pseudocapacitive materials,
eg., RuO,, MnO,, and polyaniline.”® % Despite
these significant efforts, the energy densities of
these supercapacitors remain substandard
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In order to develop energy storage devices with high power and energy densities, electrodes should
hold well-defined pathways for efficient ionic and electronic transport. Herein, we demonstrate
high-performance supercapacitors by building a three-dimensional (3D) macroporous structure that
consists of chemically modified graphene (CMG). These 3D macroporous electrodes, namely,
embossed-CMG (e-CMG) films, were fabricated by using polystyrene colloidal particles as a sacrificial
template. Furthermore, for further capacitance boost, a thin layer of MnO, was additionally
deposited onto e-CMG. The porous graphene structure with a large surface area facilitates fast ionic
transport within the electrode while preserving decent electronic conductivity and thus endows
Mn0,/e-CMG composite electrodes with excellent electrochemical properties such as a specific
capacitance of 389 F/g at 1 A/g and 97.7% capacitance retention upon a current increase to 35 A/g.
Moreover, when the Mn0,/e-CMG composite electrode was asymmetrically assembled with an
e-(MG electrode, the assembled full cell shows remarkable cell performance: energy density of
44 Wh/kg, power density of 25 kW/kg, and excellent cyde life.
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Scheme 1. Schematic illustrating a procedure to fabricate 3D macroporous films through an embossing process using PS
templates for e-CMG film as well as a subsequent deposition process of MnO, for MnO,/e-CMG film.

reported a maximum energy density of 30.4 Wh/kg
and power density of 5 kW/kg using graphene//MnO,/
graphene hybrid cells.* Although considerable research
effort has been devoted to enhancing device performance
so far, the inefficient ionic and electronic transport in
pseudocapacitive-based electrodes has led to capacitance
fading over cycling or at high rates, causing a major
bottleneck in the performance in various aspects.>*
Obviously, the structure and morphology of the electrode
materials are very critical for resolving these limitations of
ionic and electronic transport, and thus achieving super-
capacitors that can combine high power and energy
densities, long cycle life, and high rate capability.

lonic and electronic transport kinetics lie at the heart
of energy storage and conversion systems.?® Recent
reports and reviews have described electrode con-
struction consisting of three-dimensional (3D) interpe-
netrating structures that could provide a good solution
to the issue of poor ionic and electronic transport in
electrode materials, thereby resulting in high-perfor-
mance devices.’”?® In particular, 3D macroporous
frameworks have been produced by integrating
graphene-based materials with polymers and self-
assembly. Although these 3D structures show potential
for use as capacitive electrodes, those electrical double-
layer capacitors exhibited relatively low energy densities
due to the intrinsic limitation of the electrostatic sur-
face charging mechanism.??*3° To address the inferior
energy densities of EDLCs, one promising approach
would be the construction of heterogeneous struc-
tures based on more than one component, which
can provide the synergistic effect of individual consti-
tuents on both power and energy densities.*>® Most of
works on graphene-based nanocomposites have been
achieved by incorporating guest nanoparticles onto
2D graphene sheets. However, those structures suffer
from graphene aggregation, which causes inferior
ionic accessibility and thus modest improvement in
the cell performance.’ Obviously, the disordered
nanocomposite films containing the aggregated
graphene make it difficult for ions to gain access to
the electrode surfaces and thus become a scientific
and technical challenge.

In the present paper, we employ a well-known
replicating and embossing technique to fabricate 3D
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macroporous CMG films by using polystyrene (PS)
colloidal particles as sacrificial templates.'?? The
resulting macroporous embossed CMG (e-CMG) films
have a large surface area, a 3D porous network inter-
connected with CMG sheets, and excellent mechanical
integrity. The unique electrode structure not only
boosted ion and electron movement in electrochemi-
cal processes but also enabled the porous e-CMG films
to serve as a 3D skeleton for combining the e-CMG
films with metal oxides such as MnO,. As an effort to
utilize these 3D macroporous e-CMG films for energy
storage devices with high levels of power and energy
densities, asymmetric supercapacitors were assembled in
a way that e-CMG and MnO,/e-CMG films function as
negative and positive electrodes, respectively. Although
macroporous graphene structures have been developed
through various procedures,?'***° the templating pro-
cess described in this study is much simpler, and macro-
porous graphene structures based on the templating
method have never been reported for energy storage
applications.

RESULTS AND DISCUSSION

The e-CMG films were prepared in two steps: fabri-
cation of free-standing PS/CMG films by vacuum filtra-
tion of a mixed aqueous colloidal suspension of CMG
and PS (2.0 um PS spheres), followed by removal of the
PS to generate 3D macropores (Scheme 1). This filtra-
tion process is suitable for macroscopic assembly of
CMG sheets into “paper-like” bulk materials with high
electrical conductivity and mechanical flexibility.>* We
fabricated well-ordered free-standing PS/CMG films by
filtration, by first separately preparing a negatively
charged CMG colloidal and a positively charged PS
suspension.***> A mixture of CMG and a PS suspension
was dispersed in solution under controlled pH (=2),
where the two compounds had the same surface
charges (zeta potential values of +13 £+ 2.4 mV for
CMG and 468 + 5.6 mV for PS). When the pH was
raised to 6, CMGs (zeta potential = —29 £ 3.7 mV) and
PS spheres (zeta potential = +51 + 2.5 mV) were
assembled due to the electrostatic interactions and
hydrophobic characteristics between them, and these
were subsequently integrated into PS/CMG composite
films through a filtering process. The SEM images
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Figure 1. (a) Low-magnified and (b) high-magnified cross-sectional SEM images of e-CMG film. (c and d) TEM images at

different magnifications of e-CMG film.

clearly showed that CMG-wrapped PS nanoparticles
were packed into multilayers, forming crinkles and
rough textures (Supporting Information, Figure S1). It
is noteworthy that the dimensions of both CMG (0.87 £+
0.48 um) and PS spheres (~2 um) as well as the intrinsic
flexibility of graphene are appropriate enough to hold
the curvature and thus the overall porous structure.
The PS particles in the PS/CMG composite film were
selectively removed using toluene, leaving behind an
open porous structure (Figure 1a and b). The porous
structure did not collapse after the removal of the PS
template because of the interconnected nature of the
multilayered CMG walls in the assembled 3D structure
(Figure 1c and d). The mechanical strength of gra-
phene, the pore size (~2 um), and the weak volatility of
toluene at room temperature synergistically help pre-
serve the porous structure even after solvent evapora-
tion. The well-defined interconnecting pore networks
of the e-CMG films also showed a high electrical
conductivity (1204 S/m).

We were able to incorporate MnO, into the e-CMG
film by dipping the films into a solution of 0.1 M
NaMnO,/0.1 M Na,SO, for neutral pH and at various
dipping times (10—60 min).3*® MnO, was incorporated
into the 3D porous structures based on controlled self-
limiting deposition.>*3” After the deposition of MnO,,
the retention of the 3D macroporous structure was
confirmed by high-angle annular dark-field scanning
TEM (HAADF-STEM), as shown in Figure 2a. In particular,
energy-dispersive X-ray spectroscopic (EDS) ele-
mental maps of C, O, and Mn (Figure 2a) clearly verified
the homogeneous coating of amorphous MnO,
throughout the 3D macroporous frameworks. In addi-
tion, a nanoscale conformal coating of amorphous
MnO, on the CMG surface was observed in the high-
resolution HAADF image of Figure 2b, in which the
protruding CMG sheets were entirely coated with
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MnO, layers (coating thickness of 20—30 nm). The
complete coverage of the MnO, layers was further
confirmed by X-ray photoelectron spectroscopy (XPS)
of the MnO,/e-CMG film. When the Mn 2p spectrum
was analyzed (Figure 2c), it was observed that two
characteristic peaks of Mn 2p;,, and Mn 2ps,, were
located at 654.1 and 642.4 eV, respectively, which are in
good agreement with previous reported data.®” No
MnO, peaks were detected in the XRD patterns for the
composite film, indicating that the manganese oxide
layers were amorphous (Supporting Information,
Figure S2), which is consistent with previous reports based
on redox-deposited MnO, on carbon materials.3%>’
The CMG and MnO,/CMG films prepared without using
PS nanoparticles were tested as reference samples
under identical conditions. Due to the absence of
template for pore generation, these films had highly
packed structures rather than porous structures
(Supporting Information, Figure S3). The characteriza-
tion of top surfaces and cross sections gives more
detailed effects of the porous structure on the deposi-
tion of MnO, layers. In the case of MnO,/e-CMG
(Supporting Information, Figure S4b), the MnO, de-
position was uniform over the entire film cross-section.
By contrast, in the case of MnO,/CMG (Supporting
Information, Figure S4d), the MnO, deposition was
more concentrated toward the top surface. Appar-
ently, the uniform deposition for MnO,/e-CMG is at-
tributed to the well-defined porous structure that
allows Mn precursor ions to gain access onto the
graphene surfaces even deep inside the films during
the Mn deposition. The top-view SEM image of the
MnO,/CMG film (Supporting Information, Figure S5)
also supports the concentrated MnO, deposition on
the top sample surfaces, as the deposition buries the
morphology of intrinsic graphene. Overall, the porous
structure contributes to the uniform deposition of
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Figure 2. (a) HADDF-STEM image and EDS mapping of C, O, Mn, and overlay elements on a segment of MnO,/e-CMG film.
(b) High-resolution HADDF-STEM image of MnO,/e-CMG film. (c) Representative Mn 2p XPS spectra of MnO,/e-CMG film.

MnO, layers over the entire graphene films. In addition,
the construction of the porous structure dramatically
increased the surface area: N, sorption—desorption mea-
surements give surface areas of 18.52, 13.59, 194.20, and
142,01 m%/g for CMG, MnO,/CMG, e-CMG, and MnO,/e-
CMG, respectively (Supporting Information, Table S1).
Overall, this straightforward approach is highly desirable
for constructing 3D heterostructured materials to be used
as capacitive electrodes because active materials with
high capacitances can be conformally coated on the 3D
porous backbone.

The electrochemical performance of e-CMG and
MnO,/e-CMG films with large accessible surface areas
and pore structures was evaluated as capacitive elec-
trodes using a conventional three-electrode system
with Ag/AgCl as the reference electrode and Pt wire as
the counter electrode in an aqueous electrolyte solu-
tion of 1 M Na,SO,. For reference samples, the CMG
and MnO,/CMG films were tested under identical
conditions. As shown in the cyclic voltammetry (CV)
curves in Figure 3a, symmetric and horizontal CV
curves were observed for both e-CMG and CMG films,
indicating ideal electrical double layer capacitive
behavior. When MnO, was deposited, higher current
densities were observed for the MnO,/e-CMG and
MnO,/CMG films than those for the analogues without
MnO, layers, which suggested that the introduction of
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MnO, contributes to the increase in the capacitance. As
expected, higher current densities were found for the
3D transport pathway-based e-CMG and MnO,/e-CMG
films than those for the CMG-based counterparts.
The capacitive performance was further investi-
gated with galvanostatic charge/discharge cycling ex-
periments (Figure 3b). On the basis of the discharging
curve line, the specific capacitance of the e-CMG film
was calculated to be 202 F/g at 1 A/g, which was two
times higher than that of the CMG film (93 F/g). In
addition, the specific capacitance significantly in-
creased as the MnO, deposition time was increased
up to 60 min (Figure 3c). This result was ascribed to the
faradic contribution of MnO, to the CMG-based elec-
trical double layer capacitance. The macroporous
MnO,/e-CMG film, produced with a dipping time of
60 min, reached a maximum value of 389 F/g at 1 A/g,
which was approximately three times higher than
those of the MnO,/CMG film (137 F/g) and was also
higher than those of other reported MnO,/graphene
materials including needle-like MnO,/graphene com-
posite (216 F/g at 0.15 A/g),"® MnO./graphene compo-
site paper (256 F/g at 0.5 A/g),*® and MnO,/graphene
textiles (315 F/g at 2 mV/s).?" More importantly, at a
high rate of 35 A/g, the MnO,/e-CMG film maintained
97.7% retention of its initial specific capacitance mea-
sured at 0.5 A/g (Figure 3d). This value was similar to
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Figure 3. (a) CV curves measured at a scan rate of 50 mV/s for CMG, MnO,/CMG (60 min dipping), e-CMG, and MnO,/e-CMG
(60 min dipping) films. (b) Galvanostatic charge—discharge curves measured at a constant current density of 1 A/g for CMG,
MnO,/CMG, e-CMG, and MnO,/e-CMG films in 1 M Na,SO,. (c) CV curves obtained from MnO,/e-CMG films at a scan rate of 50
mV/s as a function of dipping time. (d) Dependences of the specific capacitances of CMG, MnO,/CMG (60 min dipping), e-CMG,
and MnO,/e-CMG (60 min dipping) films on various current densities ranging from 0.5 to 35 A/g for charge/discharge
behavior.
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Figure 4. Nyquist plots for CMG, MnO,/CMG (60 min dipping), e-CMG, and MnO,/e-CMG (60 min dipping) films. Inset image
illustrates 3D ionic and electronic transport pathways in the MnO,/e-CMG electrode.

that of the e-CMG film (98.5% retention). In contrast,
although the CMG film retained 87.8% of its specific
capacitance at 35 A/g, the MnO,/CMG film retained
only 57.5% at the same current density. The improved
rate capability of the MnO,/e-CMG film, compared to
the MnO,/CMG film, indicates again that the 3D
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macroporous structure allows for effective ion migra-
tion into the active sites, thereby generating reversible
capacitive behavior even at high charging/discharging
rates.

Further understanding of the fast ion diffusion in
macroporous films was obtained by conducting ac
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Figure 5. (a) Schematic diagram of e-CMG//MnO,/e-CMG-based asymmetric supercapacitor device. (b) CV curves obtained
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esof 1,1.5,and 2.0 V at a scan rate of 50 mV/s. (c) Galvanostatic

charge/discharge curves of asymmetric supercapacitor measured at different current densities of 1, 2, 5,and 10 A/g. (d) Long-

term cycling stability of the asymmetric supercapacitor ata co

nstant current density of 1 A/g over 1000 cycles. (e) Ragone plot

of the symmetric (e-CMG//e-CMG and MnO,/e-CMG//Mn0O,/e-CMG) and asymmetric (CMG//MnO,/CMG and e-CMG//MnO,/e-CMG)

supercapacitors compared with data in other literature.

impedance measurements at a frequency range of 100
kHz to 0.01 Hz. The Nyquist plots for all the samples are
shown in Figure 4. According to the equivalent
circuit,®® the charge transfer resistance (Rct) was calcu-
lated to be 1.7, 3.4, 5.6, and 15.8 Q for e-CMG, MnO,/
e-CMG, CMG, and MnO,/CMG, respectively. The de-
creasing R¢t trend from the CMG-based samples to the
e-CMG-based counterparts should be associated
with the increased contact area at the electrode—
electrolyte interface. Again, the porous nature of the
e-CMG samples plays a critical role along this direction.
At the low frequency region, a more vertical straight
line was evident for the porous film than for packed
film, which indicates the faster ion diffusion behavior of
the porous film. More detailed analyses were carried
out by fitting the impedance data to an equivalent
circuit consisting of a series of a resistor and a capa-
citor. From the plotting, the relaxation time constant,
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a representative of diffusion kinetics, can be obtained,
and its value was conspicuously varied depending on
the presence of porosity in the electrode: e-CMG
exhibited a relaxation time constant of 101.0 ms,
whereas CMG exhibited 1265.8 ms. The shorter relaxa-
tion time of e-CMG must stem from the well-defined
porous structure that facilitates the efficient ionic
diffusion. Detailed analyses are described in the Sup-
porting Information. This result clearly implies that the
electrolyte ions move more easily into the 3D porous
channels compared to the 2D packed structure. Con-
sequently, this macroporous network allowed efficient
and fast ion diffusion between three-dimensionally
connected MnO, and electrolytes, while the intercon-
nected CMG sheets provided continuous electron
pathways through the MnO, and served as a double-
layer capacitor (inset scheme image of Figure 4). On the
basis of these electrochemical results, we speculate
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that the macroscopic pore structure and hybrid capaci-
tive characteristics of the MnO,/e-CMG films enhanced
the electrochemical performance of supercapacitor
devices.

An asymmetric supercapacitor device was prepared
by assembling an e-CMG film as a negative electrode
and a MnO,/e-CMG film as a positive electrode. These
were sandwiched within nitrocellulose films and im-
mersed in 1 M Na,SO, solution (Figure 5a). We ensured
the cell voltage of the asymmetric device by perform-
ing a pre-experiment of CV measurements in a three-
electrode cell separately with e-CMG and MnO,/e-CMG
films (Supporting Information, Figure S7). A stable
potential window was observed in the range from
—1.0 to 0.2 V for e-CMG and from 0.0 to 1.0 V for
MnO,/e-CMG. These results suggest that asymmetric
supercapacitor devices can be operated up to 2.0 V.
Indeed, the cell voltage of this hybrid device can be
expanded from 1.0 to 2.0 V, as shown in Figure 5b. In
addition, this device operated in a stable voltage
window of 2.0 V even at a high current density of 10
A/g (Figure 5c). This result was ascribed to the fast
surface electrosorption of Na' cations as well as the
fast and reversible faradic process that occurred
between Na™ cations and MnO,. The cycling stability
of the asymmetric supercapacitor device was tested at
a constant current density of 1 A/g for 1000 cycles. As
shown in Figure 5d, 95% of the initial capacitance was
retained, indicating good long-term stability of the
asymmetric supercapacitor based on the macroporous
films. The galvanostatic charge/discharge curves were
used to evaluate the power (P) and energy (E) densities
of our supercapacitor devices (detailed information is

EXPERIMENTAL SECTION

Preparation of 3D Macroporous e-C(MG and Mn0,/e-C(MG Films. To
integrate CMG sheets into a macroscopic assembly, graphene
oxides (GOs) were initially prepared by the modified Hummers
method.>* As-prepared GO suspensions were dispersed in
water (0.05 wt % dispersion) by a sonication process. The
homogeneous GO solution (5 mL) was chemically reduced by
sequentially adding 35 uL of ammonia solution (28 wt % in
water, Junsei) and 5 uL of hydrazine solution (35 wt % in water,
Aldrich). Then, the GO solution was located in a water bath at
95 °C for 1 h. The resultant solution of the negatively charged
CMGs was collected by washing and filtering with water and
ethanol several times>® The PS solution was prepared by
dispersing PS particles (10 wt %, 2 um mean particle size,
Aldrich) in deionized water at pH 2. Both the CMG and
PS solutions (95:5 in weight ratio) were also mixed at pH 2.
Throughout the entire fabrication procedures, the pH control is
critical for producing the final continuous PS/CMG films. At pH 2,
both PS and CMG were positively charged and were thus hardly
agglomerated. By contrast, when both components were
oppositely charged, they easily agglomerated and did not thus
form continuous films. The PS/CMG films were produced by
filtering the mixed solution through anodizc membrane filters
(25 mm in diameter, 0.2 um pore size, Whatman) by vacuum
suction. During this filtration, the pH of the solution was
adjusted to 6 by adding 1 M sodium hydroxide (NaOH) solution.
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described in the Experimental Section). Figure 5e
shows a Ragone plot of the corresponding specific
E versus P values. The maximum energy density of 44
Wh/kg (with a power density of 11.2 kW/kg) and power
density of 25 kW/kg (with energy density of 39.1 Wh/kg)
were achieved by our asymmetric supercapacitors with
an operating potential of 2.0 V. These values are higher
than those of symmetric e-CMG//e-CMG and MnO,/e-
CMG//MnO,/e-CMG supercapacitors, a CMG//MnO,/
CMG asymmetric supercapacitor, and other devices
reported previously.'2#233%4% This improved perfor-
mance can be understood as an effect of the 3D ion
and electron pathways on capacitive behavior and the
wide cell voltage of 2 V.

CONCLUSION

In conclusion, we demonstrated that the rational
design and fabrication of 3D macroporous e-CMG films
through a simple embossing process provide rapid
pathways for ionic and electronic transport, thus pro-
viding tremendous potential for energy storage appli-
cations. In particular, MnO,/e-CMG prepared by simple
deposition of MnO, onto macropores delivered a
2-fold higher specific capacitance than that for
e-CMG. More importantly, the integration of e-CMG
and MnO,/e-CMG films into an asymmetric superca-
pacitor device enabled the combination of high energy
density, high rate capability, and long cycling life.
Finally, the electrode structure and fabrication method
described in this study is simple and should thus be
readily applicable to other graphene-based energy
storage and conversion applications in which efficient
ionic and electronic transport is critical.

The pH change was to make both components oppositely
charged (CMG: negative, PS: positive) and thus stimulate the
electrostatic interactions between both components, leading to
the uniform distribution of PS particles in the CMG films. The
free-standing PS/CMG films were obtained by peeling them off
from the filter membrane. The final e-CMG films were obtained
by removing the PS colloidal particles with toluene exposure.
The control samples, CMG and MnO,/CMG, were prepared
by the same procedures, but in the absence of PS particles.
The MnO,/e-CMG films were fabricated by dipping the films in a
solution of 0.1 M NaMnO,/0.1 M Na,SO, at a neutral pH at room
temperature (RT). MnO, was deposited into pore structure by a self-
limiting reaction with deposition times of 10—60 min. The compo-
site films were rinsed in water several times and dried at 60 °C for 24
h. The resultant CMG and e-CMG films have the same mass, but
different film thicknesses of ~8 um for CMG and ~55 um for e-CMG
films. The weight (~10 mg for each electrode) of the samples was
measured as freestanding films using a semimicro balance
(Sartorius Genius, ME235S) with a readability of 0.01 mg.

Fabrication of Asymmetric Supercapacitor Devices. The e-CMG and
MnO,/e-CMG films were attached on the Al foils as both
electrodes and current collectors. The asymmetric supercapa-
citor devices were prepared by assembling e-CMG film as the
negative electrode and MnO,/e-CMG film as the positive elec-
trode separated by the aqueous electrolyte soaked separator
(nitrocellulose film). The as-obtained supercapacitor devices
were dried at RT before the devices were measured.
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Structure Characterization. TEM and HAADF-STEM images were
collected on an E.M. 912 Q energy-filtering TEM (JEM-2200 FS). The
elemental mapping in the scanning TEM was operated with a
probe focused to 0.2 nm and camera length of 20 cm. SEM images
were obtained using a field emission scanning electron micro-
scope (5-4800). XPS data were obtained using a VG Multilab 2000
(Thermo VG Scientific) with a monochromatic Mg Ka X-ray source
(hv = 1253.6 eV) under 10~ Torr vacuum analysis chamber. The
high-resolution scans of C and low-resolution survey scans were
analyzed for each sample at, at least, two separated locations.

The X-ray diffraction (XRD) data were obtained on a Rigaku
D/max llIC (3 kW) with a /6 goniometer equipped with a Cu Kot
radiation generator. The diffraction angle of the diffractograms
was in the range 26 = 5—80°. Electrical conductivities of our
porous films were measured by using the standard four-point
probe technique (Loresta-GP, Mitsubishi Chemical) as in other
previous reports.* The samples were cut with a razor into
rectangular strips of 1 x 1 cm? The thicknesses of the samples
were measured from cross-sectional SEM images. All of the
conductivity data were obtained at room temperature and
within an error range of +1%.

Electrochemical Characterization. Electrochemical experiments
were carried out using a three-electrode system for the ob-
tained e-CMG or MnO,/e-CMG films and two-electrode config-
uration for supercapacitor devices. In measurements with a
three-electrode system, the transferred e-CMG or MnO,/e-CMG
films on Al foil as working electrode were investigated with a Ag/
AgCl reference electrode and a Pt counter electrode in an electrolyte
solution of 1 M Na,SO,. The electrochemical characteristics were
evaluated by cyclic voltammetry using a CHI 760D electrochemical
workstation (CH Instruments) and galvanostatic charge/discharge
using a Solartron 1287 at RT. The electrochemical impedance
spectroscopy measurements were performed over a frequency
range from 10° to 1072 Hz at the amplitude of the sinusoidal
voltage of 10 mV and RT using a Solartron 1260 impedance/gain-
phase analyzer. The cycle life tests were conducted by galvanostatic
charge/discharge measurements with a constant current density of
1 A/g for 1000 cycles. The power and energy densities were
calculated by using the following equations:®

E = 1/2CHAVY, P = (AV)?/4RM

where Gy, AV, R, and M are the total capacitance of the entire
device, the potential window of discharge, the internal resistance
from IR drop, and the total mass of both electrodes, respectively.
The internal resistances (IR drop) were determined from the
voltage drop at the beginning of the galvanostatic discharge
curves. The total capacitance (Cy) was calculated by using the
following equation:

Gr = I/(AV/AY)

where | and AV/At are the applied current density and the
discharge slope after IR drop, respectively. All of the values
including the current densities were normalized with respect to
the combined weight of both electrodes.
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