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ABSTRACT: Carbon-based electrochemical double-layer ca-
pacitors and pseudocapacitors, consisting of a symmetric
configuration of electrodes, can deliver much higher power
densities than batteries, but they suffer from low energy
densities. Herein, we report the development of high energy
and power density supercapacitors using an asymmetric
configuration of Fe,O; and MnO, nanoparticles incorporated
into 3D macroporous graphene film electrodes that can be
operated in a safe and low-cost aqueous electrolyte. The gap in
working potential windows of Fe,O; and MnO, enables the
stable expansion of the cell voltage up to 1.8 V, which is
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responsible for the high energy density (41.7 Wh kg™'). We employ a household microwave oven to simultaneously create
conductivity, porosity, and the deposition of metal oxides on graphene films toward 3D hybrid architectures, which lead to a high
power density (13.5 kW kg™"). Such high energy and power densities are maintained for over S000 cycles, even during cycling at

a high current density of 16.9 A g™\,
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B INTRODUCTION

Electrochemical energy storage devices such as secondary
batteries and supercapacitors have recently gained popularity as
effective power supplies in a number of applications from
portable electronic devices, such as cell phones and laptops, to
hybrid electric vehicles." When compared with batteries,
supercapacitors exhibit a much higher power density and a
superior cycle life but exhibit an energy density (E) at least 1
order of magnitude lower than that of conventional batteries.”
To meet the demands for future emerging markets, particularly
sustainable road transport, supercapacitors should be designed
to consist of safe, powerful electrochemical devices based on
the high charge storage capacitance (C) of low-cost electrode
materials combined with a large cell voltage (V), as indicated by
the following equation: E = 1/2CV%.” The capacitance and
voltage depend strongly on the electrode materials, and they
can be optimized by selecting suitable electrodes.” Hydrous
RuO, is a state-of-the-art pseudocapacitive material capable of
delivering a high specific capacitance of ~700 F g™' (in aqueous
electrolytes),” which exceeds that of carbon materials that use

-4 ACS Publications  © 2015 American Chemical Society

22364

double-layer charge storage.” However, the high cost and toxic
nature of RuO, and voltage-limited aqueous electrolytes (<1.2
V) have limited their commercial applications. A large voltage
window can be achieved at up to ~3.0 V using organic
electrolytes based on aprotic solvents such as acetonitrile and
propylene carbonate, but such a system is commonly employed
for activated carbon-based supercapacitors with lower capaci-
tances.”” In addition, when compared to aqueous electrolytes,
organic electrolytes suffer from high cost, lower ionic
conductivity, and safety issues.’

One of the most attractive strategies to combine high energy
and power densities within a single cell is to build hybrid
supercapacitors, including composite electrode-based super-
capacitors, battery-type supercapacitors, and asymmetric super-
capacitors (ASCs).”” Aqueous ASCs are of particular interest to
efficient electrochemical storage, owing to their ability to
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Figure 1. Schematic illustration of an experimental procedure for the preparation of 3D expanded hybrid structure films and an aqueous Fe,0;—

MnO, ASC device.

improve energy density and the benefits of having an aqueous
electrolyte, such as low cost, high safety, and environmental
friendliness when compared to organic electrolytes.” A suitable
combination of a negative electrode with high hydrogen
evolution overpotential and a positive electrode with high
oxygen evolution overpotential in the same cell enables the
operating voltage window to be increased up to 2 V.* To date,
intensive efforts have been devoted to exploring aqueous ASCs,
such as CoMoO,/graphene//activated carbon,” CoO@poly-
pyrrole//activated carbon,'” MnO,//graphene,' and Ni-
(OH),/UGF//a-MEGO."” On the basis of the electro-
chemistry of active materials, iron—manganese (Fe—Mn)
ASCs in aqueous electrolytes have great potential for high
performance in electrochemical energy storage devices.”'*'*
The integration of a negative electrode of Fe,O; (from —1.0 to
0.0 V vs SCE) and a positive electrode of MnO, (from 0.0 to
+1.0 V vs SCE) into a typical Fe—Mn ASC operating in safe
aqueous electrolytes is capable of delivering a large voltage
window of up to 2 V, which results in a high energy density (24
Wh kg™')."> The utilization of both Fe and Mn realizes the
further advantages of their low cost, natural abundance, and
environmentally friendly nature. However, Fe—Mn ASCs
undergo capacitance fading at high rates or during long-term
cycling, primarily as a result of poor ionic and electronic
transport in transition metal oxides.

The incorporation of pseudocapacitive oxide materials into a
three-dimensional (3D) conductive architecture has been
suggested to address the limitations of ionic and electronic
transport kinetics in the design of electrodes.”” In this respect,
3D graphene materials have been attracting intensive interest in
this respect, owing to their intrinsic properties of 2D graphene
sheets, guaranteed mass transport, relatively well-known surface
chemistry for depositing guest nanoparticles (NPs), and ability
to improve charge storage.s’n’lé In particular, a free-standing
form of 3D graphene electrodes could eliminate binders,
additive carbons, and current collectors, which are essential to
conventional supercapacitors, thereby improving gravimetric
energy and power densities through lightweight electrodes.'®
To date, various approaches to developing 3D graphene have
been attempted, including self-assembly in solution (e.g,
hydrogels and aerogels)' and temglate-assisted growth
(e.g, graphene sponges and films)."”*" However, most of
these methods are time-consuming and complicated exper-
imental processes using high pressure or temperatures. The
solid-state microwave irradiation offers a number of advantages
over other solution-based process, such as enhanced product
yield, energy- and time-saving process, and reduction in
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manufacturing cost.”! Hence, the microwave-assisted methods
have been employed to induce scalable production of expanded
and reduced graphene oxide (RGO) materials and their
composites including metal and metal oxide nanoparticles.””~**
However, to the best of our knowledge, no reports have yet
appeared on the 3D porous and conductive RGO/metal oxide
hybrid films based on the microwave-assisted method for
energy storage applications.

Herein, we report a simple, rapid, and efficient strategy for
the fabrication of 3D hybrid structured films using a familiar
household microwave oven. Initially, we prepared metal ion
(ie., Fe** or Mn®") incorporated GO films by vacuum filtration,
which is widely used for making large areal mass and free-
standing films. Microwave irradiation was then applied to
convert metal ions/GO films into highly conductive and porous
3D hybrid films within 10 s, in which metal oxide NPs (Fe,O,
and MnO,) were grown on the surface of microwave-treated
RGO (3D m-RGO). As-prepared 3D Fe,O;/m-RGO and 3D
MnO,/m-RGO films were employed as the anode and cathode,
respectively, to build aqueous Fe,0;—MnO, ASC devices
(Figure 1). In this cell configuration, the 3D m-RGO films were
efficient and convenient current collectors for accepting charges
(electrons and ions) and for removing binders, additive
carbons, and conventional metal current collectors. As a result,
our ASCs based on such 3D hybrid film electrodes deliver high
energy density over long-term cycling of S000 cycles while
maintaining high power density.

B EXPERIMENTAL SECTION

Preparation of 3D Fe,O;/ and MnO,/m-RGO Films. The
starting material was water-dispersed GOs synthesized by the modified
Hummer’s method.”® For microwave-assisted solid-state reactions, 5
wt % of RGO as a microwave susceptor was added to 95 wt % of a GO
suspension and then uniformly dispersed by sonication for 1 h. The
3D Fe,0;/m-RGO films were prepared as follows: first, 20 mg of GO/
RGO was dispersed in 20 mL of isopropyl alcohol—water (1:1 v/v)
solution by sonication for 1 h, after which S mM FeCl; was slowly
added to the GO/RGO dispersion to form a stable suspension.
Subsequently, the mixture of GO/RGO and FeCl; was stirred for 30
min, and it was filtered using an AAO membrane. The free-standing
Fe*-incorporated GO/RGO films were peeled from the AAO
membrane and treated by microwave irradiation for 10 s. The §
mM manganese acetate was subsequently used for the preparation of
the 3D MnO,/m-RGO films through the same protocol used for the
3D Fe,0;/m-RGO films. For comparison, the 3D m-RGO and RGO
films were prepared by microwave irradiation and by hydrazine
treatment of GO at 85 °C, respectively.

Characterization of Materials and Electrochemical Measure-
ments. Scanning electron microscopy (SEM) images were obtained
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Figure 2. Cross-section SEM images of (a) GO film and (b,c) 3D m-RGO film at low and high magnification, respectively. (Insets) Digital-photo
images of the free-standing GO and 3D m-RGO films. (d) XRD patterns of GO and m-RGO films. (e) Survey XPS spectra and (f) C 1s core level
XPS spectra of GO and 3D m-RGO films. Scale bars: 1 (a, c) and 20 um (b).

using a field emission scanning electron microscope (S-4800). X-ray
diffraction (XRD) data were obtained on a Rigaku D/max llIC (3 kW)
with a g/q goniometer equipped with a Cu Ka radiation generator. X-
ray photoelectron spectroscopy (XPS) data were obtained using a
Thermo MultiLab 2000 system. High-resolution transmission electron
microscopy (HRTEM) images were obtained using a field-emission
TEM (JEM2100F, JEOL Ltd.) operated at 200 kV. Thermogravimetric
analysis (TGA) was conducted using a TGA 92-18 (Setaram) with a
heating rate of 10 °C min~". Cyclic voltammetry (CV), galvanostatic
charge/discharge measurements, electrochemical impedance spectros-
copy (EIS, from 10° to 107 Hz with 10 mV amplitude), and cycling
performance were evaluated using a VersaSTAT 4 (Princeton Applied
Research). For electrochemical tests, the RGO, 3D m-RGO, 3D
Fe,0; and MnO,/m-RGO films were used directly as working
electrodes without the addition of any conducting agent or binder.
The electrical connection was accomplished by bonding aluminum
tabs onto the edge of free-standing films with silver paste. In a three-
electrode system, Pt wire and Ag/AgCl were used as the counter and
reference electrodes, respectively. The aqueous ASCs with 3D Fe,O;/
m-RGO as a negative electrode and 3D MnO,/m-RGO film as a
positive electrode were evaluated in a two-electrode configuration.

Calculations. The specific capacitance of each electrode in the
three-electrode configuration was calculated from the CV curves at
various scan rates using the following equation'’

c=_1 /i av
2mvAV

where i is the current (A), [idV is the integration area for the CV
curves, v is the scan rate (V s™'), m is the mass (g) of the electrode,
and AV is the potential window (V).

To assemble ASCs, the loading mass ratio was estimated as follows®

m-  Ctx AvV?

mt  CTX AV

where m™ and m*, C” and C', and AV~ and AV" are the mass (g),
specific capacitance (F g™') from CV curves, and potential widows (V)
of the three-electrode configuration of the individual negative and
positive electrodes, respectively.

The specific capacitance of aqueous ASCs in the two-electrode
configuration was calculated from galvanostatic charge/discharge
curves based on the following equation’
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where I is the discharge current, At is the time for a full discharge, m is
the total mass of the electrode without current collector, and AV
represents the change in voltage during the discharge process.

The energy and power densities of ASCs derived from galvanostatic
charge/discharge curves were calculated using the following
equations12

1 2
E = —C(V,
Lo

(Vmax - ‘/drop)z
4RM

where C is the specific capacitance, V,,,, is the cell voltage, R is the
internal resistance from the IR drop (= Vde/ZI), and M is the total
weight of both electrodes without current collectors.

B RESULTS AND DISCUSSION

In this study, we adopted solid-state microwave methods to
allow simultaneously for reduction, porous structure, and metal
oxide deposition on a packed, layered GO film using a
microwave oven. The microwave irradiation could not only
directly reduce GOs into RGOs but also efficiently prevent the
restacking of individual RGO sheets through the generation of
volatile gaseous species (i.e., H,0, CO, and CO,) generated by
the decomposition of oxygen-containing functional groups.”**>
The preparation of porous structured RGO films was first
attempted using a microwave oven. In this process, free-
standing GO films were prepared by vacuum filtration of GO
dispersed in water using a flow-directed assembly. We added
presynthesized graphene materials (S wt %) to GO dispersion
as a microwave susceptor before filtration, which could be easily
dispersed in water, to enable the effective reduction and
expansion of the GO sheets.”> Observation using SEM revealed
compact layered structures of GO films with a thickness of 1.6
+ 0.16 um (Figure 2a). Following microwave irradiation for 10
s, free-standing foam-like RGO films were obtained (Figure
2b). It should be noted that a longer irradiation time (>10 s)
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Figure 3. Top and bottom columns are corresponding cross-section SEM images, TEM images, and XRD patterns of (a, ¢, and e) 3D Fe,O;/m-
RGO and (b, d, and f) 3D MnO,/m-RGO films, respectively. (Insets) High-resolution XPS spectra of Fe 2p and Mn 2p for 3D Fe,0;/m-RGO and
3D MnO,/m-RGO films, respectively. Scale bar: 1 ym (a), 20 ym (b), and S00 nm (c, d).

caused significant cracking and mass loss of the films, possibly
due to arcing-induced ignition, which indicates that the
irradiation time should be controlled within 10 s (Figure S1,
Supporting Information). The 3D m-RGO films clearly had 3D
porous network structures with a pore size of submicrometer to
several micrometers, in which the RGO sheets were well
separated (Figure 2b and 2c). The thickness of the 3D m-RGO
was 61.6 + 4.56 um (Figure 1b), which is about 40 times
greater than that of the original GO films. This volume of
expansion was also observed in previously reported studies
regarding the formation of gaseous species.”’ To demonstrate
the successful reduction of GO sheets, changes in the peak
positions and intensities in XRD and XPS measurements were
investigated using GO and 3D m-RGO film samples (Figure
2d, 2e, and 2f). After microwave treatment, the 26 peak (10.9°)
of GO films disappeared, and then the characteristic graphene
(002) peak was observed at 24.4° with an interlayer distance of
0.36 nm Dbecause of the deoxygenation reaction during
microwave irradiation.”® Upon analysis of the XPS spectra,
the oxygen-related groups significantly decreased in 3D m-
RGO films when compared with GO films. These results
indicate that microwave irradiation enables the transformation
of insulating GO films into conductive RGO films.

We also synthesized metal oxides of Fe,0O; and MnO, onto
the surface of RGO sheets during microwave irradiation using
metal precursor-incorporated GO films (Figure S2, Supporting
Information). It is known that noble metals and metal oxide
nanoparticles can be synthesized and deposited onto carbon
surfaces using solvent-free microwave irradiation.””*® This
successful deposition of nanoparticles completed a direct
fabrication of highly conductive and porous 3D m-RGO hybrid
films. A reduction reaction and exfoliation accompanied the
deposition of metal oxides (Figure 3 and Figure S3, Supporting
Information). A TEM analysis of the 3D Fe,O; and MnO,/m-
RGO sheets showed that metal oxide NPs were uniformly
distributed on the 3D m-RGO sheets (Figure S4, Supporting
Information). The average TEM diameter was found to be 20

+ 5.1 nm for Fe,0; and 22 + 11.6 nm for MnO, (Figure 3c
and 3d). To confirm the crystal structure of the metal oxides,
XRD patterns of as-prepared hybrid films were measured. As
shown in the XRD pattern of Figure 3e, all diffraction peaks
could be assigned to the well-crystallized Fe,O; with a
rhombohedral phase (JCPDS No. 33-0664).”' The XRD
pattern of Figure 3f for the 3D MnO,/m-RGO film only
exhibited a broad and weak diffraction (002) graphene peak at
24.5°, indicating that MnO, had an amorphous structure.”’

High-resolution XPS measurements were performed to
investigate the chemical state of Fe,O; and MnO, on 3D m-
RGO films (Figure 3c and 3d, inset). The peak positions of the
Fe 2p;/, and Fe 2p,,, spectra of the 3D Fe,0;/m-RGO films
are located at 711.7 and 725.3 eV, respectively, which are
characteristic peaks of a-Fe,0;.”" The spin energy separation
between Mn 2p;,, (641.8 eV) and Mn 2p,,, (653.6 eV) was
11.8 eV, which was in accordance with the predominant peaks
of Mn*"."" The loading amount of metal oxides deposited on
the RGO surface was quantified by the TGA measurements.
From the results, 80 wt % of Fe,O5 and 65 wt % of MnO, were
deposited on the surface of RGO (Figure SS, Supporting
Information).

The electrochemical properties of as-prepared Fe,O;/m-
RGO and MnO,/m-RGO films were evaluated as positive and
negative electrodes, respectively, using a three-electrode system.
A portion of the 3D Fe,05;/m-RGO or 3D MnO,/m-RGO film
(1 X 1 cm?) was dipped into 2 M LiCl aqueous solution with
an Ag/AgCl reference electrode and a Pt wire counter
electrode. To enable a better comparison, 3D m-RGO and
2D packed RGO (without microwave treatment) films were
also tested under the same conditions. The CV of the 3D m-
RGO film revealed a typical electrical double-layer capacitive
behavior (Figure S6, Supporting Information). The specific
capacitance of 3D m-RGO films was 205 F g~', which is two
times higher than that of RGO films (98 F g™'). These findings
clearly demonstrate that the 3D porous structure improved the
capacitance. Figure 4a shows the CV curves of 3D Fe,0; and
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Figure 4. CVs of (a) 3D Fe,0;/m-RGO and (b) 3D MnO,/m-RGO
at various scan rates in 2 M LiCl. (b) Specific capacitances of RGO,
3D m-RGO, 3D MnO,/m-RGO, and 3D Fe,O;/m-RGO for a
comparison as a function of increasing the scan rate from 5 to 200 mV
s

MnO,/m-RGO films at various scan rates. All CV curves for 3D
Fe,0; and MnO,/m-RGO showed semirectangular shapes.
The related specific capacitances of those films were calculated
and plotted in Figure 4b. At all scan rates, the 3D hybrid films

showed continuously higher specific capacitances than the 3D
m-RGO and RGO films, indicating that the capacitances of 3D
hybrid films contributed to the combination of the electrical of
metal oxides. At a scan rate of S mV s™!, a maximum specific
capacitance of 382 F g~' was obtained for the 3D MnO,/m-
RGO film, while that of the 3D Fe,O;/m-RGO film was 260 F
g~'. As the scan rate increased, the specific capacitances of the
3D hybrid films decreased slightly, with retention values of 83%
and 90% observed for the 3D Fe,O; and MnO,/m-RGO films,
respectively.

It is essential to demonstrate the origin of the superior
electrochemical performance of 3D hybrid films compared to
the 2D packed RGO films. EIS is a powerful method for the
investigation of electron and ion transfer in supercapacitor
electrodes.”* As shown in the Nyquist plot (Figure 5a), the
charge transfer resistances of the 3D hybrid films (8.7 and 8.2
Q for 3D Fe,0; and MnO,/m-RGO, respectively) were much
lower than those of packed, layered RGO films (17.3 Q), even
though these values were slightly higher than those of 3D m-
RGO film (7.2 Q). Moreover, the relaxation time constant (z,
= 1/f,), the minimum time to accumulate a charge on the
electrode surface with an efficiency of greater than 50%, was
calculated to be 0.6 s for 3D m-RGO, 0.8 s for 3D MnO,/m-
RGO, and 1.0 s for 3D Fe,0;/m-RGO (Figure Sb and Sc).
These values are much shorter than those of RGO films (7.9 s)
and the reported carbon-based electrodes (2.5—14 s),”>***°
which demonstrate the high power performance of 3D m-RGO
and hybrid films. This excellent power performance must be
attributed to the well-defined interconnected 3D structures that
serve as a highway for electron and ion transfers.'®

The aqueous ASC configuration with free-standing 3D
macroporous hybrid films is displayed in Figure 1. The ASC
unit cell (3D Fe,O3/m-RGO//3D MnO,/m-RGO) consisted
of 3D Fe,O; and MnO,/m-RGO films as an anode and a
cathode, respectively, with a safe aqueous 2 M LiCl as an
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range from 100 kHz to 10 mHz. (b and c) Frequency dependence of the real and imaginary parts (C’ and C”) of the specific capacitance of four

different electrodes.

22368

DOI: 10.1021/acsami.5b06187
ACS Appl. Mater. Interfaces 2015, 7, 22364—22371


http://dx.doi.org/10.1021/acsami.5b06187

ACS Applied Materials & Interfaces

Research Article

electrolyte. The stable potential window of 3D Fe,0;/m-RGO
was between —0.8 and 0.2 V (vs Ag/AgCl), while 3D MnO,/
m-RGO was stably cycled between 0 and 1.0 V (vs Ag/AgCl)
(Figure 4a). As expected, our ASC cells extended an operating
cell voltage up to 1.8 V with a semirectangular shape of CVs
(Figure 6a). This wide voltage window of ASC cells efficiently
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Figure 6. (a) CV curves of the assembled ASC devices (full-cell
configuration) collected in different scan voltage windows at a scan
rate of 20 mV s (b) Red LED lit by the ASC devices. (c)
Galvanostatic charge/discharge curves of ASC devices at various
current densities. (d) Plot of full-cell capacitance vs current density.

powered a commercial red light emitting diode (LED; 1.7 V, 30
mA, and S mm diameter) after being charged (Figure 6b).
These results were attributed to not only a combination
negative and positive the electrode materials that have well-
separated potential windows but also utilization of nanocarbons
that efficiently block oxygen or hydrogen evolution reaction.”
The galvanostatic charge/discharge measurement was also
tested using ASC cells at various current densities (Figure 6c).
The gravimetric capacitances for our ASC full cells were
calculated and plotted (Figure 6d). Even when the current
densities were increased to 16.7 A g_l, as-assembled ASCs
maintained 88% capacitance retention relative to their initial
value, implying a good rate capability. Notably, when cycled
under harsh conditions (16.7 A g™"), this value (73.9 F g™') was
still higher than reported for other ASCs. 515 I addition,
the 3D hybrid film-based ASCs had good durability for long-
term cycling with 89% capacitance retention observed after
5000 cycles, even when cycling at a high current density of 16.9
A ¢! (Figure S7, Supporting Information). An SEM study on
3D hybrid films after the cycling test was performed, which
provided good evidence for the excellent cycle perform-
ance.”* ™ Despite the fact that the pore size was reduced
during the assembly of ASCs, the 3D hybrid films still
maintained a porous network morphology without any visible
cracks, leading to superior cycle stability.

We evaluated energy (E) and power (P) densities of our
ASC devices from the galvanostatic charge/discharge curves
and plotted the corresponding specific E versus P values in a
Ragone plot (Figure 7a). The maximum energy density was
41.7 Wh kg™ at a power density of 13.5 kW kg™', which was
significantly improved compared to previously reported iron-
and/or manganese-based ASCs, such as Fe;0,//MnO, (8.8
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Figure 7. (a) Ragone plot of assembled ASCs (full-cell configuration)

compared with other ASCs in an aqueous system. (b) Performance
durability of assembled ASC devices measured at 16.7 A g~ ".

Wh kg™ at 0.25 kW kg™"),"* f-FeOOH//MnO, (24 Wh kg™
at 0.45 kW kg™'),"* ZnFe,0,//Ni(OH), (33 Wh kg™" at 0.068
kW kg™),”” ZnCo,0,@Mn0,//a-Fe,0; (37.8 Wh kg™’ at
0.65 kW kg™),"” GH//MnO,—NF (232 Wh kg™" at 1.0 kW
kg™)," and AC//MnO, (17 Wh kg™ at 2 kW kg™').”
Notably, our ASC full cells maintained 88.2% energy retention
and 98.7% power retention of their initial values after 5000
cycles (Figure 7b).

The superior performance of supercapacitors that assembled
the asymmetric configuration of 3D Fe,O; and MnO,/m-RGO
hybrid films is attributed to the unique 3D hybrid
nanostructure and large potential gap between two electrodes.
The pairing of two different hybrid electrodes surpassed the
operative voltage limit in aqueous supercapacitors by employ-
ing high-overpotential hybrid materials for both hydrogen and
oxygen evolution.'® It extended the operating voltage up to 1.8
V of the assembled supercapacitors, contributing to improve-
ment in energy density. In addition, highly conductive 3D
networks formed by the solid-state microwave reaction enabled
the enhanced kinetic behavior of ion and electron transport,
leading to a high level of power density.

B CONCLUSIONS

We developed for the first time a rapid and simultaneous
synthetic method for the fabrication of 3D porous and
conductive hybrid films obtained directly from 2D packed
GO-based films. A series of highly pseudocapacitive materials of
Fe,O; and MnO, was synthesized using this method, and it
could be extended to a variety of other NP-deposited 3D hybrid
materials for many electrochemical applications. Of note, the
gap in the working potential windows in aqueous electrolytes
between Fe,O; and MnO, allowed us to design and build
asymmetric Fe,O;—MnO, supercapacitors with a large
potential window of 1.8 V that could combine high energy
and power densities with a good cycling life. This asymmetric
cell configuration based on 3D hybrid film electrodes could
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meet the demands for applications in powering consumer
electronics and transportation.
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