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Graphene and its derivatives have attracted much attention in application of electrochemical devices.
Construction of three-dimensional (3D) heterostructured composites is promising for establishing
high-performance devices, which enables large surface area, facilitated ion and electron transport, and
synergistic effects between multicomponents. Here, we report a simple and general sonochemical-
assisted synthesis to prepare various 3D porous graphene/nanoparticle (i.e., Pt, Au, Pd, Ru, and MnO2)
foams using colloidal template. The 3D porous network structure of composite foams significantly
improves a large surface area of around 550 m2 g–1 compared to the bare graphene (215 m2 g–1). This
unique structure of 3D graphene/MnO2 enables further improvement of electrochemical characteristics,
compared with bare graphene/MnO2 composite, showing a high specific capacitance of 421 F g–1 at
0.1 A g–1, high rate capability (97% retention at 20 A g–1), and good cycling performance (97% retention
over 1000 cycles). Moreover, electrochemical impedance analysis demonstrates that electron and ion
transfer are triggered by 3D porous structure.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Chemically modified graphene (CMG) materials developed by
Ruoff and co-workers have shown their great potential in a wide
range of applications because of their electrical, thermal, chemical,
and mechanical properties [1,2]. Solution-based chemical synthe-
sis of CMG using graphene oxide (GO) enabled mass production
and facile surface functionalization [2]. Recently, all of the above
merits make CMG and its derivatives attractive as nanobuilding
blocks for the preparation of bulk electrodes for application of elec-
trochemical devices [3–7]. However, these CMG-based electrodes
suffer from irreversible aggregation of CMGs originating from the
intersheet van der Waals force when making bulk electrode [2,8].
As a consequence, intrinsic superior features of individual CMG
sheet at nanoscale cannot be transferred to the macroscopic prop-
erties of the bulk electrodes. For instance, restacking of CMG sheets
causes dramatic reduction of specific surface area and inferior con-
struction of electron and ion pathways, which are responsible for
poor device performances.
Construction of three-dimensional (3D) porous structures pro-
vides a larger surface area and faster electron and ion kinetics com-
pared to the 2D packed structures at bulk scales [9]. So far, various
approaches for 3D porous frameworks have been developed,
including self assembly of graphene in solution (i.e., gelation and
hydrothermal reduction), template-guided methods, leavening
strategy, and so on [10–15]. Among them, sacrificial particle tem-
plating approaches allow us to fabricate well-defined 3D porous
networks with controllable pore sizes [12,16]. Recent reports and
reviews described that 3D heterogeneous structures, consisting
of active nanoparticle (NP) deposited graphene sheets, are particu-
larly promising for improving electrochemical properties of graph-
ene-based electrodes [9,12,13,17]. However, most of previous
templating methods still require a post treatment for heteroge-
neous structures, which is a time-consuming process and some-
times leads to the collapse of original structure.

Herein, a simple and effective approach through sonochemical
synthesis was developed to prepare 3D heterogeneous CMG/NP
composite foams. Polystyrene (PS) colloidal particles with size of
100 nm were employed as sacrificial templates to fabricate 3D por-
ous structures. Ultrasound treatment was triggered simultaneously;
(1) assembly of CMGs and PS spheres and (2) in situ synthesis of
various NPs (i.e., Pt, Au, Pd, Ru, and MnO2) onto the CMG surface.
Moreover, we were able to apply the 3D CMG/MnO2 foam to
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Fig. 2. (a) High-resolution TEM image of CMG sheets. (b) XPS survey spectrum of
GO and CMG.

K.G. Lee et al. / Ultrasonics Sonochemistry 22 (2015) 422–428 423
supercapacitor electrode, showing superior electrochemical charac-
teristics compared to the bare CMG/MnO2 composite.

2. Experimental

2.1. Preparation of 3D CMG/NP foams

Prior to fabricate 3D heterogeneous foams, an aqueous suspen-
sion of the negatively charged CMG sheets (10 mg) was prepared
using GO suspensions by the modified Hummers method [18].
The resultant CMG solution was mixed with the positively charged
PS solution in weight ratio of 95:5 wt%. At the same time, 1 � 10–3

mmol of H2PtCl6 was also mixed. The resultant mixture was
sonicated for 15 min (Fisher Scientific Model 500 ultrasonic). During
this process, pH value was maintained to be 6–8. As-synthesized
CMG/PS/Pt composites were then filtered, washed with deionized
(DI) water several times, and immersed in toluene to remove PS
particles. The final 3D CMG/Pt foam product was rinsed with
ethanol and DI water several times and dried at 60 �C under a
vacuum for 24 h. Various other precursors (i.e., HAuCl4�3H2O,
Pd(C2H3O2)2, RuCl3�H2O, and KMnO4) were used for the prepara-
tion of 3D CMG/NPs foams through the same protocol of 3D
CMG/Pt foams.

2.2. Preparation of 3D CMG/MnO2 electrode

Electrochemical properties of 3D CMG/MnO2 foams for superca-
pacitor application were investigated by a conventional three-elec-
trode electrochemical cell using 3D CMG/MnO2-based working
electrode, a KCl-Ag/AgCl of reference electrode, and a platinum
wire counter electrode. The electrolyte was 1 M Na2SO4 solution.
The working electrode was prepared by modification of Al foil sub-
strate (1 � 1 cm2) as current collector with a mixture of 3D CMG/
MnO2 (9 mg) and polytetrafluoroethylene binder (1 mg). After
pressing the electrode, the electrode had bulk density of 0.86 g/
cm3. As-obtained working electrodes were dried at 60 �C under a
vacuum before the performance measurements. For a reference
sample, a CMG/MnO2 electrode was prepared by the same proto-
col, which described the 3D CMG/MnO2 electrode.

2.3. Characterization

Transmission electron microscopy (TEM) and high-angle annu-
lar dark-field scanning TEM (HAADF-STEM) images were collected
on an E.M. 912 X energy-filtering TEM (JEM2200FS). Scanning
electron microscopy (SEM) images were obtained using a field
emission scanning electron microscope (FEI Sirion model). X-ray
photoelectron spectroscopy (XPS) data were obtained using a
Thermo MultiLab 2000 system with an Al Mga X-ray source. The
X-ray diffraction (XRD) data were obtained on a Rigaku D/max lllC
(3 kW) with a h/h goniometer equipped with a CuKa radiation gen-
erator. The diffraction angle of the diffractograms was in the range
of 2h = 5�–80�.
Fig. 1. Scheme of a procedure to fabricate 3D CMG/NP foams through sim
2.4. Electrochemical measurements

Cyclic voltammogram was performed with a CHI 760D electro-
chemical workstation (CH Instruments). Galvanostatic charge/dis-
charge measurements were carried out using a Solartron 1287A.
The electrochemical impedance spectroscopy measurements were
performed over a frequency range from 105 to 10�1 Hz at the
amplitude of the sinusoidal voltage of 10 mV using a Solartron
1260 impedance/gain-phase analyzer. A life cycling test was taken
by galvanostatic charge/discharge measurements at 1 A g�1 of cur-
rent density up to 1000 cycles. All of the electrochemical measure-
ments were performed at RT, and as-obtained data were within the
error range of ±1%. The total capacitance Csp was calculated by
using the following equation:

Csp ¼ I=ðDV=DtÞ

where I and DV/Dt are the applied current density and the discharge
slope after IR drop, respectively. Upon all of the current densities
(even at high current density), the discharge curves are almost
linear.
ultaneous PS template-guided method and sonochemical synthesis.
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3. Results and discussion

3D CMG/NP foams were fabricated through the sonochemical-
assisted method (Fig. 1). The coassembly of the negatively charged
CMGs (CMG–COO–) and the positively charged PS (PS–NH3

+)
spheres can occur by strong electrostatic interactions under the
controlled pH values of 6–8 [12,13]. The negatively charged CMGs
were prepared by the modified Hummers method through con-
trolled reduction of GOs under basic conditions [18]. As-resulted
CMGs had negatively charged carboxylate groups with a few layer
sheets of �6 nm thickness (Fig. 2a). The partial oxidation of CMGs
was confirmed by XPS analysis (Fig. 2b), in which the atomic ratio
of C to O increases from 2.37(C = 69.23 and O = 29.17 for GO) to
5.26(C = 80.29 and O = 15.26 for CMG). Scanning electron
Fig. 3. (a) SEM image of PS-encapsulated CMG sheets. (b) 3D porous CMG foam after re
CMG/Pt foams (Inset is high-resolution TEM image of a lattice structure of Pt nanoparticl
ultrasonic treatment. (f) XPS survey spectrum of 3D CMG/Pt (Inset is Pt 4f spectrum of
microscopy (SEM) image of Fig. 3a shows that the PS spheres are
tightly encapsulated by CMG sheets. During the electrostatic
assembly, various NP precursors were in situ nucleated and depos-
ited onto the surface of CMG through the ultrasound irradiation.
This sonochemical approach based on acoustic cavitation is simple,
fast, and effective for nucleation and growth of NPs [19,20]. After
removal of PS spheres, 3D CMG/NP foams were obtained.

A typical TEM image of 3D CMG foams without NP decoration is
shown in Fig. 3b. Foam-like porous structure was successfully
accomplished without structural collapse. In this replicating and
embossing process, electrostatic interaction between the positive
charge of PS and negative charge of CMG is a critical factor for
the formation of porous structures. When using negatively charged
PS and non-charged PS colloids, formation of porous structures
moval of PS spheres without NP precursors. (c) and (d) HAADF-STEM images of 3D
e onto the CMG surface.). (e) TEM image of reference sample of 3D CMG/Pt without
3D CMG/Pt.).
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were not observed due to the weak interactions between the CMG
and PS. The successful embossing process enabled large surface
area with porous structures. The N2 adsorption–desorption mea-
surement clearly demonstrated large surface area of 3D CMG
(529.04 m2 g–1), which is 2-fold-higher than bare CMG sample
(215.18 m2 g–1, Table 1). After deposition of Pt NPs, the 3D porous
structure still remained in CMG/Pt foam (Fig. 3c). The high-angle
annular dark-field scanning TEM (HAADF-STEM) images of Fig. 3c
and d display that the Pt NPs were uniformly distributed on the
surface of CMG sheets. High-resolution TEM measurement con-
firmed the lattice resolved fringes of Pt NPs, which is indicative
of high crystalline structure of Pt NPs (Inset image of Fig. 3d). In
contrast, deposition of Pt NPs is difficult without sonication treat-
ment under same reaction time of CMG/Pt foam even though
Table 1
Textural properties of 3D CMG and 3D CMG/NPs (Pt, Ru, Pd, Au, and MnO2) foams.

Samples Surface area
(m2 g–1)a,c

Pore volume
(cm3 g–1)a

Pore size
(nm)a,b

CMG 215.18 0.51 0.24
3D CMG 529.04 2.88 9.70
3D CMG/Pt 551.81 2.99 6.70
3D CMG/Ru 576.98 3.04 11.24
3D CMG/Pd 547.05 2.79 24.21
3D CMG/Au 560.43 3.56 17.04
3D CMG/MnO2 559.74 3.05 8.87

a Properties determined with a gas sorption analyzer.
b Calculated by using the Barret–Joyner–Hallender (BJH) Model.
c Calculated by using the Brunauer–Emmett–Teller (BET) equation.

Fig. 4. TEM images and XPS spectra for (a) 3D CMG/Ru, (b) 3D CMG/Pd, (c) 3D CMG/A
partial assembly of CMG and PS was observed due to the opposite
surface charges of two components (Fig. 3e). Further evidence for
the formation of Pt NPs was obtained from XPS analysis of 3D
CMG/Pt foams (Fig. 3f).

Our synthetic method provided versatility. Various types of
novel NPs such as Ru, Pd, and Au were successfully synthesized
on the CMG surfaces under an identical procedure to that used
with the 3D CMG/Pt foam, only by changing the NP precursors.
As shown in Fig. 4a–c, each sample shows successful incorporation
of NPs in 3D CMG foams. In particular, metal oxide of MnO2 was
also deposited on the CMG surface through sonochemical treat-
ment when using the KMnO4 precursor. Previous reports have sug-
gested that the redox reaction between the MnO4

� and carbon leads
to the spontaneous reduction of MnO4

� ions to MnO2 on the surface
of CMGs [19,21]. The ultrasound irradiation facilitated the forma-
tion of MnO2 on the surface of CMGs [21]. The formation of NPs
was confirmed by each XPS analysis (Inset images of Fig. 4). Differ-
ent morphologies and sizes of NPs were attributed to different
types of NP precursors and growth kinetic mechanisms of NPs
[22,23]. These 3D CMG/NP foams had high surface areas around
550 m2 g–1 (Table 1).

One promising potential to harness these 3D CMG/NP foams is
an electrode material for electrochemical capacitors. MnO2 is the
most thoroughly investigated material for supercapacitors because
of its high theoretical specific capacitance (1370 F g–1) with low
cost [24]. In addition, a combination of its high surface area, high
electrical conductivity, and porous structures is desirable to
enhance power and energy performances of supercapacitors.
Hence, we selected 3D CMG/MnO2 sample for application of
u, and (d) 3D CMG/MnO2 foams. Inset of (d) is size distribution of MnO2 particle.
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supercapacitor electrode. The MnO2 obtained from ultrasonic
treatment has amorphous structure, verified by XRD patterns of
Fig. 5a. In addition, when observing Mn 3s peaks, the MnO2 exhib-
its a peak separation of �4.9 eV, which is indicative of an
Fig. 5. (a) XRD patterns of 3D CMG and 3D CMG/

Fig. 6. (a) CV curves with a scan rate of 50 mV s�1 for 3D CMG/MnO2, 3D CMG, and CMG
constant current density of 0.1 A g�1 for 3D CMG/MnO2 and CMG/MnO2 electrodes in
20 A g�1 for 3D CMG/MnO2 and CMG/MnO2 electrodes. (d) Long-term cycling stability of
over 1000 cycling.
intermediate oxidation state between Mn4+ and Mn3+ (Fig. 5b).
The particle size of MnO2 was investigated from high-resolution
TEM images, in which an average diameter of 21.44 ± 1.18 was
calculated (Inset of Fig. 4d). To evaluate the electrochemical
MnO2. (b) Mn 3s spectrum of 3D CMG/MnO2.

/MnO2 electrodes in 1 M Na2SO4. (b) Galvanostatic charge/discharge curves with a
1 M Na2SO4. (c) Specific capacitances as a function of current density from 0.1 to
3D CMG/MnO2 and CMG/MnO2 electrodes with a constant current density of 1 A g�1
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characteristics, we carried out cyclic voltammetry (CV), galvano-
static charge/discharge, and electrochemical impedance spectros-
copy (EIS) measurements in a three-electrode configuration. The
CMG/MnO2 electrode without PS sphere treatment as a control
sample was tested under identical conditions.

CV profiles (Fig. 6a) of the 3D CMG/MnO2, 3D CMG, and CMG/
MnO2 electrodes were measured at a scanning rate of 50 mV s–1

in 1.0 M Na2SO4 aqueous solution. The shapes of these CV curves
are quasi rectangular which is attributed to the electrical double
layer capacitive behavior of CMG and pseudocapacitive behavior
of MnO2 [25]. As expected, higher current density was observed
for the 3D CMG/MnO2 than those of 3D CMG and CMG/MnO2 coun-
terparts (Fig. 6a). Galvanostatic charge/discharge curves of Fig. 6b
also reveal the superior capacitive behavior of 3D CMG/MnO2 com-
pared to the CMG/MnO2. High symmetric charge/discharge curves
were observed at both samples. These are consistent with the CV
curve. On the basis of these curves, the specific capacitance (Csp)
of 3D CMG/MnO2 was calculated to be 421 F g–1 at 0.1 A g–1, which
is 2 times higher than that of CMG/MnO2 (187 F g–1). In addition,
this specific capacitance value for 3D CMG/MnO2 is much higher
than those of other reported MnO2-based materials including
MnO2/graphene composite (216 F g–1 at 0.15 A g–1) [26], MnO2/
conducting polymer (270 F g–1 at 0.25 V s–1) [27], and Au-MnO2/
carbon nanotube (68 F g–1 at 6.6 A g–1) [28]. The Csp versus current
density was plotted in Fig. 6c. Upon all of the current densities, 3D
CMG/MnO2 yields greatly improved capacitance values with 2–3
times higher than those of CMG/MnO2. Moreover, the capacitance
retention for 3D CMG/MnO2 was observed to be �97% when the
current rate was increased from 0.1 to 20 A g–1, while 36% capaci-
tance decay was observed for CMG/MnO2. This indicates the supe-
rior rate capability of 3D CMG/MnO2 compared to the control
sample.

To further characterize the electrochemical long-term stability,
galvanostatic charge/discharge measurement was performed at a
constant current density of 1 A g–1 for 1000 cycles. The Csp values
as a function of cycle number for 3D CMG/MnO2 and CMG/MnO2

were plotted in Fig. 6d. It is seen that 97% of the initial capacitance
was retained, indicating good cycling stability of 3D CMG/MnO2. By
contrast, CMG/MnO2 shows a larger capacitance loss with 85%
retention of initial capacitance after 1000 cycles. Nyquist plots
were obtained from EIS measurement using 3D CMG/MnO2 and
CMG/MnO2 electrodes (Fig. 7). The charge transfer resistance
Fig. 7. Nyquist plots measured at a frequency range of 100 kHz to 0.01 Hz for 3D
CMG/MnO2 and CMG/MnO2 electrodes.
(RCT) was calculated to be 14.7 and 22.1 O for 3D CMG/MnO2 and
CMG/MnO2, respectively. Superior charge transfer reaction of 3D
CMG/MnO2 compared to the counterpart was attributed to the
increased contact area at the electrolyte/electrode interface [13].
Moreover, a more vertical straight line at the low frequency region
for 3D CMG/MnO2 compared to the CMG/MnO2 demonstrates the
faster ion diffusion behavior, which resulted from porous struc-
tures [29]. Therefore, the creation of the porous structure on
CMG sheets enabled efficient and rapid pathways for electron
and ion transfer, giving rise to a good cycle performance and rate
capability.
4. Conclusion

We developed a combination method of both replication pro-
cess and sonochemistry for fabrication of 3D CMG/NP foams. The
resulting 3D foams had large surface area and porous structures
decorated with various NPs such as Pt, Au, Pd, Ru, and MnO2. By
adapting 3D CMG/MnO2 into electrode materials, we demonstrated
its electrochemical characteristics for supercapacitor applications,
showing high specific capacitance, high rate capability, and long
cycling life. This promising synthetic method demonstrated here
can be generally applicable for the fabrication of various 3D
CMG-based foams with other nanoparticles for the development
of energy storage and conversion devices as well as electrochemi-
cal biosensors.
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