Downloaded by DALIAN INST OF CHEMICAL PHY SICS on August 23, 2015 | http://pubs.acs.org
Publication Date (Web): November 20, 2012 | doi: 10.1021/ja308676h

Communication

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Three-Dimensional Graphene-Based Macro- and Mesoporous
Frameworks for High-Performance Electrochemical Capacitive

Energy Storage

Zhong-Shuai Wu,” Yi Sun,” Yuan-Zhi Tan,” Shubin Yang,T Xinliang Feng,*’“t and Klaus Miillen*"

"Max-Planck-Institut fiir Polymerforschung, Ackermannweg 10, 55128 Mainz, Germany
*School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, 200240 Shanghai, P.R. China

© Supporting Information

ABSTRACT: Three-dimensional graphene-based frame-
works (3D-GFs) with hierarchical macro- and meso-
porous structures are presented. The interconnected
macropores are derived from hydrothermally assembled
3D graphene aerogels (GAs), while the mesopores are
generated by the silica networks uniformly grown on the
surface of graphene. The resulting 3D-GFs exhibit narrow
mesopore size distribution (2—3.5 nm), high surface area,
and low mass density. These intriguing features render 3D-
GFs a promising template for creating various 3D porous
materials. Specifically, 3D GA-based mesoporous carbons
(GA-MC) and metal oxide hybrids (GA-Co;0, GA-
RuO,) can be successfully constructed via a nanocasting
technology. Benefiting from the integration of meso- and
macroporous structures, 3D GA-MC manifests outstand-
ing specific capacitance (226 F g™'), high rate capability,
and excellent cycling stability (no capacitance loss after
5000 cycles) when it is applied in electrochemical
capacitors.

lectrochemical capacitors (ECs) with high power density
and excellent cycling stability are the crucial alternatives or
supplements in energy storage devices that can meet the
continuous energy demands and increasing environmental
concerns.! Porous carbon materials such as activated carbon,
carbide-derived carbon, ordered mesoporous carbons, carbon
aerogels, and carbon nanotubes remain the most common and
important electrode candidates for ECs.”> To achieve
fundamental insight into the electrode kinetic mechanisms
and the correlation between porous structure of carbons and
electrolyte ions,>* considerable efforts have been devoted to
fabricating high-performance ECs based on hierarchical porous
carbons with macro-/meso-,° meso-/micro-® macro-/micro-,’
and macro-/meso-/micropores.”® For these porous materials,
the macropores can act as a bulk buffering reservoir for
electrolytes to minimize the diffusion distances to the interior
surfaces of the pores, while the mesopores can provide a large
accessible surface area for ion transport/charge storage, and
micropores can continuously increase charge accommodation.
These features are desirable for applications in high-power
ECs.>®
Three-dimensional (3D) graphene-based frameworks (3D-
GFs) such as aerogels, foams, and sponges are an important
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class of new-generation porous carbon materials, which exhibit
continuously interconnected macroporous structures, low mass
density, large surface area, and high electrical conductivity.”
These materials can serve as robust matrix for accommodating
metal, metal oxide, and electrochemically active polymers for
various applications in ECs,">"" batteries,"”” and catalysis.m
However, 3D-GFs generally lack well-defined mesopores and/
or micropores, which substantially limits the efliciency of mass
transport and charge storage for ECs through the small pores.
Therefore, it is highly attractive to build up hierarchical porous
architectures for 3D-GFs by integrating small mesoporous
channels within interconnected macroporous frameworks.

Herein, we present the fabrication of hierarchical macro- and
mesoporous 3D-GFs. Specifically, the interconnected macro-
pores are derived from 3D graphene aerogels (GAs) that can be
prepared by hydrothermal assembly of graphene oxide (GO),
while the mesopores can be introduced by the silica networks
uniformly grown on the graphene surface. The as-prepared 3D
GA-based mesoporous silica composites (GA-SiO,) exhibit
tunable thickness of mesoporous silica walls, narrow mesopore
size distribution (2—3.5 nm), interconnected macroporous
networks, and low mass density. These features render the GA-
SiO, a promising template for creating other 3D porous
materials. For instance, 3D GA-based mesoporous carbon (GA-
MC) and metal oxide (GA-Co;0,, GA-RuO,) hybrids can be
successfully constructed via a nanocasting technology.'*'®
Remarkably, 3D GA-MC shows outstanding specific capaci-
tance (226 F g'), high rate capability, and excellent cycling
stability (no capacitance loss after S000 cycles) when it is
applied in ECs, demonstrating a synergistic effect of macro- and
mesopores.

The overall synthetic procedure leading to GA-SiO, is
illustrated in Figure 1. First, GAs with high macroporosity and
good mechanical properties (Figures S1—S3) were produced
from hydrothermal assembly of GO in an aqueous suspension
(1.5 mg mL™!, Figure S4), followed by a freeze-drying
process.' Afterward, the resulting monolithic GAs were
immersed into a solution containing cetyltrimethylammonium
bromide (CTAB), ethanol, NaOH, and deionized water."*'*
Within this step, the surfactant cations (CTA") are expected to
be electrostatically adsorbed and assembled on the negatively
charged surface of GAs.'*"> Subsequently, tetraethoxysilane
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Figure 1. Fabrication of hierarchical macro- and mesoporous GA-SiO,
frameworks: (i) electrostatic adsorption and assembly of CTAB on the
surface of 3D GAs, (ii) TEOS hydrolysis for nucleation and growth of
mesoporous silica on the surface of CTA*-adsorped GAs, and (iii)
CTAB removal through ethanol washing, drying, and thermal
annealing.

(TEOS) was added as the silica source into the above mixture.
During this process, TEOS would slowly hydrolyze and result
in silica deposition on the surface of GAs. After washing with
warm ethanol three times to remove CTAB surfactants,
followed by drying and annealing at 800 °C for 3 h in N,
gas, GA-SiO, was successfully constructed (see details in
Supporting Information).

The morphology and microstructure of the as-prepared GA-
SiO, were investigated by means of scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), and nitrogen adsorption—desorption analysis. SEM
images confirm that GA-SiO, possess 3D interconnected
frameworks with randomly opened macroporous structure,
similar to the original GAs (Figure 2ab). The size of the
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mesopores with a narrow size distribution of 2—3 nm. This
result suggests that mesoporous silica was homogeneously
nucleated and grown on 3D GAs.

The macro- and mesoporous feature of GA-SiO, was further
confirmed by nitrogen adsorption—desorption measurements.
The adsorption—desorption curve exhibits the prominent
characteristic of type-IV isotherms with a distinct hysteresis
loop of H2 in the P/P, range of 0.4—1.0, implying the presence
of relatively large macropores and mesopores in the frameworks
(Figure 2f). Moreover, the mesopore size calculated by the BJH
method ranges from 2.0 to 3.5 nm with a narrow distribution
(inset in Figure 2f). Brunauer—Emmett—Teller (BET) analysis
reveals a specific surface area of 350 m* g~' and pore volume of
0.810 cm® g for GA-SiO,, both of which are higher than those
of GAs (220 m* g™' and 0.454 cm® g™', Figure S8). Element
mapping images and energy-dispersive X-ray (EDX) analysis
further unravel the homogeneous distribution of carbon, silicon,

and oxygen in GA-SiO, (Figure 3). The weight percentage of

Figure 2. Morphology and microstructure of GA-SiO,. (a) Low-
magnification, (b) high-magnification, and (c) side-view SEM images
of GA-SiO, reveal 3D macroporous interconnected frameworks and
sandwich-like graphene—silica shells. (d) Representative TEM and (e)
HRTEM images of GA-SiO, show sandwich-like graphene—silica
shells with a mesoporous structure. (f) Isotherm plot and BJH pore
distribution (inset) of GA-SiO, confirm the narrow mesopore size
distribution (2.0—3.5 nm, pore size of >4.0 nm is from GAs) from the
silica shells and a high BET surface area (350 m* g™*).

macropores ranges from a few hundred nanometers to several
micrometers. Different from GAs, GA-SiO, displays relatively
rough surface morphology due to the presence of silica shells
(Figure 2c), which have been uniformly grown on both sides of
graphene in a sandwich-like manner (Figures 2d and SS). The
typical thickness of silica walls is around 60—80 nm (Figure
2b), depending on the experimental conditions (Figures S6 and
S7). Remarkably, a high-resolution TEM (HRTEM) image
(Figure 2e) reveals that the resulting silica shells possess

Figure 3. Elemental mapping images of GA-SiO,. (a) Typical scanning
transmission electron microscopy (STEM) image and corresponding
elemental mapping images of (b) carbon, (c) silicon, and (d) oxygen
in the selected area (orange rectangle in (a)), and (e) EDX spectrum
suggest the homogeneous distribution of C, Si, and O in GA-SiO,. The
peak of Cu is from the copper TEM grid.

SiO, in GA-SiO, accessed by a thermogravimetry (TG) test is
~53% (Figure S9). Therefore, these unique structural
characteristics strongly suggest that GA-SiO, can serve as a
template for generating porous materials with 3D intercon-
nected macroporous networks and mesoporous channels. For
instance, by choosing sucrose or cobalt (ruthenium)
acetylacetonate as carbon or cobalt (ruthenium) source, novel
3D hybrids of GA-MC, GA-Co;0,, and GA-RuO, can be
successfully synthesized, respectively (see details in Supporting
Information).

Figure 4a—c shows the SEM and TEM images of GA-MC.
Apparently, SEM images (Figure 4ab) reveal that GA-MC
possesses a similar morphology as the original 3D GAs, which
are featured by fully interconnected macroporous frameworks.
The XRD pattern (Figure S10) indicates the amorphous nature
of porous carbon for GA-MC. TEM (Figure S11) and HRTEM
(Figure 4c) images clearly show the presence of mesopores in
the carbon walls with a size of 2—3 nm, indicating the successful
replication of the structure from GA-SiO, into GA-MC. A BET
specific surface area of up to 295 m”> ¢! can be obtained based
on the nitrogen adsorption—desorption analysis. Similarly, the
pore size distribution further demonstrates the existence of a
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Figure 4. 3D GA-MC and GA-Co;0, materials derived from the as-
prepared GA-SiO,. (ab) SEM and (c) HRTEM images of GA-MC
reveal the mesoporous structure of the walls and macroporous
interconnected framework. (d,e) SEM images of GA-Co;0,
demonstrate the macroporous structure with increased thickness of
the frameworks. (f) HRTEM images of GA-Co;0, disclose the
uniform distribution of ultrasmall (2—3 nm) crystalline nanoparticles
of Co;0, on graphene sheets.

large number of mesopores (2.0—3.5 nm) and macropores in
GA-MC (Figure S12).

Given the unique porous features for GA-MC, we further
evaluated its electrochemical performance as electrode for ECs
in a three-electrode system, applying 1 M H,SO, as electrolyte,
as shown in Figure S. The cyclic voltammetry (CV) profiles
exhibit a typical electrical double layer behavior at all sweeping
rates (Figure Sa) and the specific capacitance obtained at 1 mV
s~ is about ~226 F g~". This value is much higher than that of
the macroporous GAs (~176 F g_l), mesoporous carbon (MC,
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Figure S. Electrochemical performance of GA-MC electrode for ECs.
(a) CVs of GA-MC electrode measured at different scan rates in 1 M
H,SO0, electrolyte. (b) Specific capacitance as a function of scan rates
for GA-MC, GAs, MC, mixed GA-MC, 2D GMC, and graphene
powder electrodes. (c) Cycling stability of GA-MC electrode for ECs,
measured at 2 A g~ in 1 M H,SO, electrolyte.

143 F ¢') without involving graphene (see Supporting
Information), physically mixed GA-MC with a 1:1 weight
ratio (~158 F g™'), two-dimensional graphene-based meso-
porous carbon sheets'* (GMC, 148 F g™!) without macropores
(see Supporting Information), and reduced graphene powder
(146 F g™') (Figure Sb) for ECs. These parallel experiments on
different graphene-based carbon materials strongly suggest the
critical importance of integrating mesopores into macroporous
frameworks to improve the electrochemical performance.
Thereby, a synergistic effect of macro- and mesopores is
validated (Figure S13): (i) The interconnected macropores
within frameworks are favorable for buffering ions to shorten
the diffusion distances from the external electrolyte to the
interior surfaces. (ii) The mesopores in thin walls, together with
the presence of micropores derived from the stacked graphene
layers, can enhance ion transport and charge storage.s’16 (iii)
The conductive graphene sheets within 3D frameworks can
serve as multidimensional pathways to facilitate the transport of
electrons in the bulk electrode.'”"!

Furthermore, GA-MC displays good capacitance retention
(Figure Sb). For instance, a highest specific capacitance of ~83
F ¢! was obtained among our measured samples at a high scan
rate of 100 mVs™', demonstrating the reduced ion transport
limitation in macro-/mesoporous 3D materials. The cycling
stability of GA-MC was also evaluated by galvanostatic charge—
discharge measurement at 2 A g”' in 1 M H,SO, electrolyte.
Remarkably, no capacitance loss was observed for GA-MC after
5000 cycles (Figure Sc). The enhanced capacity may be
attributed to the improvement of ion accessibility in 3D
graphene frameworks during the cycling process which leads to
an increased accommodation behavior for charges.

On the other hand, GA-SiO, is also a promising template for
fabricating novel 3D graphene/metal oxide hybrids for
electrochemical energy storage and conversion systems. For
instance, GA-Co30, hybrids were prepared by infiltration of the
as-prepared GA-SiO, into 2-isopropanol solution containing
cobalt acetylacetonate, followed by heating at 350 °C for 3 h in
air, and NaOH etching of mesoporous silica. Figure 4d—f shows
the SEM and TEM characterizations for GA-Co;0,. Obviously,
GA-Co0;0, hybrids possess 3D interconnected macroporous
frameworks (Figure 4d,e), associated with mesoporous and
crystalline structures of Co;O, (Figure 4f). Interestingly,
ultrasmall Co;0, nanoparticles with a size of 2—3 nm are
uniformly deposited on the surface of 3D GAs (Figures 4f and
S14). The pure phase of Co;0, in hybrids was revealed by the
XRD pattern (Figure S15). This result suggests that Co;0,
nanoparticles were confined in the mesopores of the silica
template during the fabrication process. The presence of
graphene and Co;0, in GA-Co;0, was further confirmed by
XPS analysis (Figure S16). Similarly, this synthetic strategy was
used to fabricate 3D GA-RuO, hybrids (~42 wt% RuO,)
(Figure S17). Due to the decoration of uniform and ultrasmall
RuO, nanoparticles (~2 nm) on 3D GAs, the resulting hybrids
exhibit high specific capacitance (560 F g™') for ECs.
Importantly, the pseudocapacitive utilization of RuO, in hybrid
is as high as ~1090 F ¢~' (Figure S18), which is comparable to
the best reported values."”

In summary, we have successfully integrated mesoporous
silica walls within 3D interconnected macroporous graphene-
based frameworks. The resulting GA-SiO, possess macro- and
mesoporous structures with a high specific surface area,
enabling the construction of other graphene-based materials
with hierarchical porous features. The fabricated 3D graphene-
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based mesoporous carbon and metal oxide materials show
enhanced supercapacitive performance, such as high specific
capacitance, good rate capability, and excellent cycling stability.
By adjusting the shell thickness and the mesopore size, we
believe that our approach can provide a variety of new 3D
hierarchical porous materials for the application in a broad
range of ECs, batteries, sensors, catalysis, adsorbents, and fuel
cells.
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