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Novel cage-type mesoporous carbon “carbon nanocage
(CNC),” which is prepared as a carbon replica of KIT-5 mesopo-
rous silica, showed a high electrochemical performance as an
electrode material, due to the high specific surface area and mes-
opore volume as well as the sparse carbon network.

Electric double-layer capacitors (EDLCs) have been exten-
sively studied in order to find new promising applications as
pulse power sources for digital communication devices and elec-
tric vehicles.!™ For an ideal EDLC electrode material, it is nec-
essary to have a large surface area for charge accumulation, an
appropriate pore structure for electrolyte wetting, and rapid ionic
motion.'~

Rechargeable lithium ion (Lit) secondary batteries also
have been widely investigated as a compact energy-storage sys-
tem for portable electronics and hybrid electric vehicles.*
Among a variety of possible anode materials, graphite is com-
monly used for the fabrication of Li* batteries and provides a
theoretical specific capacity of 372 mA h g~!. Improving the per-
formance of LiT batteries requires novel carbonaceous anode
materials with higher discharge capacity.

Over the past decade, a wide variety of ordered mesoporous
carbons as replicas of mesoporous silica materials has been devel-
oped. The successful synthesis of highly ordered mesoporous car-
bon using mesoporous silica templates was simultaneously
achieved by two groups: Lee et al. (designated as SNU series)’
and Ryoo et al. (designated as CMK series).® Lee and co-workers’
presented the preliminary results on the EDLC performance of the
self-ordered mesoporous carbons SNU-1 and SNU-2, which are
replicas of AI-MCM-48 and 2D-hexagonal mesoporous alumino-
silicate (HMAS), respectively. As these SNU-x carbons have rel-
atively narrow pores (less than 2 nm), which are not accessible by
larger electrolyte ions, the surface area corresponding to such nar-
row pores hardly contributes to the total electrochemical double-
layer capacitance. Recently, CMK-3, a carbon replica of SBA-15
mesoporous silica, has been applied to EDLC electrodes and Li*
batteries and showed a higher discharge capacity than micropo-
rous carbons.?!3 The good capacitive behavior of CMK-3 could
be attributed to high surface area as well as large mesopore vol-
ume. In addition, an inverse opal carbon as a replica of a three-di-
mensionally ordered assembly of monodispered colloidal silica
has been developed and showed high EDLC performance.'#

Recently, “carbon nanocage (CNC)” '3 has been synthesized
as a replica of KIT-5 mesoporous silica, which is highly ordered
three-dimensional close-packed cage-type mesoporous silica
with the face-centered cubic Fm3m symmetry.!> CNC possess-
ing the same symmetry as KIT-5 has extremely high surface area
(ca. 1500 m? g~') and large mesopore volume (ca. 2.0cm? g~1).
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Figure 1. XRD patterns of (a) KIT-5, (b) CNCgy, and (c) CNCpga.

These notable textural properties of CNC allow us to expect
a great possibility of high discharge capacity. Very recently,
it was reported that CNC showed a high electric capacitance
(ca. 200Fg™") using tetraecthylammonium tetrafluoroborate
(TEABF,) as an electrolyte.'®

In this study, we investigated both the electric double-layer
capacitance and Li™ discharge capacity of CNC prepared from
two different carbon sources: sucrose (C;oH»,0q;) and furfuryl
alcohol (FA, CsHgO,). The CNCs prepared from sucrose and
FA were designated as CNCg,. and CNCp,, respectively. For
comparison, CMK-3 materials were prepared from sucrose
and FA, which were designated as CMK-3;,. and CMK-3g,.
The synthetic procedures and characterization techniques of mes-
oporous carbons are shown in Supporting Information (SI) 1.7

Figure 1 shows XRD patterns of KIT-5, CNCg,, and
CNCEa. The reflections of all three samples are indexed to the
111, 200, and 220 reflections of the cubic group Fm3m. These
XRD measurements indicate that the CNC materials obtained
are indeed replicas of KIT-5. CMK-3,. and CMK-3g4 were also
obtained as replicas of SBA-15 (Figure S1).!” Table 1 lists the
textural properties of KIT-5, SBA-15, CNC, and CMK-3 mate-
rials, determined from nitrogen adsorption—desorption isotherms
(Figure S2).!” Mesoporous silica materials, KIT-5 and SBA-15,
showed general textural properties. CNC materials were found to
have a higher BET surface area and mesopore volume than
CMK-3 materials, due to the three-dimensional mesoporosity
with internal large cavities therein.

The BET surface area and mesopore volume of CNCy,. were
larger than those of CNCga, probably because the sparse carbon
network containing many defects are formed by the removal of a
large amount of oxygen atoms in sucrose molecules during the
carbonization process.

The EDLC performances of these four types of carbon ma-
terials were investigated. Figure 2 shows the EDLC cyclic per-
formances of the CNC and CMK-3 materials at a current density
of 2000 mA g~! during discharge on the positive voltages, esti-
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Table 1. Textural properties of mesoporous materials

Mesopore Pore diameter BET
Sample volume (BJH) surface area

Jem® g™ /nm /m* g™
KIT-5 0.95 9.2 590
CNCyye 2.02 3.0 1760
CNCra 1.64 37 1257
SBA-15 1.01 7.1 831
CMK-3,c 1.11 3.0 1509
CMK-3ga 0.69 3.0 933
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Figure 2. The EDLC cyclic performance of CNC and CMK-3 materials as
an EDLC negative electrode. The current density was 2000mAg~"'. H,
CNCyye; [, CNCpa ; €, CMK-3,.; &, CMK-3ga; O, activated carbon pur-
chased from Housen.

mated from the potential-time curves (Figure S3).!” For compar-
ison, activated carbon (1700 m? g~!, made from phenol polymer,
Housen), which is used as a counter electrode in this study (see SI
1), was also tested as a negative electrode in the EDLC meas-
urement. CNC materials showed a higher specific capacitance
than CMK-3 materials and activated carbon in the range of
2000-10000mA g~! (Figure S4)!7 without any decreases in the
capacitance. It should be noted that CNCg,. showed an extremely
high specific capacitance as high as 180 Fg~! in every cycle, be-
ing consistent with a very recent publication.'® Each value of
CNCq, is always higher than that of CNCp,a. Such a high elec-
trochemical performance of CNCy,, is probably due to high BET
surface area and mesopore volume caused by the three-dimen-
sional character of its pore system and also a sparse carbon net-
work originating from the nature of sucrose molecules.

The electrochemical properties of mesoporous carbons and
activated carbon (RP-20, 1750 m? g~!, made by phenol polymer,
Kuraray Chemical) were characterized in LiPF¢-containing elec-
trolyte. Figure 3 shows discharge capacities of CNCgyc, CNCpa,
CMK-3,c, CMK-3g4, and RP-20, estimated from the discharge-
charge profiles (Figure S5).!7 The discharge capacities of both
CNC and CMK-3 were higher than the theoretical discharge ca-
pacity of graphite (372mAhg~"), probably due to ordered mes-
oporosity and mesopore volume of CNC and CMK-3. Surpris-
ingly, the initial Lit capacity of CNCy,. and CNCga reached
1600 and 1450 mAhg~!, respectively, whereas those of CMK-
3quc and CMK-3g, were 1150 and 900 mA hg~!, respectively.
The high discharge capacities of the CNC materials remained
over 1000mAhg™' even at the tenth cycle, as shown in
Figure 3. All the porous carbon materials exhibited a relatively
low Coulombic efficiency of 35-45% at the first cycle
(Figure S6),!” caused by the formation of solid electrolyte inter-
face.!8 At the second cycle, their Coulombic efficiencies increas-
ed and the values remained over 90% after the fourth cycle. Such
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Figure 3. The cyclic performance of activated carbon, CNC and CMK-3
materials in discharge capacity of LiPFg at a current density of 100
mAhg~!. B, CNCy; [0, CNCgp; @, CMK-3,.; O, CMK-3gs; A, RP-
20. The dash line means the specific capacity of graphite (372mAhg™1).

behavior of their Coulombic efficiency is quite common in most
carboneous materials.?

In conclusion, novel cage-type mesoporous carbons, espe-
cially CNCg,., showed much higher electric double-layer capac-
itance and Li-accumulation capacity than CMK-3 and conven-
tional activated carbon. Such an astonishing high performance
of CNCq, as an electrode material is probably caused by high
BET surface area and mesopore volume as well as the sparse car-
bon network. The findings in this work would be useful in the de-
velopment of electrochemically applicable new porous materials.
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