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Abstract: Here we report the thermal conversion of one-
dimensional (1D) fullerene (Cy,) single-crystal nanorods and
nanotubes to nanoporous carbon materials with retention of
the initial 1D morphology. The 1D Cg, crystals are heated
directly at very high temperature (up to 2000°C) in vacuum,
yielding a new family of nanoporous carbons having -
electron conjugation within the sp>-carbon robust frameworks.
These new nanoporous carbon materials show excellent
electrochemical capacitance and superior sensing properties
for aromatic compounds compared to commercial activated
carbons.

F ullerenes,! carbon nanotubes and graphenes® have
well-defined molecular surfaces almost entirely composed
of sp>-carbon atoms, which provide extended conjugated -
systems to realize their intriguing optoelectronic properties.
Recently, self-assembled fullerene (Cg) nanostructures have
received considerable attention due to their unique physico-
chemical properties and high symmetries with conjugated -
systems. Many potential applications have been demonstrated
in a wide range of research fields, including biomedicines,
semiconductors, and optoelectric/spintronic devices.*! Intro-
duction of nanoporous architectures into sp>-carbon materials
is anticipated to drastically increase the effective surface area
leading to great utility in many applications such as high-
power solar cells, supercapacitors, hydrogen storage materi-
als, and high sensitivity chemical and physical sensors.”!

Due to their low costs, high chemical and mechanical
stabilities, and high conductivities as well as high surface areas
and extensive pore structures, nanoporous (mesoporous)
carbon materials have been extensively used in different
applications, including as catalyst supports, adsorbents, and
sensors.) The hard-templating approach is well known as
a powerful tool for the preparation of nanoporous carbons.”
Inorganic mesoporous silicas and zeolites have often been
utilized as templates. Polyvinyl chloride, polypyrrol, furfuryl
alcohol, sucrose, acenaphthene, and mesophase pitch have
been utilized as carbon sources. However, such carbon
sources cannot be easily graphitized in the pore walls without
catalysts such as Fe and Co.*” There are also recent reports
of alternative approaches demonstrating direct self-assembly
of amphiphilic molecules as a soft template for nanoporous
carbons.®! In particular, the formation of highly graphitic
walls having extended conjugated m-systems in nanoporous
carbons still remains a challenging task and would lead to
several benefits. Apart from expected improvements in
electrical conductivity, the introduction of highly graphitized
walls should promote the stability of the carbon support, thus
improving its durability.

Inspired by the above situation, in this work we aimed at
synthesizing a new family of carbon materials by utilizing
single-crystal Cg, assemblies as ideal m-electron carbon
sources, because Cg, consists essentially of a m-electron
system (similar to graphite, which is composed of stacked
graphene sheets of linked ‘hexagonal’ rings). In this Commu-
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nication, we report a novel pathway for the synthesis of
nanoporous carbons with graphitic walls by heat treatment
(2000°C in vacuum) of 1D Cg nanorods (FNR) and Cg,
nanotubes (FNT).

For the preparation of 1D FNR and FNT, we used
a liquid-liquid interfacial precipitation (LLIP) method, which
is one of the most promising methods for preparing Cg,
crystals.’) The 1D FNR was prepared at the interface between
tert-butyl alcohol (TBA) and a saturated solution of Cy, in
mesitylene (0.99 mgmL™"), whereas 1D FNT was prepared at
the interface between isopropyl alcohol (IPA) and a saturated
solution of Cg, in mesitylene. For FNR, the TBA solution was
slowly added to a saturated Cg, solution in mesitylene. The
mixture was stored in a temperature-controlled incubator at
25°C for 24 h. Similarly, FNT was grown with [PA as
antisolvent. Detailed synthetic methods are supplied in the
Supporting Information (SI).

As shown in Figure S1, FNR prepared using the TBA
system consist of straight rods. Based on a histogram obtained
by measuring 100 randomly selected FNR, rod lengths are in
the range from 7-40 um (Figure S2a). Rod diameters are
found typically in the range from 250 nm to 1.2 um, with
a small fraction of rods having diameters greater than 1.2 um
(Figure S2b). FNT prepared using the IPA system consist of
hollow cavities at both ends of the straight rods (the cavities
are not connected, that is, FNT are only locally tubular in
morphology). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of FNT
supplied in Figure S3 show typical tubular structure.'”) Their
lengths and diameters are in the range of approximately 7—
40 um (Figure S4a) and 300nm to 1.2 pm (Figure S4b),
respectively. SEM and TEM images show that individual
FNR and FNT possess very smooth surfaces along their entire
lengths. Lattice fringes in high-resolution TEM (HR-TEM)
images show that both FNR and FNT are composed of
individual Cg, single crystals. The FNT formation in the IPA
system is considered due to the well-known core dissolution
mechanism. In solution, FNR are solvated in the initial state
and the surface of the solvated rods is insoluble in the solvent
during their growth. The cores of the solvated rods are
redissolved in the solution, forming the tubular structure.
Careful observation of SEM images (Figure S1a) shows that
the edges of FNR are partially dissolved forming a cone type
structure, indicating that the solid solvates obtained from the
IPA/mesitylene system are more stable than those obtained
from the TBA/mesitylene system.

The precursors (FNR and FNT) were heated at 2000°C in
vacuum to obtain nanoporous carbons, which are hereafter
abbreviated as HT-FNR and HT-FNT, respectively. Figures 1
and S5 show SEM and TEM images of HT-FNT and HT-FNR.
Although the original 1D morphology of FNR and FNT
remains essentially unchanged after heat treatment, most of
the rod structures have some distortion by slight bending,
although the uniform diameters of rods or tubes is maintained
(Figures S6 and S7). High-resolution SEM images confirm
clearly that nanopores are approximately 40-50 nm in size
and that they are randomly distributed on the surface of the
samples (Figures S6 and S7). Similar results are obtained by
TEM measurements (Figures S8 and S9). Nitrogen adsorp-
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Figure 1. Electron microscopic observation of 1D nanoporous carbon
tubes prepared by thermal conversion of FNT. (a) SEM images and
(b) HR-TEM and TEM images. High magnification TEM image reveals
the highly graphitic form of the nanoporous structure.

tion—desorption isotherms (Figure S10) show that the nitro-
gen uptakes of HT-FNR and HT-FNT are drastically
increased in the high-pressure range over the FNT precursor,
indicating the formation of large-sized pores. The Brunauer—
Emmett-Teller (BET) surface area of HT-FNR is around
1600 m’g !, whereas that of HT-FNT is around 1650 m*g".
These values are comparable to commercially available
activated carbons (1000-1500 m?g~!), mesoporous carbons
(500-1000 m?’g "), and carbon nanotubes (1300 m*g~' for
single-walled carbon nanotubes)."!! In addition to the signifi-
cant enhancement in surface area, heat treatment causes
a microstructural transformation of Cy, single crystals into
randomly oriented graphitic carbon.! Careful examination
of HR-TEM images indicate that a maximum stacking of six
graphene layers with a ca. 0.35nm interlayer spacing is
observed for HT-FNR (Figures S5 and S11) and HT-FNT
(Figures 1b and S12).

The direct conversion of Cy, single-crystal nanotubes to
high-surface-area nanoporous carbon tubes with graphitic
walls has not been well explored. To understand the structural
evolution of the pore walls, theoretical calculations were
performed. We employed tight-binding molecular dynamics
(TBMD) simulations for Cy, crystals at finite temperatures
under a constant pressure. The starting point was a face-
centered cubic (fcc) structure containing four C4, molecules in
the unit cell. The temperature was fixed at 4000 K, and the
pressure fixed at 10 GPa. Although the temperature and
pressure were set higher than the actual experimental
conditions (to accelerate the structural evolution and reduce
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the time required for computation), the parameter set is
considered to reflect well the qualitative behavior of thermal
structural evolution. Computational results show that inter-
fullerene bonds are formed and broken frequently at high
temperature and pressure. Under these conditions, carbon
atoms mostly take up three-coordinate structures, and
interfullerene bonds are favored, because the formation of
those bonds reduces the curvature of the initial fullerenes.
Subsequently, interfullerene bonds gradually become domi-
nant in the direction of the nearest neighbor fullerene.
Figure S13 shows the structure of heat-treated Cg, crystal
after 25.5 ps. It can be clearly seen that a graphite-like layered
structure has developed. In addition, the carbon atoms are
bonded in a hexagonal honeycomb structure within each
plane. Thus, simulation data strongly supports the conversion
of 0D fullerene Cg, into a 2D graphitic structure (Movie S1,
and Figures S13-S15). This Cg-derived nanoporous carbon
shows extremely high thermal stability without any loss of
surface area (Figure $16).0%

To further investigate the abovementioned structural
evolution, wide-angle XRD patterns and Raman scattering
spectra were measured for FNR and FNT crystals before and
after heat treatment. As shown in Figure 2a, in contrast to
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Figure 2. (a) Wide-angle XRD patterns and (b) Raman scattering spec-
tra of FNR and FNT before and after heat treatment. Wide-angle XRD
patterns of FNR and FNT are indexed to the hcp structure.

pristine Cg), which possesses the fcc crystal structure, FNR
and FNT synthesized here have hexagonal close-packed (hcp)
crystal structures. The lattice parameters of the hcp crystals
were a=2.402 nm, ¢ =1.305 nm for FNR, and a =2.403 nm,
¢=1.305 nm for FNT. The hcp crystal structure of Cg has
often been observed in Cg, crystals grown by LLIP or slow
evaporation methods, due to the entrapment of solvent
molecules during crystallization.'¥ After heat treatment,
diffraction peaks due to FNR and FNT crystals disappear
with a single sharp diffraction peak emerging at 2 0 ~26°. This
peak can be indexed to the (002) plane (i.e., interlayer
spacing) of a graphitic structure. For these samples, the d
spacing (0.3441 nm) is very close to that estimated from HR-
TEM images, but slightly larger than that of bulk graphite
(0.3345 nm). This is due to the turbostatic nature of graphene
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sheets, as shown in Figure 1b. The broad diffraction peak at
approximately 42° can be indexed to the (101) graphite plane,
confirming the presence of weak intralayer-ordering of the
graphene layers in HT-FNR and HT-FNT samples.

As shown in Figure 2b, Raman spectra of FNR and FNT
correspond to that of pristine Cy,, containing eight vibration
bands: two A, and six H, bands. Raman bands of pristine Cq
at 495.5 and 1464 cm™' correspond to the breathing A,(1)
mode and the pentagonal pinch A,(2) mode of the Cg
molecule. The other bands correspond to Hy(1), H,(2),
H,(3), H,(4), H,(7), and Hy(8) vibration modes.”! In HT-
FNR and HT-FNT samples, all Raman bands due to pristine
C¢ disappear and new bands appear at ca. 1335 and
1582 cm™'. Additionally, a clear Raman band at 2672 cm™
also appears. These bands correspond to D, G, and 2D bands
of carbon, respectively.' The D band (defect-induced)
corresponds to the presence of disordered carbon, whereas
the G band represents a graphitic structure corresponding to
the stretching vibration mode. Appearance of a sharp D band
with a clear 2D band is a strong evidence for the formation of
crystalline carbon materials, as shown in Figures S11 and S12.
Thus, the Raman data presented in Figure 2b give a clear
indication of the conversion of crystalline fullerenes to
graphitic structures.

The chemical states of elements in FNR, FNT, HT-FNR,
and HT-FNT were characterized by X-ray photoelectron
spectroscopy (XPS). XPS survey spectra of pristine Cqy, FNT,
FNR, HT-FNT, and HT-FNR (Figure S17a) display the
presence of Cls and O 1s core level peaks. Careful examina-
tion of the XPS spectra shows that the relative peak intensity
of the O1ls core level of HT-FNT and HT-FNR samples is
lower compared to the pristine Cq, FNT, and FNR, demon-
strating the removal of oxygen-containing functional groups
by heat treatment. Figure S17b shows a deconvolution of the
C1s peak of HT-FNT. The four deconvoluted peaks of HT-
FNT at 284.6, 286.2, 286.8, and 287.4 eV correspond to C=C
(sp* carbon), C—C (sp® carbon), C—O, and C=0, respectively.
Compared to FNT, the oxygen-containing functional groups
(C—0 and C=0) are decreased in HT-FNT. The XPS O 1s
spectra of FNT and HT-FNT are shown in Figure S18.

For HT-FNT and HT-FNR samples, we measured cyclic
voltammetry (CV) curves in 1M H,SO, in the potential range
from 0 to 1V (vs. Ag/AgCl) using different scan rates of 5-
100 mVs™' (Figures 3a and S19). The CV curves obtained
show a very rapid current response and exhibit roughly
rectangular profiles, features that are reminiscent of electrical
double layer capacitors. In fact, a rectangular CV profile is the
ideal state for supercapacitor applications. In general, with
increasing scan rates, the electrolyte diffusion in porous
systems is obstructed, so that the CV profile departs from an
ideal rectangular shape. However, the CV profiles of HT-FNT
and HT-FNR samples demonstrate fast electrolyte diffusion
and high capacitance at high scan rates, due to an increase in
the electrochemically accessible surface area. Specific capac-
itances are 145.5 Fg~' (for HT-FNT) and 132.3 Fg~' (for HT-
FNR) at a scan rate of 5 mVs™' (Figure 3b). The presence of
hollow cavities in HT-FNT improves the accessibility of guest
molecules from the exterior even under high scan rates,
preventing any serious loss in capacitance (Figure 3b).
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Figure 3. (a) CV curves of HT-FNT at different scan rates (5, 10, 20, 50,
80, and 100 mVs ™), (b) specific capacitance vs. scan rates for HT-FNR
and HT-FNT, (c) QCM frequency shifts (Af) upon exposure of hexane,
ammonia, benzene, and toluene, and (d) summary of frequency shifts
(Af) of HT-FNT QCM electrode upon exposure of various gaseous
molecules.
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Recently, molecular sensing of toxic organic substances
has gained importance and is investigated extensively. Experi-
ments have shown that a well-designed host architecture
(especially high surface area and high pore volume of
materials) is required for effective sensing. Therefore, we
determined the vapor-sensing capacities of our materials for
toxic aromatic solvents using the quartz crystal microbalance
(QCM) technique. Figure 3¢ shows the time dependence of
frequency shifts (Af) for a QCM electrode prepared using the
HT-FNT sample after exposure to different solvent vapors as
typical example. Figure 3d shows the summary of frequency
shifts (Af) of the HT-FNT QCM electrode after exposure to
various gaseous molecules. Sensing of solvent vapors could be
repetitively performed by alternate exposure and removal of
solvent molecules (Figure S20). Frequency shifts are rapid
(only a few seconds) upon exposure of the sensor to solvent
molecules. The adsorption of aromatic solvent vapors such as
benzene (125 Hz) and toluene (120 Hz) lead to much larger
frequency shifts than for aliphatic solvent vapors, including
cyclohexane (34 Hz) and hexane (30 Hz). Sensing capacities
of aromatic solvents are roughly three times greater than for
aliphatic hydrocarbons of almost similar molecular size and
weight. This result demonstrates that our nanoporous carbon
tubes derived from Cg, crystals exhibit excellent sensitivity
and selectivity toward aromatic solvent molecules. This is due
to easy and free diffusion of aromatic solvent vapors into the
nanopores utilizing m—r interaction between solvent mole-
cules and sp>-bonded graphitic carbon frameworks.!'”!

To conclude, we have succeeded in preparing a new type
of nanoporous carbon material with graphitized frameworks
through the optimized thermal conversion of high purity Cq,
single crystals. We strongly believe that our synthetic concept
represents a new avenue for the preparation of multifunc-
tional carbon nanomaterials, which are not attainable by
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traditional approaches to prepare mesoporous/nanoporous
carbons.*!
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