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hitic carbon microtubes derived
from fullerene C70 tubes as a high performance
electrode material for advanced supercapacitors†
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Katsuhiko Ariga*a and Lok Kumar Shrestha*a

Direct conversion of mesoporous crystalline fullerene C70 microtubes into mesoporous graphitic carbon

microtubes by heat treatment at high temperature (2000 �C) with retention of the initial one-

dimensional tubular morphology is reported. The walls of the resulting graphitic carbon microtubes are

composed of ordered conjugated sp2 carbon with a robust mesoporous framework structure. Cyclic

voltammetry and chronopotentiometry (charge–discharge) measurements revealed that this new carbon

material exhibits high specific capacitance ca. 212.2 F g�1 at a scan rate of 5 mV s�1 and 184.6 F g�1 at

current density 0.5 A g�1. Furthermore, the material showed high rate performance. These results

demonstrate that mesoporous graphitic carbon microtubes derived from the p-electron carbon source

fullerene C70 can be a promising electrode material for application in high performance electrochemical

supercapacitors.
Introduction

There is a burgeoning demand for sustainable high-perfor-
mance energy-storage devices because of continuously
increasing energy demands and the resulting environmental
concerns.1 Supercapacitors or electrochemical supercapacitors
are some of the most convenient energy storage devices due to
their high power capabilities, long lives, low maintenance and
cost-per-cycle, low internal resistance and fast dynamic charge
propagation.2–6 Electrochemical supercapacitors have much
greater power densities than traditional batteries and fuel cells,
and also possess much larger energy densities than conven-
tional dielectric capacitors.2–6 Currently, supercapacitors are
used in consumer electronics, memory backup systems, for
industrial power and energy management, and recently they
have been used in state-of-the-art aerospace applications in the
Airbus A380.7 However, the energy density of supercapacitors
(1–10 W h kg�1) remains low when compared with lead acid
batteries (30–40 W h kg�1), lithium ion batteries (160 W h kg�1)
and fuel cells.8,9 To address this issue, special efforts have been
made to improve the energy performance of supercapacitors
through the introduction of new electrode materials, which
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might offer high specic capacitances ‘C’,2,7 and which can
operate over a wide potential window ‘V’. These new materials
would facilitate the assembly of effective energy storage systems
since energy storage is proportional to CV2.8

Mesoporous carbon materials are the leading electrode
materials for commercial supercapacitors because of their
outstanding cycle stability, wide voltage operating range (0–3 V)
and low cost.7,10–12 Therefore, the development of novel meso-
porous carbon materials with high specic capacitances and
energy densities would be advantageous. Extensive research has
been carried out on the production of high quality carbon of
uniform pore size distribution, large surface area and large pore
volume.13 These materials are generally prepared using a hard-
templating approach14–18 although direct self-assembly of
amphiphilic molecules as a so template has also been used as
an alternative method.19,20 Furthermore, for energy storage
applications, nanoporous graphitic carbons having extended
conjugated p-systems are advantageous.21 Graphitization
promotes the stability of the carbon matrix and concurrently
enhances the electrical conductivity while reducing the internal
resistance, which is important in determining the rate capa-
bilities and power densities of the resulting materials.22–25

Although mesoporous graphitic carbon has been prepared
using block copolymers, phenolic resins, or small molecules as
precursors,26 the p-electron rich functional molecule fullerene
C70 has not been explored as a carbon source for the production
of high surface area graphitic nanoporous carbons.21 Fullerene,
which can be regarded as a zero dimensional functional mole-
cule, can form higher dimensional nanostructures at liquid–
liquid interfaces.27–34 The resulting self-assembled fullerene
J. Mater. Chem. A, 2016, 4, 13899–13906 | 13899
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nanostructures can be directly converted into nanoporous
carbon containing a graphitic microstructure but keeping the
initial morphology. Due to their well-dened morphologies,
these fullerene-derived graphitic structures, composed of
extended conjugated sp2 carbon with a robust mesoporous
framework structure, are expected to display excellent super-
capacitor performances.

In this contribution, we report the fabrication of mesoporous
fullerene C70 microtubes (FT_15) with highly crystalline pore
walls and their direct conversion into mesoporous graphitic
carbon tubes with extended conjugated sp2 carbon with
a robust framework structure. FT_15 was produced using an
ultrasonic liquid–liquid interfacial precipitation (ULLIP)
method at 15 �C. FT_15 upon heat-treatment at high tempera-
ture (2000 �C) in vacuum yielded graphitic carbon with reten-
tion of the original tube morphology. This newly synthesized
highly graphitic robust mesoporous carbon microtube
(HTFT_2000) exhibited high specic capacitances ca. 212.2
F g�1 at a scan rate of 5 mV s�1 and 184.6 F g�1 at current
density 0.5 A g�1. Retention of specic capacitance value is
observed at a high current density and scan rate that indicates
the good rate performance of HTFT_2000. We believe that this
novel carbon material is a suitable electrode material for
advanced electrochemical supercapacitors.
Experimental section
Synthesis of mesoporous C70 microtubes

Mesoporous fullerene C70 tubes (FT_15) were synthesized by
using an ultrasonic liquid–liquid interfacial precipitation
(ULLIP) method (Scheme S1 in the ESI†). Fullerene C70 solution
in 1,2-dichlorobenzene (DCB, 3.0 mg mL�1) was prepared by
dissolving pristine C70 powder (60 mg, 99%, MTR Ltd, USA) in
1,2-dichlorobenzene (20 mL) with ultrasonication for 30 min. In
a typical crystallization, C70 solution (1 mL) was placed in
a clean 13.5 mL glass bottle and stored in an incubator at 15 �C.
Aer 30 min, 5 mL of isopropyl alcohol (IPA), which had also
been stored at 15 �C, was slowly added to the C70 solution
leading to a layered situation with a clear interface between the
C70 solution and IPA. The resulting mixture was stored at 15 �C
without mechanical disturbance for 1 h. Light agitation (hand
shaking) was then applied followed by sonication for 30 s. The
resulting mixture was again stored at 15 �C in an incubator for
48 h. Finally, FT_15 was washed several times with a large
amount of IPA to completely remove DCB. Note that complete
removal of DCB from FT_15 is absolutely necessary. The pres-
ence of even small quantities of DCB will solubilize FT_15
causing recrystallization to other products due to the high
solubility of C70 in DCB (36.2 mg mL�1). The resulting FT_15
was heat-treated at 900 �C at a temperature ramp of 2� min�1

under an argon atmosphere with the product of this procedure
referred to as HTFT_900.
Production of mesoporous graphitic carbon tubes

For the production of mesoporous graphitic carbon tubes,
FT_15 was heat treated at high temperature (2000 �C) in vacuum
13900 | J. Mater. Chem. A, 2016, 4, 13899–13906
(7 � 10�3 Pa) using an FVHP-1-3, FTR-20-3VH (Fujidempa
Kogyo Co., Ltd, Osaka, Japan). The product obtained in this
procedure is referred to as HTFT_2000.

Characterization

Scanning electron microscopy (SEM) images of FT_15,
HTFT_900 and HTFT_2000 were obtained by using a Hitachi
Model S-4800 eld effect scanning electron microscope (FE-
SEM) operating at an accelerating voltage of 10 kV. SEM
samples were prepared by dropping suspensions of microtubes
in IPA on cleaned silicon wafers followed by drying at 80 �C. All
microtube samples were coated with platinum (approx. 2 nm)
using a Hitachi S-2030 ion coater. Transmission electron
microscopy (TEM) images and selected area electron diffraction
patterns (SAED) of the microtube samples were obtained using
a transmission electron microscope (JEOL Model JEM-2100F
operating at 200 kV). TEM samples were prepared by dropping
suspensions of all microtubes in IPA onto standard carbon-
coated copper grids. TEM samples were dried under reduced
pressure at 80 �C for 24 h prior to TEM measurements. FT-IR
spectra of pristine fullerene C70 and FT_15 were recorded using
a Nicolet 4700 FT-IR instrument, Thermo Electron Corporation.
Thermogravimetric analysis of FT_15 was performed using a SII
Instrument (Model Exstar 600) under an argon gas atmosphere
at a heating rate of 10 �C min�1. Powder X-ray diffraction
(pXRD) patterns of pristine C70 and the microtube samples were
recorded at 25 �C on a Rigaku RINT2000 diffractometer with Cu-
Ka radiation (l ¼ 0.1541 nm). Raman scattering spectra of the
microtubes were recorded using a Jobin-Yvon T64000 Raman
spectrometer. Raman samples were prepared on a clean silicon
wafer and dried at 80 �C and excited using a green laser of
wavelength 514.5 nm at 0.01 mW power. Nitrogen adsorption–
desorption isotherms were recorded on an automatic adsorp-
tion instrument (Quantachrome Instruments, Autosorb-iQ2,
USA) at liquid nitrogen temperature 77.35 K. For each
measurement, about 20 mg of sample was degassed for 24 h at
100 �C prior to the measurements. X-ray photoelectron spec-
troscopy (XPS) of the microtubes and pristine C70 was per-
formed on a Theta Probe spectrometer (Thermo Electron Co.,
Germany) using monochromated Al-Ka radiation (photon
energy 15 keV, maximum energy resolution 0.47 eV). High
resolution spectra for core level C 1s were recorded in 0.05 eV
steps. A built-in electronic charge neutralizing electron ood
gun was used to prevent sample charging.

Cyclic voltammetry (CV)

Electrochemical performances of pristine C70 and the micro-
tube samples were studied by cyclic voltammetry (CV) and
charge–discharge experiments with a three-electrode system in
1 M aqueous H2SO4 solution at 25 �C. Prior to CV and charge–
discharge experiments, we modied glassy carbon electrodes
with the respective sample. Each sample (1 mg) was placed in
a 5 mL vial and water–ethanol mixture (4 : 1 v/v, 1 mL) was
added followed by sonication of the mixture for about 30 min
until complete dispersion had occurred. For modication of the
GC electrode, themicrotube dispersion (5 mL) was dropcast onto
This journal is © The Royal Society of Chemistry 2016
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a cleaned glassy carbon electrode followed by drying in an oven
for 1 h at 60 �C. Then Naon solution in ethanol (0.5% w/v, 5 mL)
was dropped on the dry microtube-modied electrode. Finally,
the microtube-modied electrode was dried at 60 �C for 12 h. All
measurements were carried out using an ALS/CH Model 850D
Electrochemical Analyzer in the potential range from 0 to 0.8 V
(vs. Ag/AgCl).

Calculations

The electrochemical performance of the modied electrodes in
H2SO4 (1 M) was examined by cyclic voltammetry (CV) and
galvanostatic charge–discharge experiments. The capacitance
(Cs) was calculated from the galvanostatic discharge process
according to the following equation:

Cs ¼ I � t

m� DV
(1)

where I is the discharge current (A), t is the discharge time (s),
DV is the voltage change (V) during the discharge process andm
is the total mass of the active electrode material (g).

The electrochemical performances of the modied elec-
trodes were examined by CV. The capacitance of the electrode
was calculated according to the following equation:

Cs ¼

ð
IdV

mSDV
(2)

where I is the current (A), S is the scan rate (mV s�1), DV is the
absolute value of the potential window (V), and m is the total
mass of the active electrode material (g).

I–V measurements

Microtubes were dispersed in isopropanol (1 mg mL�1), drop-
cast on a cleaned silicon dioxide substrate and dried at 60 �C.
Four-terminal electrical measurement was realized on a micro-
scopic structure in air, using a home-built quadruple-scanning-
probe microscope (QSPFM). The QSPFM has four probes whose
positions are individually controlled by obtaining images of
a sample in the manner of atomic force microscopy (AFM), and
uses the probe as contacting electrodes for electrical measure-
ments. A specially arranged tuning fork probe (TFP) is used as
a self-detection force sensor to operate each probe in
a frequency modulation AFM mode, resulting in simultaneous
imaging of the same microscopic feature on an insulator using
the four TFPs. Four-terminal electrical measurement is then
demonstrated in air by placing each probe electrode in contact
with the sample on a silicon dioxide lm. The detailed theory
and methodology can be found elsewhere.35

Results and discussion

Fullerene C70 microtubes (FT_15) were produced at the inter-
face between isopropyl alcohol (IPA) and a solution of C70 in 1,2-
dichlorobenzene (DCB) at 15 �C as described in the experi-
mental section. FT_15 was used as a p-electron carbon source
for the production of high surface area mesoporous carbon and
mesoporous graphitic carbon with crystalline pore walls. FT_15
This journal is © The Royal Society of Chemistry 2016
was heat-treated at 900 �C under an argon atmosphere
(HTFT_900). FT_15 was also heat-treated at a higher tempera-
ture (2000 �C in vacuum) to obtain mesoporous graphitic
carbon microtubes (HTFT_2000).

Fig. S1† shows typical SEM images of fullerene C70 micro-
tubes (FT_15) obtained by using the ULLIP method.27 The
narrow diameter distribution (Fig. S2†) of FT_15 is an indica-
tion of homogeneous crystal growth. The average diameter of
FT_15 is ca. 850 � 31 nm. Transmission electron microscopy
(TEM) images (Fig. S3†) clearly demonstrate a tubular
morphology with a well-developed mesoporous structure. The
highly crystalline pore walls or framework structure of FT_15
can be observed in high resolution TEM (HR-TEM) images
(Fig. S4†). Coherently extended lattice fringes of fullerene C70

over some nanopores with a spot type selected area electron
diffraction (SAED) pattern (inset; Fig. S4c†) conrm the high
degree of crystallinity of the pore walls. The solvated solid
structure of FT_15 was conrmed by FT-IR and thermogravi-
metric analyses (TGA) (Fig. S5 and S6†). Tube formation in the
DCB–IPA system is considered to occur by a well-known core
dissolution mechanism.36,37 Initially, fullerene C70 solvated
microrods are formed in which the surfaces of the solvated
microrods are insoluble in themixed solvent. Over time, the less
stable core of the solvated microrod re-dissolves in the good
solvent (DCB) forming the tubular structure. The core dissolu-
tion mechanism is supported by TEM analysis (Fig. S7†). We
found that some of the microtubes were incompletely formed
and some irregular structures at the inner walls of the micro-
tubes were also observed. These observations indicate that the
core dissolution is not very uniform.

SEM images of HTFT_900 (Fig. S8†) indicate retention of the
tubular morphology of the starting fullerene C70 microtubes
aer carbonization at 900 �C. High resolution SEM images
(Fig. S8†) of HTFT_900 demonstrate that the walls of the
microtubes become highly porous compared to FT_15. TEM
images (Fig. S9†) also revealed a highly porous tubular struc-
ture. A careful observation of HR-TEM images (Fig. S10†) reveals
the existence of partial lattice fringes of C70 demonstrating that
heat-treatment of FT_15 at 900 �C did not completely convert
the fullerene C70 crystal into amorphous carbon with some C70

crystal remaining in the system (further conrmed by the SAED
pattern (inset; Fig. S10c†)). This signies the strong bonding
forces between C70 molecules along the tube growth axis. Note
that heat-treatment of fullerene C60 crystals at 900 �C causes
a complete conversion of fullerene C60 into amorphous
carbon.38 Fullerene C70 has lower strain and possesses greater
thermal stability than fullerene C60.

Heat-treatment of FT_15 at 2000 �C did not alter the 1D
tubular morphology of the original crystals (Fig. 1a and b and
S11†). Furthermore, additional mesopores are developed on the
tube surface. The random distribution of these mesopores can
be observed in the TEM images of HTFT_2000 (Fig. 1c and S12†)
with HR-TEM images (Fig. 1d and S13†) conrming that crys-
talline C70 is completely transformed into highly graphitic
carbon.

The well-developed mesoporous structure of the heat-treated
samples (HTFT_900 and HTFT_2000) leads to observation of
J. Mater. Chem. A, 2016, 4, 13899–13906 | 13901
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Fig. 1 (a) FE-SEM images of HTFT_2000, (b) TEM image of
HTFT_2000 showing the tubular structure, and (c and d) HR-TEM
images of a single microtube HTFT_2000 (inset of panel (d): SAED
pattern).

Fig. 2 (a and b), (c and d) and (e and f) Nitrogen adsorption–
desorption isotherm and plot of pore radius vs. dV(r) of FT_15,
HTFT_900 and HTFT_2000, respectively.
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type IV behaviour of their nitrogen adsorption–desorption
isotherms (Fig. 2c and e) with hysteresis loops demonstrating
a cage-like structure. The isotherm of FT_15 reveals that it does
not exhibit saturation at higher pressures due to the formation
of large size pores (Fig. 2a). The pore size distribution curves
indicate the existence of mesoporous structures with average
pore sizes ca. 3.08 nm (FT_15), 3.88 nm (HTFT_900), and 3.88
nm (HTFT_2000). Thermal treatment caused increased porosity
with the result that surface areas of heat-treated samples were
also increased. The Brunauer–Emmett–Teller (BET) surface
areas of HTFT_900 and HTFT_2000 are respectively estimated
to be 609 and 334 m2 g�1, both much greater than that of FT_15
prior to heat treatment (85.6 m2 g�1). Note that the obtained
BET specic surface areas of HTFT_900 and HTFT_2000 are
relatively lower than those of activated carbons due to the lack
of a microporous structure.39 Most of the activated carbons
contain a microporous structure which is responsible for the
high surface area. The lower surface area of HTFT_2000 can be
attributed to the graphitization and a denser carboniferous
structure (Fig. S13†).

The crystal structures of FT_15 prior to and following heat
treatment were studied and compared with those of the pristine
C70 powder. The XRD pattern of pristine C70 (Fig. 3a) can be
indexed as a hexagonal close packed (hcp) structure40 with
lattice parameters a ¼ 1.08 and c ¼ 1.74 nm, whereas the XRD
pattern of FT_15 was indexed as a face-centered cubic (fcc)
structure (Fig. 3a) with cell dimension a¼ 1.49 nm.41 XRD peaks
corresponding to (111) and (222) planes of the fcc structure
remain in HTFT_900. Aer graphitization at 2000 �C, XRD
peaks corresponding to crystalline C70 are absent and a new
diffraction peak corresponding to the (002) plane of graphitic
carbon appeared at 26.02� (d ¼ 0.342 nm).21 Furthermore,
a broad diffraction peak appearing at approximately 43.5�

corresponds to the (101) graphite plane and conrms the
13902 | J. Mater. Chem. A, 2016, 4, 13899–13906
presence of weak intralayer-ordering of the graphene layers in
HTFT_2000.

Thermal decomposition of highly crystalline fullerene C70

crystals into amorphous and graphitic carbon was further
conrmed by Raman scattering. The Raman spectrum of FT_15
(Fig. 3b) is very similar to that of pristine C70, indicating that the
impact of solvent molecules on C70 in the crystal is negligible
and that their rotation is still free in the solvated crystal.42

Raman bands corresponding to crystalline C70 disappeared in
heat-treated samples and new bands corresponding to D and G
bands of carbon emerge at ca. 1340 and 1582 cm�1.43 In the
HTFT_2000 sample, an additional Raman band at 2678 cm�1

(2D band) also appeared, which indicates the formation of
highly crystalline carbon materials. The D band (defect-
induced) corresponds to the presence of disorder in the sp2

carbon system whereas the G band represents a graphitic
structure corresponding to the stretching vibration of the C–C
bond in graphitic materials and is common to all sp2 carbon
systems.

X-ray photoelectron spectroscopy (XPS) was employed to
characterize the chemical states of elements on the surface of
the tubes before and aer heat-treatment. As can be seen in the
XPS survey spectrum (Fig. 3c) pristine C70 clearly displays core
level peaks for carbon (C 1s) and oxygen (O 1s) (since the surface
of pristine C70 is oxidized). The relative intensity of the O 1s
spectrum is smaller in FT_15 and the heat-treated samples
(HTFT_900 and HTFT_2000) than in pristine C70. The decon-
voluted XPS C 1s core level peaks of all the samples (pristine C70,
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) and (b) Powder XRD pattern and Raman scattering of pristine C70, FT_15, HTFT_900 and HTFT_2000, (c) and (d) survey XPS spectra and
C 1s core level XPS spectra with peak fit of pristine C70, FT_15, HTFT_900 and HTFT_2000, respectively.
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FT_15, HTFT_900 and HTFT_2000) indicate the presence of C–C
(sp3), C]C (sp2), and C]O (Fig. 3d).

Electrochemical supercapacitive properties of FT_15 before
and aer heat-treatment are presented in Fig. 4. Cyclic vol-
tammetry (CV) curves were recorded in 1 M aqueous H2SO4

electrolyte within the potential range 0 to 0.8 V (vs. Ag/AgCl)
using a three electrode system. The CV curves of HTFT_2000
(Fig. 4a) show very rapid current response and exhibit a quasi-
rectangular shape at low scan rates, features that are similar to
electrical double layer capacitors (EDLCs).44,45 At higher scan
rates the CV prole departs from an ideal rectangular shape due
to the presence of oxygen containing surface functional groups
or other electrochemically unstable species and also due to the
obstruction of diffusion of the electrolyte ions in the meso-
porous walls of the microtubes. Note that, despite a high
surface area (609 m2 g�1), the current density of HTFT_900 is
comparable to that of FT_15 (Fig. 4b) demonstrating that
carbonization of FT_15 at 900 �C does not improve the elec-
trochemical supercapacitive properties. This is probably due to
the low conductivity of the material caused by its high content
of amorphous carbon. Conversely, HTFT_2000 displayed very
high current density compared to FT_15 and FT_900 due to the
graphitic structure of its crystalline pore walls. The specic
capacitance of HTFT_2000 is ca. 212.5 F g�1 at a scan rate of 5
mV s�1. Specic capacitances of FT_15 and HTFT_900 were ca.
21.7 and 26.4 F g�1, respectively (Fig. 4c and S14†). Note that
due to the hollow tubular structure, mesoporous graphitic pore
walls and high conductivity, HTFT_2000 sustains high capaci-
tance even at higher scan rates. About 49 and 35% capacitance
retention is observed at high scan rates of 100 and 300 mV s�1,
respectively.

Galvanostatic charge–discharge measurements were also
carried out at different current densities in a three-electrode
This journal is © The Royal Society of Chemistry 2016
system to obtain further insight into the electrochemical
performance of FT_15, HTFT_900 and HTFT_2000 electrodes
(Fig. 4b and S15†). The observed triangular shaped charge–
discharge (CD) curves (Fig. 4d) indicate that HTFT_2000 could
be used as an electrodematerial for EDLCs. From the CD curves,
the specic capacitances of HTFT_2000 are ca. 184.6 and 165.5 F
g�1 at current densities of 0.5 and 1 A g�1, respectively. About 53
and 37% capacitance retention was observed at high current
densities of 5 and 10 A g�1, respectively (Fig. 4d and e),
demonstrating the good rate performance of HTFT_2000.46

Long-term cyclic stability of an electrode is essential for super-
capacitor applications. Here, we have studied the cyclic stability
of the HTFT_2000 electrode by recording CD curves over 1000
cycles at a current density of 10 A g�1. Despite the high rate
performance, the cyclic stability of HTFT_2000 is not so good.
Capacitance retention of about 78% is observed aer 1000
cycles (Fig. 4f). Minute observation reveals that the capacitance
of HTFT_2000 drops rapidly with cycling at the beginning stage
and then drops slowly with further increasing the cycle number.
About 17.5% capacitance drops aer 100 cycles and aer that
only 4.5% drops even aer 1000 cycles. A sudden drop of the
capacitance value of HTFT_2000 at the initial stage is caused
due to the presence of oxygenated functional groups on the
surface of HTFT_2000.

Overall, our novel mesoporous graphitic carbon tubes
exhibit excellent electrochemical performance including large
capacitance in excess of those reported for pure graphene,47–49

conventional mesoporous carbon,50,51 nitrogen and boron
doped graphene,52 nitrogen-doped carbon and graphene aero-
gel,53–59 and resol-derived carbon/graphene aerogel compos-
ites.60–62 The excellent electrochemical supercapacitive
properties of HTFT_2000 can be attributed to the high surface
area of the conductive graphitic carbon tubes.63 Graphitization
J. Mater. Chem. A, 2016, 4, 13899–13906 | 13903
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Fig. 4 (a) CV curves of graphitized carbon microtubes HTFT_2000
with different scan rates (5 to 300 mV s�1), (b) Comparison of the
current densities of all microtube samples from CV curves, (c) Specific
capacitances obtained from CV curves of the microtube samples at
different scan rates, (d) Charge–discharge curves for HTFT_2000 at
different current densities, (e) specific capacitance obtained from
charge–discharge curves at different current densities, and (f) cyclic
stability of the HTFT_2000 modified electrode from the charge–
discharge experiment.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
4:

41
:2

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
enhances the electrical conductivity (Fig. S16†) leading to
a reduction in internal resistance, which contributes to
enhancing the rate capability of HTFT_2000. Moreover, the 1D
tubular morphology containing mesopores also improves
charge transport in the supercapacitor electrode.64,65 Thus, the
highly graphitic mesoporous and 1D tubular morphology
makes HTFT_2000 suitable as an electrode material for elec-
trochemical supercapacitors.
Conclusions

We have fabricated mesoporous crystalline fullerene C70 tubes
(FT_15) at a liquid–liquid interface and successfully converted
them into highly robust graphitic carbons by heat-treatment at
2000 �C (HTFT_2000). The heat-treated sample HTFT_2000
retains the starting 1D tubular morphology and exhibits excel-
lent electrochemical performance giving high specic capaci-
tances of ca. 212.2 F g�1 at a scan rate of 5 mV s�1 and 184.6
F g�1 at a current density of 0.5 A g�1. Furthermore, HTFT_2000
showed good rate capability required for supercapacitor device
fabrication. Heat-treatment of FT_15 at 900 �C (HTFT_900)
yielded mesoporous carbon with amorphous walls containing
13904 | J. Mater. Chem. A, 2016, 4, 13899–13906
some undecomposed fullerene C70. The specic capacitance of
HTFT_900 was low (26.4 F g�1) due to the lack of a graphitic
structure, although the BET surface area was high (609 m2 g�1)
compared to HTFT_2000 (334 m2 g�1). This highlights the
importance of the conjugated graphitic framework structure of
mesoporous carbons in the improvement of the overall elec-
trochemical supercapacitor performance of these materials. We
believe that these novel mesoporous graphitic carbon micro-
tubes will open a new avenue in the porous carbon nano-
materials eld due to their potential application as electrode
materials in high performance supercapacitors.
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