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Abstract

Supercapacitive behavior of electrochemically synthesized carbon nanofibers by the controlled reduction of chloroform at room temperature
is demonstrated. The important advantage of the electrochemical route is in situ functionalization of carbon fibers (CFs), which can be controlled
by the nature of the precursor. The FTIR spectrum of as-prepared CFs reveals substantial amounts of functionalized species, namely, -OH, =O,
—COOH, etc., while scanning electron micrographs show CFs packed in bundles of 25 pm. The presence of amorphous carbon as well as traces of
a graphitic phase is confirmed by means of thermogravimetric analysis (TGA) and X-ray diffraction (XRD), respectively. The capacitive

behavior of the carbon nanofibers is studied in terms of charge—discharge curves and cyclic voltammograms. A specific capacitance of 28 F g

—1

is obtained for a measured surface area of 78 m” g~ ', Thermal treatment does not cause a change in surface structure as well as capacitive
behavior of the carbonaceous materials although there is an increase in surface area to 592 m> g~'. © 2002 Published by Elsevier Science B.V.

Keywords: Electrochemical synthesis; Carbon fibers; Functionalized carbon fibers; Supercapacitance; Charge—discharge

1. Introduction

Supercapacitors, also known as electrochemical capaci-
tors, are being extensively studied due to an increasing
demand for energy-storage systems. These devices offer
many advantages over conventional secondary batteries,
which include the ability of fast charge propagation, long
cycle-life and better storage efficiency. This has made them
popular as promising energy sources for electric vehicles,
digital telecommunication systems, uninterruptible power
supplies for computers, pulse lasers, etc. [1-3].

In the past few years, considerable interest has been
focused on the application of carbonaceous materials as
an electrode for supercapacitors because of their chemical
inertness and easy processibility. In addition, carbon being
amphoteric in nature exhibits good electrochemical proper-
ties from donor to acceptor state, which makes it an attrac-
tive material for supercapacitors. Recent developments in
carbon nanotubes (CNTs) have demonstrated the excellent
ability of these nanostructures for the accumulation of
charges [4,5] because of their unique characteristics, viz.
high surface area, high electrical conductivity, low density
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and excellent chemical stability [6-8]. Reports on electro-
chemical applications of CNTs, such as for the storage
of hydrogen for fuel cells [9,10], lithium-ion secondary
batteries [11,12], and supercapacitors [13—15] are available
in the literature.

In the present paper, we demonstrate a supercapacitor
based on partially crystalline, electrochemically synthe-
sized, carbon fibers (CFs). For example, fibers of amorphous
conductive polymers, such as polyaniline and polypyrrole
are electrochemically synthesized in either porous template
membranes or with electrode surface defects [16]. CFs, like
CNTs, can be highly ordered as those derived from carbon
arc [17,18] or highly disordered as the materials obtained
from gas-phase pyrolysis [19,20]. Electrochemical synthesis
of elemental carbon is, in principle, accomplished either
by anodic oxidation (e.g. from hydrocarbons) or cathodic
reduction (e.g. from carbon oxides or halides) [21]. Electro-
chemical synthesis provides good control over material
composition as well as growth rate.

2. Experimental

All the chemicals used were obtained from Aldrich. The
solvents were distilled before use. Electrochemical deposition
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was carried out in a two-compartment cell, with the graphite
counter electrode separated from the working electrode by a
glass frit. CFs were collected on a molybdenum electrode
surface during cathodic decomposition of chloroform at
room temperature using a similar procedure to that reported
by Herrick II et al. [22]. The molybdenum electrode
(5cm Xx 2 cm) was chemically polished in a solution which
was a mixture of perchloric acid, sulfuric acid and nitric acid
in the volume ratio 1:1:1. The electrolytic deposition solu-
tion, typically, consisted of 60 ml of CHCl; with 3 g of
tetrabutylammonium bromide dissolved in acetonitrile as a
supporting electrolyte.

The deposition was carried out for 3 h with a current
density of 9.5 mA cm ™2 The CF sample (hereafter termed
‘as-prepared CFs’) collected from the molybdenum elec-
trode was washed thoroughly with acetonitrile and dried at
100 °C to remove loosely adsorbed impurities. This carbo-
naceous material was then thermally-treated at 300 °C in air.

Scanning electron microscopy (SEM) images were
obtained by means of a Philips 30 XL instrument which
was operated at 10 kV in the secondary electron imaging
mode. Transmission electron imaging was performed on a
JEOL 1200 EX microscope operated at 100 kV. The sample
was prepared by dispersing the extracted fibers in methanol.
The imaging was enabled by depositing a few drops of the
suspension on a carbon-coated, 400 mesh, copper grid. The
solvent was allowed to evaporate before imaging.

The infrared spectra of the composite in the transmission
mode were recorded on a Perkin-Elmer Spectrum 2000
FTIR spectrophotometer. The sample pellet was prepared
by mixing 1 mg of carbon material in 150 mg of KBr. The
spectra were collected in the range 4400-450 cm™'. X-ray
diffractograms of CFs were recorded on a Philips PW 1710
diffractometer using Cu Ko (4 = 1.541 A) radiation. The
composition was further studied with a thermogravimetric
analyzer (Mettler toledo 851). The experiment was carried
out at a 10 °C min~' ramp rate from 25 to 900 °C with an

airflow rate of 80 ml min~".

The dc capacitance was evaluated from charge—discharge
curves in 6 M KOH solution. The CFs 95 wt.% and poly-
(vinyl styrene) (PVS) 5 wt.% as a binder were mixed in
tetrahydrofuran (THF). The paste obtained was then applied
on both sides of a thin nickel mesh (0.4 cm x 0.3 cm). After
evaporation of the THF, the carbon electrode was formed by
pressing the sample with steel moulder. The cell was charged
to 0.95 V at a constant current of 0.6 mA and discharged at
same current until the voltage decreased to 0 V. The dc capa-
citance was then estimated from the formula C=I(At/Av)
where, I is the discharge current in amperes and At the time
period in seconds required for the potential difference of Av
in volts.

Cyclic voltammograms were obtained by means of a
scanning potentiostat model 362 and a recorder model
REO 151 in 6 M KOH using a standard cell which used
carbon (pressed on nickel mesh) as the working electrode,
platinum as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode.

3. Results and discussion

Carbon nanofibers were synthesized by an electrochemi-
cal route from chloroform precursor. The composition of as-
prepared CFs and the quantitative content of each species
were estimated by thermogravimetric analysis (TGA). The
TGA curve and the differential curve of the as-prepared CFs
are shown in Fig. 1. From the thermogram, it is clear that the
initial burning temperature is ~200 °C and the decomposi-
tion progresses in two steps. The weight loss at 200 °C
corresponds to amorphous carbon along with some fraction
of functionalized moieties, whereas, the subsequent weight
loss at ~460 °C can be assigned to CFs and is in accordance
with published studies [23]. The CFs show complete eva-
poration near 900 °C. The remaining fraction suggests
embedded small crystalline domains of graphitic carbon.
The presence of graphite-like carbon is further supported by
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Fig. 1. TGA curve of as-prepared carbon nanofibers recorded at 10 °C min~' ramp rate from 25 to 900 °C with an airflow rate of 80 ml min~', and the

respective differential.
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Fig. 2. XRD pattern of as-prepared carbon nanofibers showing small
domains of turbostatic structure.

X-ray diffraction (XRD). The XRD pattern of CFs (Fig. 2)
exhibits a strong peak located at 26 = 44.4°, consistent with
the (10) index of graphite. The broad peak ~25° can be
assigned to the (2 0 0) line of graphite. The broadening of
this peak indicates the existence of graphite plane segments
in small domains and the structure appears to be turbostatic
in nature [24]. The content of each species in the CFs is
quantitatively estimated from the DTA curve. The calculated
yields of amorphous carbon and CFs are 42.3 and 24.8%,
respectively.

A typical scanning electron micrograph of CFs (Fig. 3(a))
displays bundles of fibers entangled with each other and a
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Fig. 3. Scanning electron micrograph in secondary electron imaging
mode. (a) As-prepared carbon nanofibers; (b) after thermal treatment at
300 °C in air.

significant content of white matter, which consists mainly
of amorphous carbon. The fibers are closely packed in a
bundle of approximately 25 um in width with amorphous
carbon appearing as a filter material. This morphology
suggests higher deposition rates. It is also noted that the
threshold current density required for the reduction of
substituted carbon tetrachlorides is significantly higher than
that required for the unsubstituted counterpart, which is the
prime factor in deciding the structure of the deposited CFs.
In addition, because of incomplete reduction of chloroform
at the electrode, an amorphous phase of carbon remains
chemically bound to the fibers. The amorphous carbon can
be selectively removed by thermal annealing. Selective
etching is generally expected due to the faster oxidation
rates of amorphous carbon [25]. As the initial burning of CFs
was to be 200 °C from the TGA curves, the as-prepared
material was subjected to thermal annealing at 300 °C to
ensure efficient etching of amorphous content. After anneal-
ing for 6 h in air, a weight loss of nearly 54% of the original
sample was observed, which is substantially more than that
estimated from a DTA plot, viz. 42.3% for amorphous
carbon. This suggests the presence of occluded solvents
as well as some fraction of volatile impurity in the material.
A scanning electron micrograph of thermally-treated carbo-
naceous material is shown in Fig. 3b. The separate CFs are
visible in the image, the complete removal of all the
amorphous content seems to be not possible by thermal
treatment. A transmission electron micrograph of isolated
fibers is presented in Fig. 4. The calculated fiber diameter
falls in the range 200-300 nm and the length is few microns.

FTIR spectra of the as-prepared CFs and thermally-trea-
ted CFs are shown in Fig. 5a and b, respectively. The spectra
reveal substantial amounts of Cl, H, N and O impurities in
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Fig. 4. Transmission electron micrograph of as-prepared nanofibers which
shows isolated fibers of diameter 200-300 nm.
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Fig. 5. FTIR spectra in range of 4400450 cm™'. Sample pellet prepared
by mixing 1 mg of carbon material in 150 mg of KBr. (a) As-prepared
carbon nanofibers; (b) after thermal treatment at 300 °C in air.

the form of functional moieties, such as -OH, =O, -COOH,
etc. which are created during sample preparation. This is
also consistent with the absence of characteristic C=C
stretching vibrations in IR spectra. Also, substituted carbon
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tetrachlorides are, in general, known to be reducible only
to RC (R = H, methyl, phenyl) since C—H and C-C bonds
are inert against reductive splitting. As higher capacitances
can be achieved through surface conditioning of CFs, in
particular, by anchoring a variety of surface functional
groups using either thermal, chemical or electrochemical
treatments [26], no attempt was made to obtain reduced CFs.
Further, thermal treatment of CFs at 300 °C does not show a
substantial change in the surface structure of CFs (Fig. 5b).
The IR spectra of both as-prepared and thermally-treated
CFs exhibit predominant absorption at ~3427 and ~1670
cm ™' which corresponds to —OH and C=0, respectively. The
bands at ~2922 and ~2876cm ' can undoubtedly be
assigned to aliphatic C-H stretches, and those at ~1402
and ~1376 cm™' to C-H bending modes. The peaks at
~1402 and ~1376 cm™" are likely to arise from encapsu-
lated tetrabutylammonium ion [22]. The possible existence
of C=N species cannot be neglected in the present case, as
the CFs are formed in acetonitrile solvent. The band at
~2354 cm ™" indicates the presence of a C=N moiety in the
fibers. A —COOH impurity is also observed in the IR
spectrum of the CFs, though it is not significant. The band
at 1295 cm ™! represents C—O stretching, and C—O—H inter-
action appears at ~1258 cm™'. The band at ~890 cm ™' can
be assigned to the out-of-plane bending of bonded O—H. The
appearance of the peak at ~742 cm ™' corresponds to C—Cl
stretching and is indicative of higher CI content in electro-
chemically synthesized material. The observed peak shifts
for functional groups are mainly due to the variety of their
combinations.

The charge—discharge behavior at constant current in 6 M
KOH electrolyte for as-prepared CFs is presented in Fig. 6.
The system shows a significant sharp increase due to the
ohmic drop at the beginning of the charging process as well
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Fig. 6. Charge—discharge curve of CF electrode. Cell charged to 0.95 V at constant current of 0.6 mA and discharged at same current until voltage decrease to 0 V.
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Fig. 7. Cyclic voltammogram for CF electrode recorded at various scan rates. Arrow indicates voltammogram at increasing scan rates (from 20 to

500 mV s~ ). Inset: plot of non-faradaic current vs. scan rate.

as during discharge. The BET surface-area of as-prepared
carbon is 78 m* g ', which allows an approximate estima-
tion of 28 F g~ ! for the specific capacitance from the dis-
charge curve. Though the thermally-treated sample shows a
remarkable increase in surface area, viz. 592 ngfl, the
charge—discharge curve exhibits similar behavior and the
capacitance value is practically constant. CFs generally
exhibit a wide pore-size distribution which ranges from
micropores (<20 10\) to macropores (>500 A). On thermal
annealing, due to pore opening some of the surface area can
be accessed by ions. This increases the electrolytic resis-
tance [14] because of the migration of ions in the pore and
may be another factor which affects the overall capacitance
of thermally-treated CFs. As the evaluated pore size of as-
prepared CFs (23 A)is nearly the same as that obtained for
thermally-treated CFs (17 A), the increased electrolytic
resistance can lead to a fall in capacitance of the system.
Moreover, as the prepared CFs in the present study also
exhibit functionalized surfaces, hence, the results obtained
apparently imply that thermal treatment may not improve
the capacitive behavior of CFs electrochemically reduced
from the chloroform precursor.

Additional insight to the capacitive behavior can be
provided by cyclic voltammetric studies. Voltammograms
recorded at room temperature for as-prepared CFs and
taken in the range —0.2 to 4+0.2 V at various scan rates,
are given in Fig. 7. The absence of faradaic peaks indicates
capacitive charging and discharging at a constant rate over

a complete cycle. An approximate estimation of capacitance
is much lower than that obtained from charge—discharge
measurements. The non-faradaic current is found, however,
to vary linearly as a function of scan rate (as shown in the
inset).

4. Conclusions

Electrochemically prepared carbon nanofibers reduced on
amolybdenum electrode through a CHCI; precursor at room
temperature exhibit capacitive behavior. The extracted CFs
have a highly functionalized surface structure which
includes species such as —OH, =0 and -COOH. This carbon-
aceous material contains 24% CFs and shows a specific
capacitance as high as 28 F g~ estimated from the charge—
discharge curves. A controlled rate of fibers formation as
well as proper selection of the precursor may play key roles
in determining the capacitive behavior of electrochemically
synthesized carbon nanofibers.
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