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a b s t r a c t

We report for the first time the enhanced capacitance of multi-walled carbon nanotubes (MWCNTs)
after exfoliation. Transmission electron microscopy studies confirmed that the MWCNTs were par-
tially exfoliated with improved effective surface area. Carbon cloth electrode deposited with partially
exfoliated carbon nanotubes (Ex-CNTs) yielded specific capacitances in a range of 130–165 F g−1 at charg-
vailable online 12 February 2011
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ing/discharging current densities from 5 to 0.5 A g−1, with coulombic efficiencies of ∼98%. The specific
capacitance of Ex-CNTs was an order of magnitude higher than untreated MWCNTs, and comparable
to graphene at all charging/discharging current densities we studied. The enhanced capacitance can
be attributed to improved effective surface area and increased defect density of the exfoliated tubu-
lar structure. The results declared that Ex-CNTs are promising electrode materials for high-capacitance
supercapacitors.
ulti-walled carbon nanotubes

. Introduction

Supercapacitors have recently been extensively investigated as
nergy storage devices because of their large specific energy and
ower density [1–11]. In comparison to conventional capacitors,
upercapacitors have several orders of magnitude higher in spe-
ific energy density. Supercapacitors can also store and deliver a
arge amount of charge in a short period of time, which allows
hem deliver higher power than rechargeable batteries [12–14].
he capacitance of supercapacitor is built upon the formation of
lectrochemical double layer at the electrode/electrolyte interface,
nd thus, the active interfacial surface area is a key parameter that
etermines the capacitance [15–17]. One-dimensional (1D) car-
on nanotubes (CNTs) are emerging as new electrode materials for
upercapacitors, due to their high conductivity, high surface area
ange and good corrosion resistance [3,14,18]. The effective surface
rea of a supercapacitor material is referred to the active layer that
s accessible by electrolyte ions [19], however, it is energetically
nfavorable for solvated ions to diffuse into the inner tube of CNT
20], in particularly for multi-walled carbon nanotubes (MWCNTs).

n this regard, the specific capacitance of MWCNTs, especially at
igh current operation, can be limited by the slow diffusion of ions.
lthough single-walled carbon nanotubes (SWCNT) have higher
pecific capacitance than MWCNT due to larger surface area per

∗ Corresponding author. Tel.: +1 8314591952; fax: +1 8314592935.
E-mail address: yli@chemistry.ucsc.edu (Y. Li).

378-7753/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2011.02.019
Published by Elsevier B.V.

unit mass [1–3], the high cost of SWCNT limits their feasibility for
device applications.

Considerable efforts have been placed to improve the specific
capacitance of MWCNTs. For example, the CNTs treated with sulfu-
ric acid or nitric acid showed several times enhanced capacitance
due to the increased surface defect density, which facilitated the
diffusion of ions into the inner tube [21,22]. Enhanced specific
capacitance has also been observed in MWCNT based pseudo-
capacitors, where MWCNTs were decorated with metal oxides
[23–27], and/or conducting polymer [28–32]. The enhanced capac-
itance in pseudocapacitors is due to faradaic type charge transfer
instead of double layer electrostatic interaction. However, the
charging/discharging cycling performance of pseudocapacitors can
be limited by the irreversible redox reactions [33], and the possible
structural changes of polymer appear in subsequent cycles [34].
The objective of this work is to develop a novel and simple way
to enhance the capacitance of MWCNTs by increasing the active
surface area and defect density through exfoliation.

2. Experimental methods

2.1. Materials
MWCNTs (95%) and graphite powder were purchased from
Alfa Aesar. H2SO4 (98%), HCl (37%), HNO3 68–70%, H2O2 (30%),
hydrazine (64%) and KMnO4 were obtained from Fisher Scientific
Company. All chemicals were used as received, unless otherwise
stated.

dx.doi.org/10.1016/j.jpowsour.2011.02.019
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yli@chemistry.ucsc.edu
dx.doi.org/10.1016/j.jpowsour.2011.02.019
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.2. Preparation of Ex-CNTs

Ex-CNTs were prepared by a reported method with mod-
st modification [35]. 0.25 g MWCNTs were dispersed into 15 ml
oncentrated H2SO4 and stirred for 1 h. Then 1.5 g KMnO4 was
dded into the MWCNT solution at 50 ◦C. When all of the KMnO4
ere consumed, the reaction mixture was quenched by adding

0 ml deionized (DI) water and 3 ml 30% H2O2. The Ex-CNTs were
xtracted by centrifugation and washed with DI water.

.3. Preparation of graphene

Graphite oxide was synthesized by a modified Hummers and
ffenman’s method from graphite powder [36–38]. 0.5 g graphite
owder, 20 ml H2SO4 and 5 ml HNO3 were mixed together in an ice
ath. 3 g KMnO4 was slowly added into the mixture, and heated the
olution at 35 ◦C for 2 h. Then the solution was diluted by adding
40 ml DI water, followed by the slow addition of 3 ml H2O2. The
queous graphite oxide solution was sonicated vigorously for 2 h
o facilitate the separation of graphene oxide sheets. The graphene
xide precipitate was extracted, washed with DI water and then
nally were reduced by hydrazine into graphene.

.4. Preparation of electrodes

A carbon cloth was dipped into Ex-CNT containing aqueous solu-
ion, and then dried in an oven at 80 ◦C. The loading of Ex-CNTs
an be controlled by repeating the dipping–drying process. Ex-
NTs were then reduced in hydrazine vapor at 60 ◦C from 2 to
44 h. Finally, the carbon cloth was washed with water to remove
he loosely attached Ex-CNTs, and dried at 80 ◦C. The weight of
ompletely dried carbon cloth was measured before and after the
eposition of Ex-CNTs. All the samples for electrochemical mea-
urements have the loading of about 1 mg cm−2. Graphene and
WCNT electrodes were prepared by the similar method.

.5. Methylene blue adsorption

18 mg of methylene blue (in excess) was dissolved in 400 ml
thanol solution, and then mixed with 5 mg of the analyte (Ex-
NTs or MWCNTs). The solution mixture was agitated for 12 h. The
uspended particles were removed by centrifugation. 0.5 ml of the
upernatant solution was collected and further diluted by a factor
f 8 for UV–vis absorption spectroscopy. The amount of adsorbed
ethylene blue can be calculated based on the absorbance of the

upernatant, by comparing it to the standard dilution curve of the
ethylene blue solution.

.6. Brumauer–Emmett–Teller (BET) measurement

Nitrogen adsorption–desorption isotherms were measured
ith a Micromeritics Quadrasorb analyzer at 77 K. Before the mea-

urements, the samples were degassed at 180 ◦C in vacuum for
h. The BET method was utilized to calculate the specific sur-

ace areas (SBET) using adsorption data in a relative pressure range
rom 0.04 to 0.2. By using the Barrett–Joyner–Halanda model, the
ore volumes (Vt) and pore size (D) distributions were derived
rom the adsorption branches of isotherms, and the total pore
olumes were estimated from the adsorbed amount at a rela-
ive pressure P/P0 of 0.992. The micropore volumes (Vmicro) and
icropore surface areas (Smicro) were calculated from the V − t plot
ethod using the equation Vm/cm3 = 0.001547 × I, where I repre-

ents the y intercept in the V − t plots. The t values were calculated
s a function of the relative pressure using the de Bore equation,
/Å = [13.99/(log(P0/P) + 0.0340)]1/2.
Fig. 1. Bright-field TEM images of (a) MWCNTs and (b) Ex-CNTs. Insets: pictures of
MWCNTs and Ex-CNTs dispersed in aqueous solution, and the schematic diagrams
of MWCNT and Ex-CNT.

2.7. Transmission electron microscopy (TEM) studies

Nanomaterials (CNTs, Ex-CNTs and graphene) were dispersed in
aqueous solution and then transferred onto Cu/lacey carbon TEM
grids. TEM images were collected in a JEOL 1200 EX TEM operated
with a 120 kV electron beam.

2.8. Electrochemical measurements

Electrochemical studies were carried out in a three-electrode
cell with nanomaterial coated carbon cloth as working electrode,
Pt wire as counter electrode and an Ag/AgCl electrode as a reference.
Electrolyte was a 3 M NaOH aqueous solution. Electrochemical
properties were measured by an electrochemical workstation (CHI
660D).

3. Results and discussion

Ex-CNTs were prepared by a reported method with modest
modification [35]. TEM analysis was carried out on MWCNTs before

and after the oxidation. TEM image showed that the untreated
MWCNTs have tubular structures with smooth surface (Fig. 1a).
Significantly, the surface of tubular MWCNTs became blurry after
3-h oxidation treatment (Fig. 1b). Additional TEM images of Ex-
CNTs are illustrated in Fig. S1, Supporting Information. These results
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ig. 2. Cyclic voltammograms collected from (a) Ex-CNT and MWCNT electrodes at a
can rate of 5 mV s−1 and (b) the Ex-CNT electrode at scan rates from 5 to 100 mV s−1.

uggested the MWCNTs were partially exfoliated (Fig. 1b, inset).
oreover, the MWCNTs showed substantially enhanced water sol-

bility after exfoliation/oxidation (Fig. 1a, inset), as a result of
he attachment of oxygen-containing groups (e.g., –C–OH, –C O)
n the tube surface. Importantly, it allows Ex-CNTs to be easily
ssembled on different hydrophilic substrates, including the flexi-
le substrates such as carbon cloth or cotton cloth. In this work, we
mployed carbon cloth as electrode. In comparison to conventional
etal electrode, carbon cloth is flexible, lightweight, low-cost and

ffers large surface area for active material loading. Ex-CNTs can be
ell entangled with the fibers of carbon cloth and expected to have

ow contact resistance.
Ex-CNT-coated carbon cloth electrodes were characterized by

yclic voltammetry (CV) and galvanostatic charging/discharging
easurements in a three-electrode electrochemical cell with 3 M
aOH solution as electrolyte. MWCNT-coated carbon cloth elec-

rodes prepared under similar conditions were measured for
omparison. Fig. 2a compared the CVs of MWCNT and Ex-CNT sam-
les collected at a scan rate of 5 mV s−1. The capacitance of the blank
arbon cloth is negligible (Fig. S2, Supporting Information). Because
he specific capacitance is proportional to the area of CV curve, the
esults clearly showed that Ex-CNTs have substantially higher spe-
ific capacitance than MWCNTs. In addition, a small redox pair was
bserved on the CV curve of Ex-CNTs at −0.26 V (Fig. 2a), suggest-
ng combined capacitance of pseudocapacitance and double layer

apacitance for Ex-CNTs. The observed pseudocapacitance can be
ue to the presence of oxygen-containing groups on Ex-CNTs as
result of incomplete chemical reduction. All CV curves of Ex-

NTs collected at various scan rates up to 100 mV s−1 (Fig. 2b)
isplayed similar slightly distorted rectangular shapes, suggest-
urces 196 (2011) 5209–5214 5211

ing a high power density for Ex-CNTs. These data indicate efficient
charge accumulation and ion diffusion at the interface between Ex-
CNT electrode and electrolyte, which is especially critical for device
operation at high charging/discharging current density. Ex-CNT
based electrode could potentially address capacitance degradation
at high charging/discharging current density that has been a limi-
tation for commercialized activated carbon supercapacitors [39].

The specific capacitances of Ex-CNT- and MWCNT-coated elec-
trodes were characterized by galvanostatic charging/discharging
measurements. Galvanostatic cycling data obtained from the
Ex-CNT at a charging/discharging current density of 1 A g−1

showed linear discharging curves in the potential range with
a nearly constant slope, indicating excellent capacitive behav-
ior of Ex-CNTs (Fig. 3a) [40,41]. The time required for a single
charging–discharging cycle for Ex-CNT and MWCNT electrodes
were compared in Fig. 3b. It takes substantially longer time to
charge Ex-CNT electrode than that of MWCNT at the same current
density of 1 A g−1, again confirming larger capacitance of Ex-CNT
(Fig. 3b). The specific capacitances of the electrodes were calculated
using the following equation:

specific capacitance = i × t

V × m
= i

S × m

where S is the slope of discharging curve (V s−1), i is charg-
ing/discharging current, m is weight of the active material (the
weight of carbon cloth is not included because of its negligible
capacitance) and therefore i/m is the charging/discharging current
per unit mass (A g−1). The calculated specific capacitances of Ex-
CNT and MWCNT at the charging/discharging current density of
1 A g−1 were 154.4 F g−1 and 11.8 F g−1, respectively. The specific
capacitance of MWCNT is comparable to the best literature reported
values [18,42,43]. Significantly, Ex-CNTs showed an order of mag-
nitude enhanced capacitance compared to MWCNTs. The improved
capacitance can be attributed to the improved effective surface area
per unit mass of Ex-CNTs as well as the increased defect density.

To confirm the increase of effective surface area in Ex-CNTs com-
pared to MWCNTs, both methylene blue as well as BET adsorption
measurements were performed on the samples. Methylene blue
adsorption has been used as an indicator of graphitic material sur-
face areas in previous studies, in which each milligram of adsorbed
methylene blue represents 2.45 m2 of surface area [44–46]. A fixed
amount of analyte (Ex-CNTs or MWCNTs) was mixed with excess
methylene blue solution of known concentration. By determining
methylene blue concentration after the reaction using UV–vis spec-
troscopy (see Section 2), the amount of adsorbed methylene blue
and thereby the surface area of analyte can be calculated. The sur-
face area of MWCNT and Ex-CNT were calculated to be ∼280 and
480 m2 g−1, respectively, suggesting the effective surface area of
MWCNTs was enhanced after oxidation. However, the fact that
the surface topology and chemistry of material may influence the
area occupied by each methylene blue molecule and cause possi-
ble inaccuracy in determining material surface area, BET surface
adsorption measurements were also performed on the samples for
comparison (see Section 2). The BET adsorption data are summa-
rized in Table 1. Significantly, Ex-CNTs sample showed more than
two times enhancement in specific surface area (391 m2 g−1) com-
pared to untreated MWCNTs (172 m2 g−1), which is consistent with
the methylene blue adsorption results. In addition, Ex-CNTs have
larger pore volume that is expected to be favorable for solvated ion
diffusion. Taken together, these results clearly confirmed the sur-
face area enhancement in MWCNT after oxidation, and served as a

strong evidence for successful exfoliation of MWCNT.

Moreover, the increased defect density during exfoliation pro-
cess could also facilitate the diffusion of solvated ions into inner
tube, as reported previously [47]. The defect densities of MWCNT
and Ex-CNT samples were characterized by Raman spectroscopy
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Table 1
Summary of BET adsorption data for MWCNT, Ex-CNT and graphene.

SBET (m2 g−1) Smicro (m2 g−1) Vt (cm3 g−1) Vmicro (cm3 g−1) D (nm)

Ex-CNT 391 116 0.670 0.051 2.2
MWCNT 172 61
Graphene 464 115

SBET is the BET total surface area; Smicro is the mircopore surface area; Vt is the total pore v

Fig. 3. (a) Galvanostatic cycling data of Ex-CNT electrode at charging/discharging
current density of 1 A g−1. (b) Comparison of galvanostatic curves of MWCNTs and
Ex-CNTs in a single charging/discharging cycle at 1 A g−1. (c) Calculated specific
capacitance and coulombic efficiency of Ex-CNTs at different charging/discharging
current densities; calculated specific capacitance of MWCNTs is plotted for compar-
ison.
0.581 0.026 2.9
0.479 0.052 2.3

olume; Vmicro is the micropore volume; D is the mesopore size diameter.

(Fig. S3, Supporting Information), which is a powerful approach
to investigating the structural and electronic properties of carbon-
based materials. It has been reported that D band of carbon material
is defect dependent, and the intensity ratio of G band to D band is
a good indication for the density of defects present in the mate-
rials (the higher the ratio, the less the defect density) [48,49].
Raman data (Fig. S3, Supporting Information) showed that the
ratio decreases from 0.98 to 0.87 after exfoliation, confirming the
increased defect density in Ex-CNT.

The capacitances of Ex-CNT based electrodes were measured
at different charging/discharging current densities from 0.5 to
5 A g−1 (Fig. 3c). The Ex-CNT exhibited a maximal specific capac-
itance of 165 F g−1 at charging current density of 0.5 A g−1, and

slightly reduced to 133 F g−1 at a larger charging current density
of 5 A g−1. The large specific capacitances at 5 A g−1 together with
the observed nearly rectangular CV curves at a high scan rate
of 100 mV s−1 (Fig. 2b) confirmed the excellent ion accessibility

Fig. 4. (a) The specific capacitance of Ex-CNT electrode prepared under different
reduction times. (b) The specific capacitance of Ex-CNTs is plotted as a function of
galvanostatic charging/discharging cycles with a current density of 1 A g−1.
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ig. 5. Comparison of specific capacitance of MWCNTs, graphene and Ex-CNTs
btained at charging/discharging current densities from 0.5 to 5 A g−1.

etween Ex-CNT and electrolyte. To determine the reversibility of
harging–discharging processes, we measured the coulombic effi-
iency (CE) of the electrodes, which is defined by the equation [7]:

E = tdischarging

tcharging

here tdischarging and tcharging are discharging and charging time. The
E of Ex-CNTs is above 98% in the whole current density range

rom 0.5 to 5 A g−1 (Fig. 3c), indicating the charging–discharging
rocesses were highly reversible.

Electrical conductivity of electrode material is another crit-
cal parameter that determines the capacitive performance.
s-prepared Ex-CNTs have low electrical conductivity due to oxi-
ization during the exfoliation process [35]. Therefore, the Ex-CNTs
ere further reduced in hydrazine vapor to increase the con-
uctivity prior to electrochemical measurements. Their specific
apacitances were studied as a function of reduction time. As shown
n Fig. 4a, the specific capacitance increases drastically with reduc-
ion time because the improved electrical conductivity as a result
f decrease of oxygen-containing groups on Ex-CNT. The prolonged
eduction process only slightly improved the specific capacitance,
ndicating most of the oxidized Ex-CNTs have been reduced in
he first 24 h. By optimizing the reduction time, Ex-CNT electrode
ielded a maximal specific capacitance of 160 F g−1 at the charg-
ng/discharging current density of 1 A g−1, which is comparable
o the best reported values of carbon-based supercapacitors at
he same current density [1,2,11]. Galvanostatic cycling studies
n Ex-CNT electrodes at 1 A g−1 showed that the specific capaci-
ance dropped quickly from 147 F g−1 to 138 F g−1 in the first 100
harging/discharging cycles, and then became stable with minor
eduction of specific capacitance (138–130 F g−1) in the following
900 cycles (Fig. 4b). Overall, the Ex-CNT electrode showed good
ycling stability, with a ∼11% reduction of specific capacitance after
000 charging/discharging cycles. These results revealed Ex-CNTs
re efficient and stable electrode material for supercapacitors.

Finally, the capacitive performance of Ex-CNTs was compared to
raphene, which has been used as electrodes for different energy
torage devices [4,5,50]. TEM image shows that the as-prepared
raphene oxide has a very thin 2D structure (Fig. S4, Support-
ng Information). These non-conducting graphene oxide materials
ere coated on carbon cloth and then reduced in hydrazine vapor
nto graphene for CV and galvanostatic cycling studies. The CV of
raphene-coated electrode collected at different scan rates from 5
o 100 mV s−1 showed highly distorted rectangular shapes at high

[
[

urces 196 (2011) 5209–5214 5213

scan rates (Fig. S5, Supporting Information), which suggested the
diffusion of electrolyte ions in graphene is less efficient compared
to that in Ex-CNTs. The limited ion diffusion could be ascribed
to the aggregation of graphene sheets during the reduction pro-
cess and storage, as a result of the strong face-to-face attraction
between graphene layers. The graphene sheets located inside the
aggregate may not be accessible by the solvated ions that could
significantly reduce the effective surface area [4,38,51]. BET adsorp-
tion data obtained from graphene and Ex-CNT samples (Table 1)
shows that the surface area per unit mass of Ex-CNTs is slightly
smaller than that of graphene, as expected. On the other hand,
Ex-CNTs have larger total pore volume that is more favorable for
solvated ion diffusion compared to graphene, which is in agree with
the CV data. Fig. 5 compared the capacitive performance of MWCNT,
graphene and Ex-CNT. Based on the galvanostatic measurements,
the maximal specific capacitance of graphene-coated electrode
was calculated to be about 127 F g−1 at charging/discharging cur-
rent density of 1 A g−1, which is comparable to the best literature
reported data for graphene based supercapacitors [4,5]. Signifi-
cantly, Ex-CNTs has comparable, if not better, specific capacitance
with graphene sample at all charging/discharging current densities
we studied.

4. Conclusions

We have successfully synthesized the partially exfoliated
MWCNTs and studied the capacitive performance of these Ex-CNTs-
coated electrodes. They exhibited a maximal specific capacitance
of 165 F g−1 at a charging/discharging current density of 0.5 A g−1,
and a coulombic efficiency of ∼98%. Significantly, the spe-
cific capacitances of Ex-CNTs are an order of magnitude higher
than untreated MWCNT, and comparable to graphene at all
charging/discharging current densities we studied. The enhanced
capacitance is attributed to the increased effective surface area and
defect density in the partially exfoliated tubular structure. Ex-CNTs
hold great promise as electrode material for supercapacitors, and
can possibly be used in other applications such as lithium ion bat-
teries.
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