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Abstract Lithium insertion (deinsertion) into (from)
chemically etched multi-walled carbon nanotubes
(c-MWNTs) has been investigated using various elec-
trochemical techniques such as chronopotentiometry,
chronoamperometry, and electrochemical impedance
spectroscopy. The results indicate that not only the
reversible capacity but also the rate capability was
improved by a chemical etching (shortening) of the
nanotubes. The observed enhancement in capability at
high-rate lithium insertion/deinsertion is attributed to
the increased electrochemically active area and reduced
lithium diffusion length along the nanotubes, resulting
from the structural defects and open ends of the
c-MWNTs.
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Introduction

Nano-structured materials for energy storage have at-
tracted much attention recently because of their poten-
tial to offer high energy and power density and long
cycle life. Among them, carbon nanotubes have been
widely studied as electrodes for lithium batteries since
their one-dimensional structure with a central core in
multi-walled carbon nanotubes (MWNTs) or interstitial
channels in single-walled carbon nanotube (SWNT)
bundles may allow rapid insertion/deinsertion of lithium

into/from the nanotubes [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11].
While some have questioned the feasibility of using
carbon nanotubes for anodes in practical lithium bat-
teries in their pure, as-prepared forms [1, 2], a variety of
chemically and mechanically modified carbon nanotubes
are being prepared to improve their electrochemical
properties for lithium storage [4, 7, 8, 9, 10, 11].

Today, bulk quantities of high purity MWNTs can be
readily produced cost effectively through catalytic
decomposition of ferrocene and xylene under atmo-
spheric pressure at moderate temperatures on bare
quartz substrates [12]. While it was demonstrated that
the as-prepared MWNTs (a-MWNTs) created by the
catalytic process have great potential to be used for an
anode material in lithium batteries since they show
excellent cyclability as well as very small hysteresis
during lithium insertion/deinsertion [13], the reversible
specific capacity and rate capability must be significantly
improved for practical use.

Recently, a chemical etching process has been em-
ployed to reduce the actual diffusion length of lithium
through the SWNTs and it has been suggested that the
etched (i.e. shortened) SWNT shows considerably better
performance for lithium storage than the as-prepared
nanotube [8, 9]. On the other hand, from a systematic
study on the electrochemical lithium insertion into a
capped (closed) MWNT, Maurin et al. [14] have re-
ported a heterogeneous swelling of the nanotubes during
lithiation, indicating that the lithium transport through
the MWNT is not a simple one-dimensional diffusion
process. In this case, the preferential sites for lithium
insertion into the MWNT are most likely the lateral
defects on the sidewalls, as predicted by recent ab initio
analyses [15, 16]. This implies that the electrochemical
performance of the MWNT would be much improved
for the modified nanotubes with higher lateral defects
and open ends because of the increased active sites for
electrochemical lithium insertion/deinsertion. Here, we
report our initial results on chemically etched MWNTs
(c-MWNTs) in an effort to shorten the lithium diffusion
length in the solid state and to increase the electro-
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chemically active area. The electrochemical properties of
both as-prepared MWNT and chemically shortened
MWNT are presented, including the reversible capacity,
cyclability, and rate capability.

Experimental

Specimen preparation

High-purity multi-walled carbon nanotube samples were prepared
through catalytic decomposition of a ferrocene-xylene mixture, as
described elsewhere [12, 13]. In order to prepare shortened na-
notubes, the a-MWNTs (500 mg) were sonicated at room temper-
ature in 50 mL oleum [conc. H2SO4+30% fuming SO3 (Aldrich)]
for 24 h. The suspension was then vigorously centrifuged to recover
the MWNTs, followed by washing repeatedly with deionized water
and acetone and then drying under vacuum. A drop of the sus-
pension containing c-MWNTs dispersed ultrasonically in tetrahy-
drofuran (THF) was placed on a transmission electron microscope
(TEM) grid and subsequently analyzed using a TEM.

Electrochemical test

A three-electrode electrochemical cell was employed for all elec-
trochemical measurements, using lithium foils as the counter and
reference electrodes. The working electrode was composed of a-
MWNTs or c-MWNTs (85 wt%), carbon black (5 wt%), and
poly(vinylidene fluoride) (PVDF) binder (10 wt%). The slurry of
the mixture was cast on a Ni plate, followed by drying at 180 �C in
vacuum for 24 h and uniaxial pressing between two flat stainless
steel plates at �500 psi for 5 min.

A Celgard 2500 separator, wetted with 1 M solution of LiPF6 in
a 50/50 (v/v) mixture of ethylene carbonate (EC) and diethyl car-
bonate (DEC), was sandwiched between an a-MWNT or c-MWNT
working electrode and a lithium counter electrode. Both the gal-
vanostatic and potentiostatic experiments were performed using a
Solartron 1285 potentiostat. The impedances were typically mea-
sured in the frequency range from 10 mHz to 100 kHz using an
EG&lock-in amplifier (model 5210) in combination with an EG&G
potentiostat/galvanostat (model 273A) interfaced with a computer.
All cells were assembled and tested in a glove box (Vacuum
Atmospheres) filled with purified argon gas.

Results and discussion

Microstructure and morphology

Shown in Fig. 1a is a typical TEM image of c-MWNTs,
from which the length of the tubes was estimated and the
number of tubes as a function of length is plotted in
Fig. 1b. From the length distribution plot it is evident
that the majority of chopped tubes (�45%) are in the
range of 200–400 nm in length. The TEM image of
a-MWNTs reveals that the average length of the unc-
hopped tubes is in the range 10–30 lm [12], about two
orders of magnitude longer than the chopped ones.

In order to explore the structural changes of MWNTs
caused by the chemical etching process, high-resolution
TEM images were taken before (a-MWNT, Fig. 2a) and
after the sonication process (c-MWNT, Fig. 2b). Unc-
hopped MWNT is characterized by inner graphene
layers, i.e. a nanotube, and a very thin outer disordered

phase which covers the inner nanotube uniformly. On
the other hand, the walls of the nanotube have been
seriously damaged after the sonication process, resulting
in lots of defects, edge sites, and/or kinks in the graph-
ene sheets of the nanotube (Fig. 2b). This is consistent
with a previous report where the sonication of MWNTs
was proved to mechanically damage the sides of the
nanotubes [17]. From the high-resolution TEM images
of the c-MWNTs, it is likely that the various shapes of
the c-MWNTs, such as straight, round, and/or spiral,
etc., shown in Fig. 1a, are attributed to the non-uniform
destruction of the outer walls during the chemical
etching.

Recent ab initio studies on lithium insertion into
carbon nanotube systems [15, 16] suggested that lithium
transport through the sidewall or capped zone of a
closed tube is energetically unfavorable; however, lith-
ium ions can enter tubes through structural defects on
the sidewalls or through the open ends of the nanotube.
Accordingly, it is expected that c-MWNTs have much
better kinetic properties as compared to a-MWNTs,
primarily due to an increase in the electrochemically
active surface area (i.e. the available sites for lithium
insertion) originating from the open ends of short frag-
mented nanotubes and the large amount of structural
defects on their surface.

Fig. 1 (a) Typical TEM image and (b) approximate length
distribution of the chemically etched nanotubes (c-MWNTs)
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Lithium insertion/deinsertion behavior:
voltage profiles and cyclability

Shown in Fig. 3 are the voltage profiles of a-MWNT/Li
(dotted lines) and c-MWNT/Li cells (solid lines) at a
current density of 50 mA g)1 MWNTs for the first three
cycles. For both a-MWNT and c-MWNT there is large
irreversible capacity for the first lithium insertion cycle
caused by decomposition of the electrolyte and the for-
mation of a solid electrolyte interphase layer at ca. 0.8 V
(vs. Li/Li+) [18]. In subsequent cycles, however, lithium
deinsertion (insertion) from (into) the nanotubes is
nearly reversible. The performance of a-MWNTs and
c-MWNTs is summarized in Table 1, along with the
corresponding values for a variety of carbonaceous
materials for the sake of comparison.

As shown in Table 1, the irreversible capacity of
c-MWNTs (Cins)Cde=586 mA h g)1) for the first cycle
is about 30% larger than that of a-MWNTs
(455 mA h g)1). It is generally accepted that irreversible
capacity of carbonaceous materials at the first cycle is

largely attributed to electrolyte instability, i.e. decom-
position of the electrolyte on the electrode surface and
reaction of lithium with active sites (such as OH and
carbon radicals) in the bulk electrode, which are typi-
cally enhanced with increasing surface area and degree
of disorder in the carbonaceous materials, respectively
[19]. Accordingly, the increase in the irreversible capac-
ity of the c-MWNTs is due probably to increased surface
area and structural defects/disordered phase of the
c-MWNTs induced by the chemical etching process,
as seen in Fig. 2b.

On the other hand, the reversible capacity of
c-MWNTs (223 mA h g)1) at a lithium deinsertion rate
of 50 mA g)1 increased by about 20% as compared to
that of a-MWNTs (189 mA h g)1). This indicates that
the chemical etching process is useful to generate the
active sites available for reversible lithium storage,
consistent with the previous reports on the enhanced
lithium storage for mechanically/chemically modified
carbonaceous materials [4, 8, 9, 20, 21, 22]. However, a
larger irreversible capacity and a smaller reversible
capacity of c-MWNTs than those of graphites, as seen in
Table 1, make it still impractical as an electrode material
in lithium batteries. In this respect, recent publications
reporting a small initial capacity loss (142 mA h g)1) [7]
and a large reversible capacity (640 mA h g)1) [3] might
give us a clue for improving further the lithium storage
characteristics of the present MWNTs. This includes
structural modification of MWNTs by doping [7] or
chemical/mechanical treatment to introduce additional
active sites [4, 8, 9].

Shown in Fig. 4 are the second-cycle voltage profiles
of an a-MWNT/Li cell (dotted line) and a c-MWNT/Li
cell (solid line) at a current density of 50 mA g)1 carbon

Fig. 2 Typical high-resolution TEM images of (a) an as-prepared
nanotube (a-MWNT) and (b) a c-MWNT

Fig. 3 Voltage profiles for the first three cycles obtained from
a-MWNTs (dashed line) and c-MWNTs (solid line) in a 1 M LiPF6-
EC/DEC solution at a current density of 50 mA g)1 carbon
nanotubes
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nanotubes. It is noted that the concavity of the curve for
the c-MWNTs is lower than that for the a-MWNTs. In
other words, lithium intercalates into or deintercalates
from the c-MWNTs at higher potential as compared to
the a-MWNTs below 1.5 V (vs. Li/Li+). In order to
describe effectively the lithium insertion/deinsertion
behavior, we reconstructed the differential specific
capacities (d C/d E) versus cell voltages in the inset of
Fig. 4. Both the differential capacity curves obtained
from the a-MWNTs (dotted lines) and c-MWNTs (solid
lines) were well characterized by a high absolute value of
d C/d E below 0.5 V (vs. Li/Li+), an indication of
lithiation/delithiation in a very narrow potential win-
dow. Nevertheless, it is noted that the maximum abso-
lute values of d C/d E in c-MWNTs, especially the

differential capacity curve for lithium deinsertion, are
somewhat smaller than that in a-MWNTs and the
voltage range of lithiation/delithiation reaction in
c-MWNTs is much wider than that in a-MWNTs. These
results suggest that the chemical etching process of
MWNTs makes the operating voltage of nanotubes
higher (especially below 0.5 V vs. Li/Li+) and voltage
window wider.

The long-term cycling stability for c-MWNTs was
practically equal to that of a-MWNTs, as shown in
Fig. 5. About 87% of the initial capacity was retained
after 20 cycles for both a-MWNTs and c-MWNTs. It is
noted that more than half of the total capacity loss
occurred for the first five cycles. After the first five
cycles, the average rates of capacity fade of a-MWNTs
and c-MWNTs were 0.35%/cycle and 0.40%/cycle,
respectively, up to the 20th cycle.

Table 1 Performance of various carbonaceous materials

Materiala 1st Li insertion,
Cins (mA h g)1)

1st Li deinsertion,
Cde (mA h g)1)
(rate/mA g)1)

Efficiency,
Cde/Cins

Li deinsertion rate (mA g)1)
(capacity retention/mA h g)1)

a-MWNT 644 189 (50) 0.29 50 (176); 80 (159);120 (135); 150 (108)
c-MWNT 809 223 (50) 0.28 50 (189); 80 (174); 120 (156); 150 (143)
MWNT1 1540 640 (20) 0.42 20 (520); 40 (420); 60 (360); 80 (320)
MWNT2 1157 282 (20) 0.24 20 (270); 40 (225); 60 (200); 80 (185)
MWNT3 850 320b (10) – 10(340b); 25(250b); 60 (120b); 100 (90b)
MWNT4 322 180 (50) 0.60 20 (200); 30 (190); 50 (180)
SWNT1 1660 460 (20) 0.28 20 (460); 186 (405)
SWNT2 – 698 (50) – –
Graphite1 397 330 (43) 0.83 43 (300); 93 (240); 149 (170)
Graphite2 493 371 (43) 0.75 43 (370); 93 (360); 149 (350)

Fig. 4 Voltage profiles for the second cycle obtained from
a-MWNTs (dashed line) and c-MWNTs (solid line). Inset is
the dependence of differential capacity on voltage, reconstructed
from the voltage profiles

Fig. 5 Variation of fractional capacity for lithium deinsertion from
a-MWNTs (open circles) and c-MWNTs (solid circles) with the
number of cycles at a constant current of 50 mA g)1 carbon
nanotubes

aa-, c-MWNT: this work; MWNT1: pyrolysis of acetylene, slightly
graphitized MWNT [3]; MWNT2: pyrolysis of ethylene, well-
graphitized MWNT [3]; MWNT3: chemical vapor deposition [23];
MWNT4: graphite arc technique, B-doped MWNT [7]; SWNT1:

dual pulsed laser vaporization, purified SWNT [5, 6]; SWNT2: laser
ablation method, chemically etched SWNT [8, 9]; graphite1: nat-
ural graphite [26]; graphite2: jet-milled graphite [26]
bCapacity for lithium insertion
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Kinetics of lithium transport: rate capability

Shown in Fig. 6a and Fig. 6b are the voltage profiles of
a-MWNTs (dotted lines) and c-MWNTs (solid lines)
obtained at different current densities (50, 80, 120, and
150 mA g)1) and the plots of fractional specific capacity
versus applied current density, respectively. At a lithium
deinsertion rate of 150 mA g)1, c-MWNTs showed
about 75% of capacity retention, which is �15% higher
than that for a-MWNTs. The observed rate capability of
the present c-MWNTs represents the highest ever
reported for MWNTs [3, 23], as seen in Fig. 6b and
Table 1.

In order to explore the kinetics of lithium transport
through the MWNTs, chronoamperometry was per-
formed between 0.05 and 0.45 V (vs. Li/Li+). Shown in
Fig. 7 are the It1/2 versus log t plots for the c-MWNTs.

It is noted that there is no plateau region (i.e. no Cottrell
region) throughout the lithium insertion/deinsertion
time, indicating that the overall process was not con-
trolled by lithium diffusion [24]. This further implies that
the lithium transport through the c-MWNT electrode is
possibly controlled by a slow interfacial reaction during
the chronoamperometric measurements [24, 25]. Shown
in Fig. 8a and Fig. 8b are the variation of current den-
sity and cumulative charge density with lithium insertion
time, respectively, obtained for both a-MWNTs and
c-MWNTs. Clearly, the lithium insertion rate (i.e. cur-
rent density) into the c-MWNTs is much higher than the
lithium insertion rate into the a-MWNTs. Thus, the
cumulative charge densities of the c-MWNTs reached
steady-state values much faster than the a-MWNTs.
These results strongly indicate that the lithium transport
through the c-MWNTs is much more facile than that
through the a-MWNTs.

Figure 9 depicts the typical impedance spectra of
a-MWNTs (open triangles) and c-MWNTs (open cir-
cles) at an electrode potential of 0.1 V (vs. Li/Li+). It is
noted that the interfacial resistance of c-MWNTs is
much smaller than that of a-MWNTs. This supports the
above arguments that the chemical etching of the carbon
nanotubes facilitates the lithium insertion/deinsertion
reaction into/from the nanotubes.

Based upon the experimental results, the observed
higher rate capability of c-MWNTs than a-MWNTs can
be explained as follows. First, the chemical etching pro-
cess chops the tubes into short fragmented nanotubeswith
open ends. The shortening of the nanotubes would reduce
the lithium diffusion length while the opening of the
nanotube ends would provide additional active sites for
lithium insertion. Second, the energetic sonication during
the chemical etching would introduce lots of structural
defects, especially on the outer walls of the nanotubes,
further increasing the electrochemically active area for
lithium insertion and further reducing the lithium diffu-
sion length through the nanotubes. These effects mean a
higher lithiation/delithiation rate up to a specific value of
depth of discharge (DOD) or state of charge (SOC).

Fig. 6 (a) Voltage profiles obtained from a-MWNTs (dashed lines)
and c-MWNTs (solid lines) in a 1 M LiPF6-EC/DEC solution at
different applied current densities. (b) The variations of fractional
capacity for lithium deinsertion with applied current density,
reconstructed from (a)

Fig. 7 Typical chronoamperometric curves obtained from
c-MWNTs in a 1 M LiPF6-EC/DEC solution at different potential
ranges
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Conclusions

The chemically etched (shortened) multi-walled carbon
nanotubes (c-MWNTs) show a higher rate capability
and reversible capacity as compared to unchopped na-
notubes (a-MWNTs). Especially, the higher rate capa-
bility of c-MWNTs is attributed to a shortened lithium
diffusion length through the nanotubes and an increased

electrochemically active area for lithium insertion/dein-
sertion. However, the large irreversible capacity must be
further reduced while the reversible capacity should be
further improved in order to be used as an electrode
material in practical lithium batteries.
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