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ABSTRACT

Electrochemical lithium doping into carbon electrodes consisting of multiwalled carbon nanotubes produced by catalytic decomposition of
acetylene has been carried out in button cells. Direct observation of the sample by low- and high-resolution transmission electron microscopy
reveals that the lithium species are not intercalated between the graphene shells of nanotubes and that the electrochemical process is reversible.
7Li NMR and Raman spectroscopies allow us to study the nature of interactions between lithium atoms and the host material and to propose
an insertion mechanism that only implies a storage of lithium at the surface of nanotubes.

Since Iijima’s discovery,1 the carbon nanotubes generated
tremendous interest. At the beginning, the quantity of carbon
nanotubes available for experiments was very low, since the
arc discharge method produced only small amounts and
impure sample. During the last years, new methods as the
catalytic vapor deposition2,3 were developed and yielded
multiwalled carbon nanotubes (MWNTs) in large scale and
high purity. According to the “Russian Doll” model,4,5

MWNTs are composed of graphene shells rolled into closed
concentric cylinders with diameters on the order of nanom-
eters and lengths of micrometers. Numerous attempts were
then performed to fill them with various chemical species.
Some studies involving their potential applications for the
electrochemical storage of energy were reported.6-8 The
electrochemical results show that lithium redox reaction did
occur in MWNTs and that the reversible capacity, depending
on the processing condition, is in the range 100-400 Ah
kg-1. Furthermore, we have previously shown8 that the
intercalation of lithium into the structure of MWNTs
(produced by the electric arc technique) proceeds through
the graphene walls via structural defects. This intercalation
led us to observe what we named a “necklace” structure.
Moreover, electrochemical insertion of single-walled carbon

nanotubes (SWNTs) has recently been reported.9,10 It has
been shown that lithium can be reversibly inserted into
SWNTs and this electrochemical process induces structural
disorder in SWNTs bundles. Compositions ranging from
Li1.7C6 to Li2.7C6 after ball-milling (1000 Ah kg-1) can be
reached and are higher than the LiC6 ideal value for graphite.
Here, we report the electrochemical lithium doping of
MWNTs produced by catalytic decomposition of acetylene
at 600°C. The aim of this work is to elucidate the mechanism
of lithium insertion into this kind of MWNT and then to
gain a better understanding of the relationship between the
morphologies of the tubes that depend on the synthesis route
and the insertion mechanism.

The material used in this investigation was multiwalled
carbon nanotubes (MWNTs) produced by catalytic decom-
position of acetylene at 600°C over supported catalyst Co/
zeolite NaY containing about 2.5 wt % metal. The details
of the various steps of synthesis and purification were
reported elsewhere.3 The carbon nanotubes obtained were
sinuous and entangled, their length can reach 10µm, and
their outer diameter ranged from 15 to 25 nm. The purity of
the studied sample, estimated from random sampling and
repeated scanning electron microscopy observations was as
high as 90% (vol %).

The electrochemical lithium doping was carried out in Li/
electrolyte/MWNTs button cells assembled in an argon-filled
glovebox. Carbon nanotubes were used as the cathode, and
lithium metal foil, as anode. The cathode was prepared by
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mixing carbon nanotubes with 5% poly(tetrafluoroethylene)
(PTFE) as a binder and 5% black carbon. The electrolyte
was 1 M LiPF6 dissolved in carbonate mixture EC/PC/
3DMC. Cells were tested using a multichannel galvanostatic/
potentiostatic system (Mac Pile). Several discharge/charge
cycles were recorded with currents ranging from 5 to 10 mA
per gram of carbon material. Figure 1 shows a typical
discharge-charge curve of carbon nanotubes for the elec-
trode technologies used. The open circuit voltage of about
10 button cells measured before the experiment was 2.7 V.
This high value is due to the presence of carboxyl, carbonyl
and hydroxyl groups, which are introduced during oxidative
treatment and which covered the surface of the nanotubes.
These groups functionalize the tubes11 and usually increase
the chemical reactivity of the material. This sample exhibits
a reversible capacity of 300 Ah kg-1, in the 0-2.7 V
potential range, which is close to those obtained for
graphite.12 This capacity decreases slowly upon cycling and
equals 260 Ah kg-1 after 20 cycles. The irreversible capacity
(defined as the capacity difference between the first and
second discharge) equals 1150 Ah kg-1 and is connected to
the reduction of oxygenated species at the surface of the tubes
and the formation of a passive protective layer occurring
around 0.8 V consecutive to the decomposition of electrolyte.

This capacity is related to the high surface area of the
MWNTs, which is 265 m2/g. In contrast to graphite,12 where
the successive steps of intercalation are characterized by
voltage plateaus, or to MWNTs produced by the electric arc
technique,8 which exhibit a low-voltage pseudoplateau
around 0.1 V, the voltage profile consists only of a decay
zone from 2.7 to 0.0 V against the lithium metal foil
electrode, as was usually observed for disordered carbons.13

This different behavior seems to indicate that the lithium
atoms are not intercalated between the pseudographitic layers.
This observation is confirmed by X-ray diffraction, which
indicates no modification of the inter-shell spacing for the
lithiated sample. Consequently, the insertion mechanism
differs with the nature of the studied MWNTs.

Moreover, the voltage curve for the studied MWNTs
exhibits a large hysteresis in the discharge/charge profile
(Figure 2a). The difference observed between the potential
of lithium doping and dedoping potential reinforces the
argument that lithium ions are not intercalated between the
graphene shells, because, in this case, the two processes
would perform with a low-voltage difference, as is the case
for MWNTs produced by the electric arc technique (Figure
2b),8 but rather are trapped in structural defects at the surface
of the tubes or in cavities created by the entanglements of
the tubes. This observed hysteresis can be explained by the
chemical interactions between lithium species and functional
groups, these electrostatic interactions, namely-CO-Li +,
needing higher voltage for removing lithium from the carbon
nanotubes.

Morphologies and structures of these samples were studied
by using JEOL EX2 and JEOL 200 CX instruments (TEM
low and high resolution). Figure 3a shows a typical TEM
overall image of the pristine MWNTs that are entangled,
and a HRTEM picture of one of them (Figure 3b) underlines
that the carbon layers are perfectly parallel to the tube axis.
Figure 3c is a TEM picture of the delithiated sample. The
general aspect of the tubes seems to be unchanged after
dedoping. The tubular morphology remains intact, and this
observation indicates that the insertion process seems to be
reversible. Figure 3d presents an HRTEM picture of MWNTs
after dedoping. The organization of the carbon layers appears

Figure 1. Typical cycling of a Li/LiPF6/MWNTs cell at I ) 10
mA/g. The voltage of the carbon electrode is measured vs the Li
metal foil electrode.

Figure 2. (a) Large hysteresis in the second discharge/first charge profile for MWNTs produced by catalytic decomposition. The difference
between the potential of lithium dedoping and doping potential for the half reversible capacity (∆V(Q/2)) is very high and equals 1.1 V.
(b) Second discharge/first charge curve for MWNTs produced by the electric arc technique exhibits a low∆V(Q/2) of 0.1 V.
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unchanged, and some parts of the tube are covered by a thin
film of carbon species, which could be the passive layer or
the damaged outer carbon layers. Finally, Figure 3e presents
the TEM image of lithiated nanotubes. We notice that the
tubes keep their initial shape and that their diameter remains
almost constant. This observation indicates that the lithium
species do not penetrate the graphene layers, as was the case
for intercalated MWNTs produced by the electric arc
technique,8 where the so-obtained “necklace” structure
consists of a heterogeneous intercalation of lithium between
the graphene layers. The TEM picture shows that the lithium
doping is only limited at the surface of the tubes: these ions
do not cross the outer graphene wall despite the high

concentration of lateral defects. The outer surface of the
lithiated tubes is covered by a thin film of lithium species
such as Li2CO3. This phenomenon could be explained by
considering the presence of numerous functional groups at
the outer surface of the tubes. These groups react with the
lithium ions and prevent them from reaching the graphene
layers from the side of the tubes.

High-resolution magic angle spinning (HRMAS)7Li NMR
was conducted with a Bruker ASX 400 spectrometer operat-
ing at a7Li resonance frequency of 116 MHz. The HRMAS
7Li spectrum of the lithiated sample is displayed in Figure
4. It exhibits a broad band centered around 0 ppm. This band
can be separated into two: one is a narrow band with
resonance frequency of-0.8 ppm, and the other one is a
broad band with a resonance frequency shift of-0.1 ppm.
The first one localized at-0.8 ppm is also present in the
spectrum obtained for the totally delithiated sample. There-
fore, this signal can be assigned to the solid electrolyte
interphase (SEI), which consists of one or more ionic lithium
compounds such as Li2CO3, and to the remaining electro-
lyte.14 The broad band at-0.1 ppm is often observed in
lithiated disordered carbons and is a subject of controversy
in the literature. Sato et al.15 propose a Li2 molecule model,
Zheng et al.16 suggest that lithium may be bound somehow
in the vicinity of the hydrogen atoms, and insertion can be
envisaged either at the surface of the microcrystallites
composed of several carbon sheets or in their microcavities17

or at the edges of graphene layers.18 In our case, we can
assign it to ionic lithium stored in reversible sites as defects
at the surface of the carbon nanotubes, as was observed
previously in disordered carbons.19,20This result is different
from those obtained for the previously studied MWNTs,8

where a Knight shift at 43 ppm characterized intercalated
species residing between graphene shells. This technique
confirms the different insertion mechanism of lithium in our
sample where only adsorption at the surface can be reached.

Micro-Raman spectra were recorded using a Labram
spectrometer coupled to a 13× 40 Olympus microscope
equipped with a 100× objective. Raman spectra were
obtained at ambient temperature with the 632.8 nm radiation
from a helium neon laser. Figure 5a shows first-order micro-
Raman spectrum of pristine carbon nanotubes. The main
Raman lines observed are at 1578 and 1328 cm-1. The band
centered around 1578 cm-1 corresponds to the G mode
representing the movement in opposite directions of two
neighboring carbon atoms in a graphene sheet.21 The 1328
cm-1 band, assigned to the D1 mode, is attributed to defects
in the curved graphene sheet, tube ends, and staging
disorder.22 An additional Raman line at 1610 cm-1 (called
D2 mode) is mainly due to structural defects. TheR1 ) AD1/
AG1 and R2 ) AD2/AG2 ratios, where A corresponds to the
area of the Lorentzian functions, allow us to estimate the
extents of structural defects. In this case, these ratios are
1.9 and 0.3, respectively. The micro-Raman spectrum of the
delithiated sample (Figure 5b) is similar to those obtained
for the pristine material. The low modification of theR1 and
R2 ratios reveals that the concentration of structural defects
is likely to remain almost constant. These observations

Figure 3. (a) Typical transmission electron microscopy (TEM)
views of entangled catalytic MWNTs. (b) HRTEM image of pristine
tube with carbon layers parallel to the tube axis and with clean
outer surface. (c) TEM image of the nanotubes after the dedoping
process. (d) HRTEM picture of a delithiated nanotube. (e) TEM
view of lithiated nanotubes.
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confirm that the structure of nanotubes is only slightly
modified during the dedoping process. Figure 5c presents
the micro-Raman spectrum of the lithiated sample. If the
lithium was inserted between graphene layers of the tubes,

it would affect the electronic structure of the organized layers
and the peak number of the G band would be changed.23,24

However, the spectrum exhibits no change in the peak
frequency. This behavior is similar to those obtained for

Figure 4. High resolution7Li NMR spectrum of the lithiated sample. The spin frequency is equal to 13 kHz. The peaks denoted by * are
“spinning sidebands” and can be distinguished from the central peaks by changing the spin frequency.

Figure 5. First-order Raman spectra: (a) pristine material; (b) delithiated sample; (c) lithiated sample. The various spectra are fitted by
Lorentzian functions that are attributed to D1, D2, and G bands, respectively.
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mesocarbons heat treated at 700°C25,26 and have been
attributed to lithium insertion into regions without organized
graphitic structure. This result seems to confirm the hypoth-
esis that lithium species only trapped at the surface of
nanotubes may be within cavities generated by structural
defects or entanglements. In this paper and in comparison
with the data we have recently published,8 we show that the
insertion mechanism of lithium in MWNTs depends on their
structural characteristics and their chemical composition,
which can be modified by the means of synthesis and by
chemical treatment. In contrast to MWNTs produced by the
electric arc technique where lithium species cross the side
of the tubes and reach the graphene layers, the functional
groups present at the surface of the catalytic-MWNTs prevent
this kind of diffusion. Then, the lithium species are only
stored at the surface of the tubes, maybe in cavities.
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