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Self-organized carbon nanostrips with a new LiC 10 structure derived
from carbon nanotubes
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Single walled carbon nanotubes~SWNTs! were reacted with molten lithium at 220 °C for two
weeks. This induced dramatic changes in their structure as shown by x-ray and electron
diffractometry and Raman spectroscopy. A significant fraction of the initial SWNTs transformed into
flat nanostrips having intercalated lithium in between them. Lithium forms a superlattice
commensurate with that of the graphitelike nanostrips withA73A3 in-plane distribution. This new
structure corresponds to the LiC10 composition. ©2001 American Institute of Physics.
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Although free energy is an equilibrium quantity, it ha
proved a useful concept for the analysis of many kine
processes. One viewpoint of ‘‘nonequilibrium’’ materia
processing considers the formation of intermediate state
the material follows different kinetic paths through a fr
energy surface. With this viewpoint, it follows naturally th
different intermediate states can be obtained by startin
different locations on the free energy surface. Carbon sin
wall nanotubes~SWNTs!, while interesting in their own
right, are also novel starting points for the synthesis of n
materials.

It seems that alkali metals form intercalation compoun
with all sp2-bonded carbon materials including fulleren
and graphite. These intercalation compounds are of basi
terest. Fullerene compounds, MxC60 (1,x,3) where
M5K, Rb, Cs, exhibit a high superconducting transiti
temperature~up to 40 K1!. Interest in graphite intercalatio
compounds~GICs! has been further stimulated by the use
Li-intercalated graphite in anodes of commercial Li-io
batteries.2

In GICs, alkali metal atoms occupy the van der Wa
gap between adjacent graphene layers. With increasing a
concentration, periodic three-dimensional ordering ta
place in stages, with each stage having a regular numbe
empty and alkali-occupied van der Waals gaps. All van
Waals gaps are occupied for stage-1 compounds. Under
mal conditions, GICs with maximum metal concentrati
have a stage-1 structure. The compositions are LiC6 for Li,
and MC8, for M5K, Rb and Cs.~Sodium is an exception, a
stage-1 Na-GIC has not yet been synthesized.! For both
metal-intercalated SWNTs and multiwalled nanotub
~MWNTs!, the saturation composition is MC8 for M5K and
Rb,3,4 which is, perhaps curiously, similar to their GIC an
logues. The stoichiometry of lithium-intercalated analogu
is less clear since most of these compounds have been
10580021-9606/2001/115(23)/10585/4/$18.00
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pared by electrochemical intercalation, where the electro
reactions on the carbon surface makes it difficult to de
mine the composition by coulometry.~The undesirable irre-
versible capacity associated with electrolyte decomposi
is a very large 1500 mAh/g,5 which is 40 to 50 times highe
than in the best graphite materials!. Lithium was reacted with
MWNTs under high pressures and high temperatures.6 At the
high temperature of 400 °C, the product was mainly Li2C2,
lithium carbide. Under high pressures a dense Li2C com-
pound was obtained, perhaps with Li atoms between
centric carbon tubes.

Here we report a new material synthesized by react
purified and annealed SWNTs7 with molten lithium at
220 °C. SWNTs were prepared by pulsed laser ablation
graphite8 and shaped in buckypaper of approximately 50mm
in thickness. A buckypaper sample of about 1 cm31 cm was
cut and evacuated at 200 °C for 12 h before immersion i
molten lithium contained in a stainless steel reactor. The
ter was then hermetically closed under high purity argon
mosphere. After two weeks, the sample was taken out of
reactor and mechanically separated from unreacted lith
on its surface. A golden color characteristic of stage-1 alk
metal GICs appeared on most parts of the sample indica
a deep lithiation. The sample was then ground gently i
particles of 0.3–1 mm in size. A sample for x-ray diffractio
~XRD! was prepared by inserting some powder into a ca
lary tube, which was then sealed under argon gas. XRD
performed using an Inel powder diffractometer equipp
with a sealed Co tube and a curved detector covering 120
2u angle.

Figure 1 shows the XRD patterns of SWNTs before~a!
and after~b! chemical lithiation. Two broad peaks at low
angle appeared in the SWNT diffractogram, together wit
sharp peak at 3.37 Å corresponding to the graphitelike
purities in the sample~estimated at wt 5%!. The broad peaks
5 © 2001 American Institute of Physics
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denote some disorder in the 2D triangular lattice of
SWNTs.8 A dramatic change in the crystal structure occu
after lithiation@Fig. 1~b!#. The diffraction pattern consists o
up to 12 fine lines, which were well indexed to a monoclin
cell lattice of parametersa56.5 Å, b54.26 Å, c53.92 Å,
and g5109°. This structure is consistent with aA73A3
lithium superlattice commensurate with the graphene st
ture as sketched in the insert. The 1D character of this n
structure probably causes the differences in intensity
peak widths of the 101 and 011 diffractions.

Assuming theA73A3 in-plane structure, the compos
tion should be LiC10. To our knowledge, this is the first tim
that the unzipping of SWNTs is reported and the first tim
that LiC10 has been identified by XRD. Thec ~or I c

53.92 Å! parameter is 5 to 6% larger than for LiC6 for
which the structure isA33A3. This difference may resul
from the small width of carbon nanostrips~the van der Waals
gap tends to be larger in nongraphitic carbons!. Also, it
should be noted that no lithium carbide (Li2C2) was detected
in our sample, probably due to the lower lithiation tempe
ture used here compared to 400 °C used by Nalimovaet al.6

Raman spectra were acquired at 23 °C with the sampl
a thin, Ar-filled glass structure with a Dilor XY spectromete
working with a 514.532 nm argon excitation at low pow
Figures 2~a! and 2~b! show Raman spectra of SWNTs befo
and after lithiation respectively. After lithiation, the low
frequencyA1g radial symmetry mode~also known as the
‘‘breathing’’ mode!, which appears in SWNT at 186 cm21 as

FIG. 1. X-ray diffraction patterns of SWNT material before 1~a! and after
1~b! lithiation. Note the intensity scale is logarithmic. The insert shows
A73A3 in-plane structure of LiC10.
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an unresolved peak, transformed to three sharp and int
peaks at lower frequencies of 61, 75, and 114 cm21 respec-
tively ~see inset!. In the high frequency region, the two pea
centered at 1565 and 1592 cm21 and associated mainly with
the E2g symmetry mode~‘‘stretching’’ mode!, merged into a
single unresolved peak centered at 1576 cm21. ~This mode
frequency is between that of highly oriented pyrolytic grap
ite ~HOPG!, 1580 cm21, and that of HOPG based LiC6, 1569
cm21.! Raman modes in SWNTs have been discussed in
tail by Raoet al.9 The A1g active modes, which are the sig
nature of cylindrical graphene sheets, are still observed in
lithiated SWNTs. Not all nanotubes transformed to nan
trips ~a result not determined reliably by x-ray diffractom
etry!. The shift to lower frequencies of a sharpA1g mode
may indicate the formation of well-defined compositions
chemisorbed lithium along the nanotubes or within t
bundles. The merging of the two high-frequency modes t
single mode at 1576 cm21 is consistent with the formation o
a lithium intercalated compound similar to the graphite ba
ones.

For transmission electron microscopy~TEM! studies,
finer particles of lithiated SWNTs were deposited on
amorphous carbon membrane and transferred in a herm
container from the dry box to the vacuum of a Phili
EM420 TEM operated at 100 kV. The specimens we
cooled using liquid nitrogen to minimize damage by the el
tron beam. Figures 3~a!–3~d! compare the SWNT materia
before and after lithiation. In Fig. 3~a! ropes of SWNT are
shown together with their respective diffraction pattern
vealing the two typical features of SWNT bundles: a row
diffractions across the forward beam and diffuse arcs
ented perpendicular to it.10 The diffractions on the centra
line in Fig. 3~b! originate from the triangular arrangement
nanotubes within the bundles. Here the bundles are
aligned perfectly, causing broadening of the ‘‘row’’ of spot
The diffuse arcs can be explained by the fact that the na
tubes within the bundles exhibit a distribution in chirality.10

Figure 3~c! shows the SWNT after lithiation. The dominan
form of the material corresponds to the gray backgrou
with mottled features~see enlarged area!. It seems to have
lost much of the 1D texture of the SWNT bundles. Featu
similar to the shape of the former SWNT bundles are o
served but these are in the minority and suggest the origi
the new material. A dramatic change in structure is shown
the diffraction pattern in Fig. 3~d! where the characteristic
of diffraction from a SWNT bundle@Fig. 3~b!# are replaced
by diffraction rings pertinent of a polycrystalline materia
The d-spacings measured from this diffraction pattern are
FIG. 2. Raman spectra of SWNTs before~a! and after
~b! lithiation.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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accordance with the monoclinic structure LiC10 obtained by
x-ray diffractometry.

Were graphite subjected to the same conditions u
here to lithiate the SWNTs~220 °C, 2 weeks!, diffusion-
controlled kinetics would produce a series of staged co
pounds that nucleate and grow across the graphite crys
culminating in a pure stage-1 LiC6 compound.11,12XRD, Ra-
man, and TEM results are consistent with the fact that u
chemical lithiation, a significant fraction of SWNTs ha
opened and transformed to self-organized flat graph
nanostrips, with lithium in the van der Waals gap betwe
strips. Lithium would act as the structure stabilizer, bond
stacked nanostrips together and helping them align along
former SWNT axis direction. Therefore SWNTs undergo
transformation from tubes to flat graphene nanostrips,
haps unzipping in the presence of lithium. Thermodynam
favors such unzipping, since the enthalpy of SWNTs
higher than that of graphite by about 10 kJ/~mole carbon
atoms!.13–15@Intercalation of lithium into graphite nanostrip
is also expected to be favorable by about 8.9 kJ/~mole Li
atoms!2.# Once unzipped, the lithium epitaxial arrangeme
on the surface of graphene nanostrips helps them orient
stack along the new crystal axes. The similar morpholog
of the bundle structures seen in Figs. 3~a! and 3~c! suggests
that the initial grouping of tubes into rope structures infl
ences the sizes and organization of the nanostrips.

Once formed, the graphite structures remain even a
loss of lithium. Figure 4~a! shows graphite structures ob
served in a TEM sample. These structures were about
nm in width and a few microns in length. The diffractio
pattern in Fig. 4~b! is indexed as polycrystalline graphite

FIG. 3. Bundles of initial SWNT material~a! with characteristic diffraction
pattern~b!. The features in the diffraction pattern originate from the tria
gular arrangement of tubes within bundles~A! and a variation in chirality
~B!. SWNT material after lithiation~c!. The majority of the LiC6 material is
evenly distributed~inset! though in some places it remains in the place
the former SWNT bundles. The diffraction pattern of the material~d! reveals
a dramatic change in structure consistent with LiC10.
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The systematic row of reflections is of^002& type and the
c-direction in the image is perpendicular to the long dime
sion of the rods. When the sample was tilted it showed
lique texture electron diffraction pattern typical of highly
oriented graphite~HOPG!. This new form of graphite may
result from lithiation/delithiation process and shows a pr
erential alignment of graphene nanostrips along the part
axis. The prismatic shape of these highly-oriented graph
nanostrips is unusual compared with other tubular forms
carbon such us SWNTs, MWNTs, nanofibers,16 and fibers
and filaments.17 Further studies on the crystal structure
graphite nanostrips are currently under way.

It is interesting that the intercalated structure has
LiC10 composition. This structure, shown as an inset in F
1, has a rectangular structure in the basal plane of the gr
ite. ~The LiC10 structure can be also described with a larg
base-centered orthorhombic unit cell lattice;a54.26 Å, b
513.2 Å, andc53.92 Å.! We speculate that the LiC10 struc-
ture is stabilized in part by the preferred orientation of
rectangular edge along the narrow width of the nanostr
but have not identified this orientation within the plane of t
sample.
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