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A unique form of carbon rods has been synthesized by
reacting C¢Clg with Li at 523 K. TEM images show that
the structure is graphite-like, with the layers arranged
perpendicular to the long axis of the rods. The average
rod size is 0.3 x 5 pm. The larger ones are 1 x 10 pm.
The ratio of graphite-like to disordered carbon atoms,
determined by solid-state '>C NMR, is 1:1.

The multiplicity of carbon shows various allotropic morphol-
ogies and physical characters.' Studies of graphite fibers,*
filaments® and whiskers® have attracted much attention in the
past. In recent years, two major breakthroughs in the field of
carbon materials, buckminsterfullerene’® and carbon nano-
tubes (CNTs),” have greatly influenced the current research and
development in this important area. The parallel layers of sp*
carbon atoms in CNTs are arranged such that the long axis of
the rolled-up cylinders is parallel to the layers. Here, we wish to
report a rare form of carbon rods with a unique morphology
and structure. Previously, we have demonstrated that C4Clg
and CsClg react with Na metal to form nano-sized graphite
and graphite onion powders, respectively, via a Wurtz-type
reaction.'® In this report, we demonstrate that by employing
C¢Clg as the building block and Li as the coupling reagent,
carbon rods with graphite layers perpendicular to the long axis
can be synthesized.

C4Clg was reacted with a stoichiometric amount of Li metal
at 523 K in a Pyrex tube sealed under vacuum.'! The black
powder formed was washed with 2-propanol to remove the
residual Li and the byproduct, LiCl. A scanning electron
microscopy (SEM) image of the sample is shown in Fig. 1. The
material shows a rod-like morphology with dimensions of
0.1-0.5 pm width and 3.0-15 um length. The average rod size
is ca. 0.3 x 5.0 pm. In addition, a powder with spherical grain
morphology is a minor component in the solid. Transmission
electron microscopy (TEM) images of a carbon rod are shown
in Fig. 2. The low magnification TEM image, Fig. 2(a), shows
an overall morphology consistent with the SEM observations.

Fig. 1 SEM images of carbon rods: (a) low and (b) high magnification.
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Fig. 2(b), the high-resolution TEM (HRTEM) image, shows
that a branch on the rod has a disordered layer structure. Even
though the structure is not well ordered, the interlayer distance
can still be estimated to be 0.33-0.40 nm from the image.'? This
value is typical for turbostratic graphite layered structures.
From Fig. 2(b), it is clear that the layer stack is perpendicular
to the long growth axis of the branch on the rod. Another area
of the sample, shown in Fig. 3(a), reveals some individual
carbon rods. The carbon layers in these rods are also perpen-
dicular to the long axis [Fig. 3(b)]. The arc pattern observed
by electron diffraction (ED), shown in the inset in Fig. 3(b), is
assigned to the (002) reflection of the highly textured graphene
layers.!*!> Due to the small grains, no significant structural
information was obtained from X-ray diffraction studies. For
an as-prepared sample, 'Li solid-state NMR spectroscopy
showed only one major signal at 0 ppm before the byproduct
LiCl was removed. No other signal assignable to interclated
Li was observed.

From solid-state '3*C NMR data, the ratio of graphite-
like carbon atoms (130 ppm) to disordered carbon atoms
(178 ppm)'® is estimated to be nearly 1:1. A Raman spectrum

Fig. 2 TEM images of a carbon rod: (a) TEM image and (b) HRTEM
image of the selected area shown in (a).

Fig. 3 TEM images of individual carbon rods: (a) TEM image and (b)
HRTEM image and ED pattern (inset) of the selected area shown in (a).
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Fig. 4 Raman spectrum of the carbon material.

of the sample is shown in Fig. 4. The peaks at 1592 and
1370 cm ™! are assigned to the G and D bands, respectively, of
a graphitic carbon material.!” The ratio Ip/Ig is estimated to be
1.2, reflecting the relative disorder of the rod.'® The elemental
composition of the sample was characterized by X-ray photo-
electron spectroscopy (XPS). On the surface, the composition
is 95% C, 2% Cl and 3% O. The binding energy (B.E.) of C
1s electrons was observed at 284.3 eV, which is close to the
values reported for graphite-like materials.'” The B.E. of Cl 2p
electrons was observed at 200.0 eV and attributed to Cl atoms
covalently bonded to carbon atoms. After heat treatment of the
sample at 1273 K in Ar for 10 h, the Cl concentration on the
surface of the rods decreased to below the XPS detection limit,
i.e. less than 1%, and the composition became 97% C and 3%
O. The morphology and the nanostructure of the material did
not appear to change significantly as a result of this process,
according to TEM and SEM studies.

The cause of the growth of the graphene layers perpendicular
to the rods’ long axis is unclear. The presence of residual Cl
atoms in the rods may be significant. This suggests that the
C¢Cg coupling reaction assisted by Li, a milder reducing agent
than Na, was less efficient than the coupling promoted by Na.?
Molecular models are proposed in Scheme 1 to demonstrate
the difference. Using Na, flat graphene layers can be formed
due to the more effective removal of the Cl atoms. Formation
of well-ordered nano-graphite crystals has been observed
experimentally.10 On the other hand, when Li is used, the
coupling is less efficient, so that the removal of Cl atoms from
the Cg¢ ring is incomplete. These residual Cl atoms may have
two effects. The first is that they terminate the coupling process
and limit the expansion of the graphene layers. Secondly, they
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also cause the graphene layers to bend and curl. Propagation
of the process may lead the layer growth to spiral into a
one-dimensional graphite material with many defects within
the structure. Apparently, the rods show that the layers are
perpendicular to the long axis of the rods.

Our studies have provided a method to generate a unique
carbon material. Taking Cy¢Clg as the building block and Li
as the coupling reagent, carbon rods with the graphene sheets
perpendicular to the long axis can be synthesized. The
morphology of the rods is very different from that of the
nano-graphite reported previously, produced by employing Na
as the reducing agent. The process is a low temperature route
and does not involve transition metal catalysts. Potential
applications of the carbon rods, such as hydrogen storage, will
be investigated in the near future.
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