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Deposition of graphitic carbon via the catalytic decomposition and
subsequent reconstitution of hydrocarbons is a very well studied
process. Impact of this process has ranged from its deleterious ef-
fects in the carbonization of hydrocarbon reacttwthe remarkable
science of single-walled carbon nanotubes, SWCHNIRsgeneral,
the production of graphitic carbon in this way has required high
reaction temperatures (56Q000°C) or otherwise forcing chemical
reaction conditiong-1” A more controllable process for the prepa-
ration of graphitic carbon (particularly graphene sheets and
SWCNTs) would facilitate progress in these research areas by
enabling the rational synthesis of desired forms of carbon. Here we
report our observation that graphitic carbon, sheets as well as tubes,
can be prepared from solution at temperatures as low as@10

During the effort to extend our previously repoft€&dw-tempera-
ture preparation of nanocrystals of TiQve have discovered that :
the reaction of Fe(COE)°® with DMSO gives not only nanocrystals 00 46

of iron oxides but also graphitic carbon (eq 1). Fe(CQdimethoxy- Fi 1 Elect ) i fth inital product of eq 1: (A) SEM
: . _ Figure 1. Electron microscopy of the initial product of eq 1:
ethane (DME), and DMSO are combined in toluene, and the result image of carbon nanotube bundles and Feénoparticles sputter-coated

ing mixture is heated to reflux for 5 days. A black precipitate forms, yjth a layer of Pd/Au for imaging; (B) TEM image showing sheets and
and when dried, the powder shows millimeter-sized fragments of a tubes of carbon coated with the Feflanoparticles; (inset) SAED pattern
reflective black solid. Scanning electron microscopy (SEM) shows of an area dominated by graphitic sheets. The rings all match with literature
this to contain large amounts of long, tubular structures (Figure 1a). Values for graphit®

Energy dispersive spectroscopy (EDS) shows primarily carbon
with smaller amounts of iron and oxygen. Transmission electron
microscopy (TEM) also shows sheets and micrometer long tubes, 4
nm in diameter (Figure 1b), in addition to nanoparticles of magne-
tite. The selective area electron diffraction (SAED) pattern in Figure
1B (inset) shows that the sheet/tube structures are crystalline, and
the pattern matches that of crystalline grapHité/e observe only
very weak [002] diffraction. We believe this indicates the paucity
of stacked graphite sheets. When we gbtte black solid product
of eq 1 in 0.37% HCI we find (Figure 2) that the Fefarticles
have been removed and that sheets and tubes of graphite remain.
SAED confirms this identification.

Fe(COT) + DMSO + DME — Fe,O, + graphite (1)

We examined the product of eq 1 with high-resolution transmission
electron microscopy (HRTEM) both before and after the material
was treated with acid. The as-prepared sample was dominated by

areas of crystalline graphite and multiwalled carbon nanotubes 3 . )
(MWCNTS). In Figure 3a we show a single graphitic tube. Measure- F/9uré 2. Effect of treatment with 0.37% HCI on eq 1. (A) TEM image

. L . ; . showing that carbon sheets remain after the acid-treatment; the FeO
ment of the lattice spacing in all HTREM images having visible nanoparticles are gone. Inset SAED pattern confirms the assignment as
crystalline planes is-3.4 A. This matches the interplanar distance graphite; the (004) and (103) are present and very weak. Panel B shows
for graphite?? The SAED pattern (Figure 3 inset) confirms this. the TEMimage of carbon nanotubes that remain after the Ra@particles
Long-term exposure to the concentrated acid and sonication &€ dissolved by concentrated HCI.

damages the graphite structure; in the HRTEM samples of this mater-_ ) ) ) )
ial we see no diffraction and no crystalline lattice, although we do

T Columbia University. observe tubular carbon structures (see Supporting Information).
* Center for Functional Nanomaterials, Brookhaven National Laboratory. : : : : s .
8 Condensed Matter Physics and Materials Science, Brookhaven National Raman spectroscopy is particularly uslerI in the identification
Laboratory. of graphite and carbon nanotuls?® In Figure 4 we show the
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Figure 3. HRTEM analysis of the carbonaceous products of eq 1; HRTEM
image of a MWCNT on a carbon film TEM grid. The measured distance
between the parallel graphite planes-3.4 A and agrees with the literature

However, we do observe carbon as a product of the reaction COT
and DMSO in refluxing toluene in the presence of independently
prepared, commercially available, nanometer-scale particles of either
FeO; or FgO,. The growth of carbon nanotubes is achieved almost
exclusively by metatnanoparticle catalysis under CVD conditions

at high temperatures (46@000°C); therefore, it is reasonable to
propose that the Feanoparticles are catalytically active.

This work introduces a new method for the catalytic preparation
of several forms of crystalline graphite. At present the reaction is
not selective with respect to which form of graphite is produced;
however, since the entire process occurs at low temperatures, we
anticipate being able to kinetically control and direct it once we
fully characterize the catalytic centéefs.
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Figure 4. Raman Spectrum of the carbon product from eq 1. Present are
the G-mode (1590 cmt) and D-mode (1305 cd) peaks of graphite and
possible radial breathing mode (130 and 172 &npeaks of carbon nano-
tubes. This spectrum is characteristic of crystalline graphite with some
defects.

Raman spectrum of the black solid which had not been treated with
acid excited by a helium-neon laser (632.8 nm). We observe the D
(~1305 cnth) and G 61590 cntt) modes of crystalline graphite.
The peaks at 130 cmi and 172 cm? are intriguing; they may be
attributed to radial breathing modes of CNPsThe Raman
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