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High-resolution Electron Microscopy Studies of a Microporous
Carbon produced by Arc-evaporation
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The soot produced as a byproduct of fullerene synthesis by arc-evaporation consists of a microporous carbon
with a surface area, after activation with carbon dioxide, of ca. 700 m? g—'. Here, we investigate the structure of
this material, and its appearance after electron irradiation and high-temperature heat treatment, using high-
resolution electron microscopy. We show that the heat treatment transforms the new carbon into a structure
containing large, tube-like pores, rather than into polycrystalline graphite. This suggests that the arc-evaporated
carbon may have a novel, fullerene-related microstructure, and that it may be the precursor for nanotube forma-

tion.

The discovery that Cg, and other fullerenes could be
extracted from the carbon soot produced by arc-evaporation
of graphite rods' has stimulated enormous interest. Natu-
rally, most of this interest has focused on the fullerenes them-
selves rather than on the residual soot which remains
following fullerene removal. Nevertheless, there are good
reasons to believe that this residual material also has a novel
microstructure which may be of considerable theoretical and
practical interest. In a recent study? we investigated the
properties of the soot following removal of fullerenes and
‘activation’ in carbon dioxide. We found that the material
had a very high internal surface area (ca. 700 m? g~'), and
that it displayed molecular sieving properties indicative of a
microporous structure with most of the pores <5 A in diam-
eter. High-resolution electron microscopy (HREM) confirmed
that the structure was highly microporous, with an appear-
ance quite similar to that of some conventional high-surface-
area carbons.

Here, we describe a more detailed programme of studies of
the arc-evaporated soot using HREM. We compare the
properties of the soot with those of a high-surface-area
carbon prepared by pyrolysis of Saran resin, a
poly(vinylidene chloride)/poly(vinyl chloride) copolymer. In
this way we aim to determine how the fullerene-related soot
differs from conventional microporous carbon.

Experimental
Preparation of Arc-evaporated Soot

Arc-evaporation of graphite rods was carried out in the stan-
dard way for Cg, production. Thus, electrolytic grade rods
were arced in 150 Torr helium using a dc voltage of 32 V and
a current of 180-200 A. Under these conditions ca. 70% of
the vaporised carbon deposited onto the walls of the evapo-
ration vessel, while ca. 30% ‘distilled’ onto the cathodic rod,
as shown in Scheme 1. The soot which formed on the walls of
the vessel (C1) was carefully collected and the soluble ful-
lerenes were extracted with toluene for three days in a
Soxhlet apparatus, after which the solvent was removed
under reduced pressure. The residual insoluble soot, C3, was
then dried and activated by treatment in a stream of carbon
dioxide, with a flow rate of 20 ml min !, at 850°C for ca. 5 h.
Under these conditions the reaction C + CO, — 2CO occurs
and after the 5 h period a weight loss of ca. 15% was
observed. The final product was a microporous carbon which
we designate C4.

Preparation of Saran Char

The starting material was Saran 416 powder, a copolymer
containing ca. 90% poly(vinylidene chloride) (PVDC) and
10% poly(vinyl chloride) (PVC), with a melting point of 445
K. 1 g of the powder was first heated to 438 K under nitrogen
and held at this temperature for 68 h. The sample was then
further heated to 933 K under nitrogen at a rate of 1 K
min~ ! and was held at this temperature for 12 h, before being
cooled to room temperature under nitrogen. The apparent
surface area of the resulting carbon measured by BET (N,)
was 655m? g~ 1.

High-temperature Heat Treatment

The arc-evaporated carbon C4 and the Saran char were both
subjected to high-temperature heat treatments under vacuum
in a positive-hearth electron gun (4 kV, 0.4 A) for periods of
ca. 4 h. Although an exact measure of temperature was not
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made, samples typically reach temperatures in the region of
2500-3500 K in this apparatus.

High-resolution Electron Microscopy

Specimens were prepared for electron microscopy by grinding
them gently in a pestle and mortar and dusting the powder
directly onto holey carbon films. The microscopes employed
were a JEOL 2000FX instrument with a maximum acceler-
ating voltage of 200 kV and a JEOL 4000FX instrument with
a maximum accelerating voltage of 400 kV. Only thin regions
which extended over a hole in the support film were imaged.

In addition to imaging the samples, we carried out a series
of electron irradiation experiments on both the C4 carbon
and the Saran carbon. Ugarte has demonstrated®* that elec-
tron irradiation can transform nanotube-containing soot into
quasi-spherical concentric fullerene particles (‘carbon
onions’), and we have shown? that C4 can also be trans-
formed into onions in this way. The aim of the present
experiments was to compare the behaviour of a conventional
carbon during electron irradiation with that of the arc-
evaporated carbon. The irradiation experiments involved
removing the microscope’s condenser aperture and focusing
the beam on a small area of sample for periods of up to 2 h.
A range of accelerating voltages were used for the irradiation,
from 200 to 400 kV.

Results
Examination of Freshly Prepared Carbons

Plate 1 shows a typical high-resolution micrograph of the
microporous carbon C4. It can be seen that the structure
consists mainly of randomly curved layers enclosing micro-
pores in the sub-nanometre range. In some areas, spiral
arrangements of layers were present, as indicated in Plate 1,
but the interlayer spacings in these spiral structures were ca.
5-6 A, i.e. considerably larger than the graphite ¢ distance of
34 A. Small graphitic regions were sometimes seen, and
occasionally nanoparticles similar to those observed in the
cathodic soot were observed,’ but the great majority of the
material displayed no obvious crystalline order.

The carbon prepared from Saran was somewhat similar in
appearance to the C4 carbon, as shown in Plate 2, although
the carbon layers appeared to be somewhat more tightly
packed, and no obvious spiral structures were seen.

Electron Irradiation

When the C4 carbon was irradiated with an intense electron
beam in the 2000FX instrument, using an accelerating
voltage of 200 kV, a transformation to quasi-spherical con-
centric fullerene particles was observed after a period of
30-40 min. Surprisingly, irradiation at the same accelerating
voltage in the 4000FX instrument did not produce a similar
transformation even after periods of greater than 1 h. Irradia-
tion in this instrument at higher voltages (300 and 400 kV)
similarly failed to produce a complete transformation into
onions, although a rounding of the overall morphology was
observed. This difference between the behaviour of C4 under
irradiation in the two microscopes is not yet understood, but
two possible reasons suggest themselves. First, the beam
current in the 4000FX was probably lower than in the
2000FX. A direct measure of beam current was not possible
because the intensities employed were higher than the
maximum that could be recorded by the microscopes. Also,
the smallest spot size obtainable on the 4000FX appeared
somewhat larger than that obtained on the other microscope.
In either case, these experiments indicate that beam current
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may be more important than accelerating voltage in inducing
onion formation.

A high-resolution image of a region of C4 which has been
completely converted into spheroidal onion particles is
shown in Plate 3. It can be seen that the range of particle
sizes is rather narrow: the smallest onion observed consisted
of three concentric layers (approximate outer diameter 21 A)
and the largest of 12 layers (approximate outer diameter 82
A). Ugarte observed a much broader range of sizes in irradi-
ated nanotubes/nanoparticles. In general, the onions
appeared to be approximately spheroidal, although some-
times they were observed to pass through a faceted configu-
ration. Plate 4(a) shows a nine-shell particle with a circular
outline, while Plate 4(b) shows the same particle a short time
later exhibiting slight faceting. This phenomenon of momen
tary faceting was also reported by Ugarte.* As pointed out by
a number of workers, it is surprising that more faceting is not
observed. If the onions are assumed to consist of concentric
fullerenes, then the giant fullerenes which make up the outer
shells would be expected to experience considerable strain
when forced into an approximately spherical shape. More
work is needed to understand why the onions are so remark-
ably spherical.

Electron irradiation of the Saran carbon was also carried
out. Evolution into carbon onions also occurred here,
although considerably longer irradiation times were needed
than for the C4 carbon (this probably explains why onion
formation was not observed in our previous study? when we
irradiated a microporous carbon derived from coconut shell).
Plate 5 shows a Saran sample following irradiation for ca.
100 min at 200 kV in the 2000FX instrument. Again, the irra-
diated region appears to have been almost completely con-
verted into spheroidal onion particles, and there is a slightly
wider range of particle sizes than for the C4 carbon. Note
that this is the first demonstration of onion formation by the
irradiation of a conventional (as opposed to arc-evaporated)
carbon.

Heat-treated Carbons

High-temperature heat treatment of the arc-evaporated
carbon C4 produced a structure apparently made up of large
pores which were often extended in shape, resembling single-
layer nanotubes, as can be seen in the micrograph shown in
Plate 6. Like nanotubes, the extended pores were almost
invariably closed, and exhibited a variety of capping mor-
phologies. In some cases features were observed which are
thought to be indicative of the presence of seven-membered
carbon rings;%” an example is arrowed in Plate 6. In most
cases the extended pores were bounded by single carbon
layers, although multilayer structures were also present, as
shown in Plate 7. Other structures were also seen, which
appeared to be random in shape rather than tube-like, often
exhibiting quite sharp faceting. We note that de Heer and
Ugarte® have found that raw fullerene soot (C1) can also be
transformed into nanoparticles and nanotubes by high-
temperature heat treatment.

A similar heat treatment of the Saran char produced a
quite different structure, as shown in Plate 8. Here, the micro-
porosity of the original material has disappeared, and has
been replaced by a polycrystalline structure made up of con-
joined graphitic layer groups. This kind of structure is typical
of ‘non-graphitising’ carbons following high-temperature
heating.®

Discussion

In this study we have attempted to distinguish between the
microporous carbon produced by arc-evaporation, C4, and a
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Plate 1 High-resolution electron micrograph of the microporous carbon C4. Arrow shows area with apparently spiral structure. The scale bar
in this and all other figures is 50 A.

Plate 2 Micrograph of the Saran-derived microporous carbon

Plate 3 Micrograph of C4 carbon following intense electron irradiation at 200 kV for ca. 30 min, showing region completely transformed into
quasi-spherical concentric fullerene particles (carbon onions)

P. J. F. Harris et al. (Facing p. 2800)
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(b)
Plate 4 Nine-shell carbon onion particle in irradiated C4 sample:
(a) image showing circular profile, (b) image displaying slight faceting

Plate 5 Carbon onions formed by electron irradiation of Saran-
derived carbon

Plate 6 Micrograph of C4 carbon heated to 2500-3000 K for 4 h using a positive-hearth electron gun, showing development of large tube-like
pores. Arrow indicates morphological feature indicative of the presence of heptagonal rings.”
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Plate 8 Saran carbon following heat-treatment with electron gun,
showing extensive development of graphitic structure
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conventional microporous carbon derived from Saran
polymer, by using HREM. We first examined both materials
in their fresh state and found them to be very similar in
appearance. We then carried out a series of electron irradia-
tion experiments on both the C4 carbon and the Saran
carbon and found that in both cases a transformation to con-
centric fullerene particles was observed. This shows that the
occurrence of such a transformation does not imply that the
original carbon must have a fullerene-related microstructure,
as we suggested in our earlier paper.? However, note that the
transformation to ‘onions’ was considerably easier for the C4
carbon than for the Saran carbon, suggesting that it has a
more fluid structure.

High-temperature heat treatments were then carried out on
both materials, and here a very striking difference in behav-
iour was observed. In the case of the Saran carbon, the heat
treatment resulted in the formation of polygonised and bent
layer groups similar to those observed many years ago in
studies of ‘non-graphitising’ carbons.” However, high-
temperature heat treatment of the C4 carbon resulted in a
quite different structure apparently made up of large pores,
often with extended, tube-like shapes. These tube-like pores
were invariably capped, indicating the presence of pentagonal
rings, and, as noted above, often displayed morphological
features which have been interpreted as resulting from hep-
tagonal rings.®7 We therefore believe that the original struc-
ture of C4 contains both pentagons and heptagons
distributed randomly throughout a hexagonal network,
producing continuous curvature, as shown in Fig. 1. This
structure resembles the ‘random schwartzite’ structure pro-
posed by Townsend et al.,'° although with many fewer seven-
membered rings. Also, we believe that C4 consists of
relatively small fragments, rather than the extensive structure
envisaged by Townsend et al. Other workers have put
forward similar models of ‘fullerene soot’ to the one we have
proposed,'!''? although they have tended to emphasise the
importance of spiral structures in the soot. There is some evi-
dence that spiral structures are present in C4 (see Plate 1),
but the majority of the material does not seem to have this
form.

We believe that it is quite feasible that a structure such as
the one shown in Fig. 1 could form in a carbon arc. Accord-
ing to the ‘pentagon road’ theory of fullerene assembly,!? the
formation of isolated pentagonal rings is energetically
favoured during condensation as this leads to the mini-
misation of dangling bonds. In Cg,, 12 isolated five-
membered rings are distributed symmetrically to produce the
closed, icosahedral structure. However, if pentagons were to
occur in the ‘wrong’ positions then closure would be much

Fig. 1 Illustration of our proposed structure for C4 carbon. The
fragment shown has 45 hexagons, four pentagons and one heptagon.
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less likely, and a randomly curved structure might develop.
Kroto and McKay considered a similar growth mecha-
nism,'* but assumed that pentagons would stack epitaxially
one above the other, leading to spiral shell structures. As
noted above, the structure of C4 does not appear to be domi-
nated by spiral structures.

The observation that C4 can be transformed into
nanotube-like structures by high-temperature heat treatment
suggests that it may be the precursor for the production of
carbon nanotubes. One could therefore propose the following
model for nanotube formation. In the initial stages of arc-
evaporation, a C4-like material (plus fullerenes) would con-
dense onto the cathode, and the condensed material would
then experience extremely high temperatures as the arcing
process continued, resulting in the formation first of single-
layer, nanotube-like structures and then of multilayer nano-
tubes. This contrasts with previous models of nanotube
formation, which have envisaged a direct vapour-
condensation process. One could also speculate that the
spiral structures observed in C4 might be the precursors for
the nanoparticles, which are also invariably present in
cathodic soot.®

Recent work by Lin et al.!> has produced very interesting
results which appear to confirm our model of nanotube
growth. They carried out arc-evaporation employing a com-
posite anode, the centre of which consisted of a copper rod.
The central region of the resulting cathodic deposit was
found to contain many single-layer structures similar to those
reported here, while the outer region consisted largely of
multilayer tubes. They speculate that this could be a result of
a change in the temperature distribution on the electrode sur-
faces due to the presence of copper in the anode. This would
be consistent with the model of nanotube growth presented
here, since in their experiment the central region of the
cathodic deposit would presumably experience a lower tem-
perature, so that the C4 material would be transformed only
to single-layer structures, while the outer region would expe-
rience temperatures similar to those produced in a normal
arc, resulting in multilayer structures.

A comment should be made here on the reactivity mea-
surements described in our previous paper.”? We reported
there that the carbon C4 was less reactive towards oxidation
with carbon dioxide than conventional microporous carbon.
We now believe that these measurements may be misleading
owing to the presence of potassium in the conventional
carbons, leading to enhanced reactivity. Experiments are in
progress to establish the true reactivity of C4 in comparison
with conventional microporous carbon.

Finally we note that the new arc-evaporated microporous
carbon may have many novel and useful characteristics in
addition to those we have already described. Thus its elec-
tronic and optical properties, for example, may be worthy of
further study.
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electron microscope in the Department of Materials, Uni-
versity of Oxford. We also thank C. Menhart for assistance
with the high-temperature heat treatments, and R. Wence of
the Dow Chemical Company for the supply of Saran resin.
Funding was provided by the Gas Research Institute.
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