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SEVERAL techniques have been developed recently for fabricating
nanocomposite structures by filling'™ carbon nanotubes®*. Here
we show that surface-tension effects can induce the growth of
uniform, thin metal oxide films—sometimes only a monolayer
thick—on the outside of nanotubes, along with oxide fillings in the
internal cavities and thin oxide layers between the concentric shells
of the tubes. We report the preparation of such nanotube—oxide
composites by annealing a mixture of partially oxidized nanotubes
and V,05 powder in air above the melting point of the oxide. The
external coatings of the tubes are crystalline sheets of the V,0;
layer-like structure, which grow with the ¢ axis parallel to that of
the nanotube layers. Intercalation of the oxide occurs where there
are missing shells in the nanotubes. We also show that the nano-
tubes can be partially removed by oxidation, leaving behind layered
oxide fibres. Given the importance of vanadium oxides as catalysts
and functional ceramics, this role of nanotubes as removable tem-
plates might lead to useful new kinds of nanostructured materials.

Carbon nanotubes produced by the arc-discharge method?
were ground and partially oxidized in air® or nitric acid” to open
some of the nanotube tips. The oxidized sample was then mixed
and ground with pure V,0Os powder (dark orange) in approxi-
mately 1:1 weight ratio. The mixture was heated in an oven in
air at ~750 °C (melting point of the oxide is 690 °C) for ~20
minutes. The annealed mixture (black) was crushed, dispersed
in ethanol and observed by transmission electron microscopy
(TEM) (Topcon 0020B) and scanning transmission electron
microscopy (STEM) (VG HB 501).

We found that a large fraction of the open nanotubes were
filled with the oxide. The fillings have diameters as small as 1-
2 nm and extend continuously over several hundred nanometres.
In cavities smaller than ~3 nm, the filling has an amorphous

FIG. 2 Images of oxide-filling/nanotube/oxide-coating
sandwich structures. a, Lower-magnification image
showing uniform coatings on the left (completely
covered for more than a few hundred nanometres)
and right parts of the tube, with no coating in the
centre. Filling is also seen inside the tube. b, Image
at higher magnification resolving the 0.34-nm (002)
fringes of the carbon nanotube. Coatings of oxide,
uniform in thickness, can be seen on the upper and
lower parts of the tube. The cylindrical profile of the
coating is seen on the right side of the image. A dia-
gram of capillarity-induced filling and coating of open
tubes is shown at the bottom of the figure.
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FIG. 1 High-resolution TEM images of tubes filled (darker contrast in
the centre) with vanadium oxide. A, Filling in a narrow internal hollow,
showing amorphous structure. B, Crystalline V,0s structure in a larger
hollow (only 2—3 tube layers around the filling is shown) showing pre-
ferred orientation with respect to the tube axis.

structure and the contrast in the images suggests that it has high
porosity (Fig. 14). In larger cavities however, the filled phase
corresponds to crystalline V,Os, and in some cases the structure
clearly exhibits a preferred orientational relationship with the
tube axis (Fig. 1B; the b axis of V,0s is parallel to the tube
axis), suggesting directional solidification of the molten oxide in
the cavity. This striking change in solidification behaviour as the
cavity size is reduced (stabilization of amorphous phase; also
see ref. 1) is in agreement with recent theoretical predictions’ of
filling with lead. From capillarity studies of nanotubes®, a surface
tension of less than 100-200 mN m ' is needed for any material
to wet (and fill) nanotube surfaces. Molten V,Os has extremely
low surface tension (~80 mN m ™', comparable to water which
has a value of ~72mN m™')® and should strongly wet nano-
tubes. In fact, the only pure binary oxides that satisfy the above
wetting criteria are PbO, Bi,O;, V,05, WO;, MoOs and B,Os ;
the first three have all been reported to fill nanotubes by capillar-
ity (refs 1, 6 and this work).

As well as observing capillarity-induced filling of nanotubes,
we find many isolated nanotubes covered (also by capillarity)
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FIG. 3 High-resolution TEM images of nanotubes after heating with V,05
at 750 °C. A, Intercalation by V.05 in the gaps where nanotube layers
are missing (arrows). Only a few outer fringes of a larger tube are shown.
B, Cross fringes in the nanotube image, arising from the interference
between (002) planes of graphite (0.34 nm) and V,0s lattice in [001]
projection. C, Higher-magnification image of the fringe structure due to
the oxide coating at the edge of the tube shown in B (arrows). The
image is Fourier filtered. D, Diagram showing the arrangement of struc-
tural pyramid units on the surface of the tube, viewed parallel to the
tube axis. The outermost circle drawn does not represent a nanotube
shell. The arrow indicates the direction of the ¢ axis in the nanotube.
In this case, the V,0s5 layer is projected in the [110] direction. E, Diagram
of a basic pyramidal unit of V,05 and a projection of a monolayer onto
the b plane, showing upward and downward pointing pyramids. In D
triangles representing pyramids point only outwards, because we
assume that the inner vanadyl oxygens are missing. F, Analysis of the
projected image of a coated tube acquired using a slow-scan CCD
camera. The Bragg filtered diffractogram (inset) shows the superposition
of the (002) spots (labelled ‘C’) from the carbon tube and the (110)
and (200) spots corresponding to the overlayer V,05. The image is
reconstructed in G by use of these spots. The contrast due to the oxide
is clearly visible in the central hollow region. It matches well with a
simulated image (inserted in G) of one monolayer of V05 in [001]
projection at the optimum defocus (Scherzer) condition for phase-con-
trast imaging,

with extremely thin films of the oxide. In the
sample, we also observe nanotube bundles covered
with thicker deposits of the oxide. Figure 2 shows
‘sandwich’ structures of individual nanotubes
which have inner fillings and thin outer oxide
coverings. The coatings on isolated nanotubes are
uniform in thickness and are rarely observed to
be thicker than 1 nm. The coatings do not always
cover the entire nanotube surface but continuous
cylindrical films are seen to extend for lengths up
to a few hundred nanometres. Commonly, films
are not observed on the surfaces of very small
tubes (<5 nm) nor on the tips of nanotubes and
nanoparticles.

We often observe intercalation of V,Os in the
gaps (as small as twice the tube layer spacing)
left by partially missing shells (owing to scroli-like
defects'® or removed during oxidation) (Fig. 34).
No inter-tube-layer expansion is seen, as the adja-
cent cylindrical layers are fixed. Figure 3B shows
a typical high-resolution TEM image from a larger
tube coated with monolayer film. The image shows cross fringes
arising from the interference between the pseudolattice from the
carbon nanotube (002) layers and the overlying oxide lattice.
The outermost fringe in the image corresponds to the oxide film
coating (Fig. 3C) and represents the projection from the curved
V.05 layer (built from VOs pyramidal structural units sharing
edges and corners (Fig. 3E))'"'? decorating the tube surface (see
Fig. 3D). V,0;5 has a layer-like structure, with the layers held
together by weak V-O (vanadyl, 0.28-nm) bonds. We suggest
that in the monolayer film only outward-pointing pyramids exist,
leading to vanadyl oxygen vacancies, which has been observed
for V,05 surfaces''"'*. The missing vanadyl oxygens (discussed
later) would give greater freedom for the layers to bend'' and
would allow a better match between the pyramidal bases of the
V,0s and the carbon lattice (see the epitaxial relation described
later). For the intercalated films, this leads to the possibility of
flat basal planes with no vanadyl oxygens sticking out of the
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plane. Because of the tilt of the tube with respect to the imaging
direction'® or actual bending of planes in the film, we often
observe fringes due to the film curving around the tube axis.
To understand the symmetry and orientation of the coated
film on nanotubes and to minimize radiation damage in the
oxide layer, images from tubes with monolayer coatings (Fig.
3F) were acquired using a slow-scan CCD (charge-coupled
device) camera. The Fourier transform of the image (inset)
shows (002) spots of the nanotube along with spots correspond-
ing to (200) and (110) planes of V,0s, which has an orthorhom-
bic unit cell'', in the [001] (c-axis) projection. The relative
interplanar distances and angles are correct within an error of
5% which could be due to distortions in the curved lattice. The
contrast seen in the area corresponding to the central nanotube
hollow of the Bragg filtered image (Fig. 3G) compares well with
a simulated image (inserted in Fig. 3G) of one layer of V,0s.
The missing vanadyl oxygens in the structure do not alter the
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FIG. 4 Electron energy-loss spectra from coated nanotubes. Core loss
spectra showing graphite (K) edge due to the nanotube and the vanad-
ium (L) edge due to the coating (left inset). The oxygen K-edge at 532 eV
is superimposed on the V L-edge. The fine structure (right inset) of the
oxide L-edge suggests oxygen deficiency in the V.05 coated films (for
comparison, fine structure from bulk V,0s taken using the same scan
interval (0.2-0.8 s) is shown). The energy width between the L-edges
and the oxygen prepeak (arrow) is larger for the coated film (typical
signature for oxygen loss) and the L,s peaks look symmetrical com-
pared to that from pure V,05. The main figure shows intensity profiles
calculated from line spectra across a 25-nm tube for the V L-edge and
C K-edge. The profiles indicate the presence of a thin layer of vanadium
around the surface of a large nanotube with a small hollow.

image contrast in this projection. The result suggests that during
melting, wetting and solidification of the oxide on nanotubes,
individual sheets have topotactically grown on the tube surfaces
with their ¢ axis normal to the curved graphite layers.

The layered nature of the oxide seems to help in obtaining
such fine and uniform coatings because individual sheets slide
casily with respect to each other. During intercalation of V,Os,
the layers can buckle'? where the pyramidal units share only
corners, suggesting that the sheets could effectively bend to cover
the nanotubes. On the smallest tube on which coating was
observed (~5nm), this corresponds to 8.2° bending between
pyramids, and 44 such pyramids are needed to cover one tube
circumference if the film has its ¢ axis parallel to the tube axis.
After analysing many images of tubes with coated films, we fail
to see any preferential orientation of the ¢ and b axes of the
V,0s sheets with respect to the tube axis, although there could
be orientational alignment between the film and the substrate
lattices. Tt is impossible at this stage to assess this relationship
because the helicity of sheets of carbon atoms® in the outer layer
of a multilayer tube cannot be uniquely determined.

The existence of oxygen vacancies in the film, such as missing
vanadyl oxygens, is consistent with our results from electron
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energy-loss spectroscopy (EELS) and observations'*'* on V,0,
indicating the formation of vanadyl surface defects after heat
treatment. Spatially resolved line scans collecting electron
energy-loss spectra'® across coated tubes (Fig. 4) gives concen-
tration profiles indicating surface layers of vanadium oxide
around carbon tubes. EELS from coated and filled tubes give
signals corresponding to graphite and vanadium oxide'’. For
the vanadium L-edge, fine structure (Fig. 4 inset) is characteristic
of oxygen-deficient stoichiometry compared to pure V,0,. How-
ever, the reduced dimensionality of the oxide and radiation-
induced oxygen loss'®'® may also contribute; but to minimize
the latter we use very small scanning time intervals (see Fig. 4
legend).

As carbon nanotubes oxidize below the melting point of V,0s
(ref. 6), we attempted to see if the nanotubes can be preferenti-
ally removed by oxidation to leave behind some of the coated
films and fillings. A second oxidation run at 650-675 °C in air
was carried out on the annealed sample for ~45 minutes, until
the sample turned orange-grey (close to V,Os colour) and the
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FIG. 5 Images from twice-oxidized sample (see text) showing the selec-
tive removal of carbon nanotube templates. A, Tip of a coated tube
showing etching of the nanotube layers from the inside out. The coated
film is seen near the open tube end (top right in the image) where the
carbon tube has burnt away. Typical fringe contrast due to the outer
oxide film is clearly visible because of the expanded tube hotllow. The
initial size of the hollow in this tube was only ~4 nm (seen away from
the tip, but not shown in this image). Intercalation by the oxide is also
seen in this tube (indicated by arrows). B, Electron diffraction pattern
taken from the upper part of tip region of this tube (digitized and con-
trast-enhanced pattern). Faint spots due to V.05 are marked with
circles. Only the inner circle of (hk0O) spots is shown (indicated by
arrows). C, Superposition of the distorted square net of the oxide lattice
and the graphite hexagons, corresponding to the electron diffraction
pattern in B. D, Image of a fibrillar structure of pure V,05 left behind
after the supporting nanotube has been removed. The structure is par-
tially bent because of electron irradiation.

NATURE - VOL 375 - 15 JUNE 1995



LETTERS TO NATURE

sample quantity reduced by about half. Among the few nano-
tubes left behind in this twice-oxidized sample, the ratio of
coated to uncoated tubes had increased dramatically (>80%).
Observation of the tips of the remaining coated tubes showed
that, in most cases, oxidation has preferentially etched the inner
layers of the tube, leaving the outer coatings and few outer tube
layers (Fig. 54) and giving clearer views of the coated film
through the enlarged tube centres. This contrasts with the oxida-
tion behaviour of pure nanotubes, where the attack proceeds
from the outside to the inside, leaving chisel-shaped tips.

A possible oricntational relationship between the outermost
tube-layer lattice and the coated film now becomes discernible
in some cases (using electron diffraction; Fig. 5B), owing to the
selective removal of most of the inner layers. The few remaining
outer tube layers (Fig. 54) produce a narrow angular spread for
the (hk0) spots (~4°), and the approximate orientation of the
outer carbon honeycomb lattice can be determined with respect
to the tube axis. The orientation of the oxide lattice can be
deduced from the visible V,0s spots in the diffraction pattern. In
this case the (001) V,Os basal planes grow on the (001) graphite
surface with a near-parallel coincidence for two sets of planes;
the (100) graphite| (110) V,0s, and (010) graphite|(310) V,Os
(Fig. 5B, C). For the second set of planes the spacing mismatch
(~20%) is in the range that could introduce van der Waals
epitaxy™”' in the system, as observed in layered dichalcogenides
and Langmuir-Blodgett films. This type of lattice alignment
occurs between weakly interacting surfaces with no dangling
bonds (on cleavage planes, as here).

After the second oxidation, we find that the sample contains
mainly larger (micrometre-sized) oxide structures, which covered
nanotube bundles initially but now show pure oxide composition
and hollow morphology (from EELS mapping), all graphitic
structures having been removed. There are many extremely thin
oxide skins (typically 10-50 nm in width, up to few hundred
nanometres long and <1 nm thick) left behind in the sample.
We see a few cylindrical structures of dimensions typical of larger
nanotubes (Fig. 5D) of purc V,0s (verified by diffraction and
EELS). The observed skins could have originated from discon-
tinuous films on nanotubes or from continuous films broken
during sonication. The nanofibrils of V,Os are flexible and col-
lapsible under electron irradiation. We also find some solid rod-
like V,Os5 structures with a morphology typical of the filling in
tubes, typically 5-8 nm in diameter and a few hundred nano-
metres long. The results indicate that nanotube templates are
partially removable and point to their possible use as degradable
templates to fabricate new ceramic films having layered
structures.

The ability to coat the unreactive graphite basal planes that
make nanotube surfaces with thin V,Os films increases the versa-
tility of nanotubes, because V,0s is a good building block for
catalytic complexes by organic routes®. Coated conventional
carbon fibres have found a variety of applications®. Coated and
filled nanotube sandwich structures should have vastly different
optical and electrical properties, and have better oxidation resist-
ance (from our observations) than pure nanotubes. Vanadium
pentoxide is an important catalyst®* and a functional ceramic
with uses ranging from batteries to switching elements™”® with
properties depending closely on dimensionality and oxygen stoi-
chiometry. There is a great industrial interest in growing thin
films of different vanadium oxides?’. Our results point to a new
synthesis route for the fabrication of such thin-film ceramic
nanostructures using nanotubes as efficient templates. ]
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radar interferometry
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GROUND-BASED measurements of volcano deformation can be used
to assess eruptive hazard, but require the costly (and often hazard-
ous) installation and maintenance of an instrument network. Here
we show that spaceborne radar interferometry, which has already
shown its utility in mapping earthquake-related deformation’, can
be used to monitor long-term volcano deformation. Two families
of synthetic aperture radar images, acquired from ascending and
descending orbits by the satellite ERS-1, and looking at Mount
Etna from opposite sides, cover the time period from 17 May 1992
to 24 October 1993, and include the second half of Etna’s most
recent eruption. Despite artefacts of the interferometric technique,
we can observe a volcano-wide deflation, which is an expected
consequence of the eruption, but which had not previously been
appreciated. We quantify it using a simple model based on the
change of pressure in a sphere located in an elastic half-space; the
modelled deformation increases linearly with time until the end of
the eruption. Our results show that it will be possible to use this
technique to detect the inflation of volcanic edifices that usually
precedes eruptions.

Mount Etna (Fig. 1) is one of the most active and best studied
volcanoes in the world. The last eruption started on 14 December
1991 in the Valle del Bove, a large amphitheatre formed by
collapse of the eastern flank. Lava was erupted along a fracture
system that had opened in 1989°, and covered most of the sou-
thern part of the Valle del Bove. The eruption stopped on 31
March 1993 after 473 days. The rate of lava production remained
stable during most of the eruption, and the total erupted volume
was ~3 x 10° m® (ref. 3).

To measure the deformation, we constructed interference pat-
terns from the difference of pairs of synthetic aperture radar
(SAR) images acquired by the ERS-1 satellite. This geodetic
technique can measure centimetre-size changes in the ground
surface'* ®. The resulting interferogram is a contour map of
the change in range to the volcano surface, measured along the
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