mark the richness of life’s history and con-
stitute the only scale of evolution directly
observable in our own historic time. The
Cerion fossil record thus supplies an empiri-
cal bridge between these two crucial scales of
evolution.
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Nanocapillarity and Chemistry in
Carbon Nanotubes

D. Ugarte,* A. Chatelain, W. A. de Heer

Open carbon nanotubes were filled with molten silver nitrate by capillary forces. Only
those tubes with inner diameters of 4 nanometers or more were filled, suggesting a
capillarity size dependence as a result of the lowering of the nanotube-salt interface
energy with increasing curvature of the nanotube walls. Nanotube cavities should also
be less chemically reactive than graphite and may serve as nanosize test tubes. This
property has been illustrated by monitoring the decomposition of silver nitrate within
nanotubes in situ in an electron microscope, which produced chains of silver nanobeads

separated by high-pressure gas pockets.

The nanoscale cavities of fullerenes (1) and
nanotubes (2) may be used for generating
encapsulated compounds or elongated nano-
structures. Early attempts to fill fullerene-re-
lated materials were based on the electric arc
method, in which graphite electrodes were
impregnated with the filling material (3-5).
These experiments led to the discovery of a
variety of filled graphitic structures (6-8);
however, the abundances of filled structures
were very low and their production was diffi-
cult to control. Alternatively, nanotube pro-
duction and filling procedures can be separat-
ed by using efficient nanotube production
methods (9) and by utilizing capillary forces
(10-13) for filling them. Dujardin et al. (11)
have shown that elements and compounds
that wet graphite (that is, with surface ten-
sions of <190 mN/m) are potential candi-
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dates for nanotube-filling materials. More re-
cently, a simple wet chemical method was
developed for the opening and filling of nano-
tubes, which facilitates the inclusion of a wide
variety of materials (14). The tubes are treat-
.ed with diluted nitric acid in which a metal
salt is dissolved; once a tube has been opened,
the liquid enters the nanotube, and the for-
mation of enclosed metal oxide particles can
be induced by a subsequent calcinating step.
A drawback of this method is that initially the
nanotube is filled mostly with the solvent.
To resolve this and other problems, we
have developed a four-step procedure involv-
ing: (i) synthesis of the tubes, (ii) opening,
(iii) high-temperature annealing, and (iv)
capillary filling with a molten pure metal salt
such as AgNO; (15). It was verified that in
the case of AgNO;, the molten salt entered
the tubes. In some cases, the tubes were filled
along their entire length (16). Metallization
of the encapsulated salt was induced by the
electron beam in an electron microscope,
which was used to monitor the chemical re-
actions inside the tube. The results presented
here illustrate several processes occurring in
the nanotube cavities, namely: (i) the filling
process (capillarity and wetting), (ii) the met-
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allization (decomposition of silver nitrate and
silver bead formation), and (iii) chemical re-
actions between evolved gases and the nano-
tube interior.

The filling efficiency (~2 to 3%) is much
lower than the efficiency to open tube tips by
oxidation (~60%), resulting in only a small
fraction of the opened tubes being filled. The
inner diameter distribution of the nanotubes
peaks at ~2 nm (Fig. 1A), but the filled tube
cavities are usually those with a large inner
diameter (=4 nm), and filling of small diam-
eter tubes (1 to 2 nm) was not observed (Fig.
1B). The low percentage of filled nanotubes
thus simply reflects the low abundance of
large inner diameter tubes, the majority of
which were filled. Similar filling diameters
were also observed by others using various

—_ —a
o N b

Number of tubes

o N O ®

1 2 3 4 5 6 7 8 9
Inner tube diameter (nm)

N W R OO

Number of cavities

1 2 3 4 5 6 7 8 9
Filled cavity diameter (nm)

Fig. 1. (A) Histogram of the diameter distribution
of the inner cavity of arc-generated multilayered
carbon nanotubes (74 tubes); (B) Inner diameter
distribution of filed nanotubes (26 tubes).
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experimental approaches (11, 12, 14, 17)
[with the exception of lead compounds and
vanadium oxides (12, 18), for which filling of
tubes with =1 nm diameter has been report-
ed]. Hence there is a size constraint on the
capillary filling of nanotubes. It appears that
the capillarity of narrow tubes (1 to 2 nm or
less) is reduced and that wetting depends on
the cavity size (19). In contrast, previous
treatments of nanotube capillarity followed a
size-independent approach based on bulk-like
liquid-graphite interfaces (11).

Wetting and hence capillary filling occurs
when the liquid-solid contact angle 6, < 90°
(11, 20). 8, is related to the liquid surface
tension <y by cos 6. = (ygy — v5, ) v}, where
Ysy and «yg; are the surface tensions at the
solid-vapor and solid-liquid interfaces, respec-
tively. If there is no chemical bonding nor
charge transfer, the solid-liquid interaction
may be assumed to be dominated by van der
Waals forces and can be expressed in terms of
dielectric polarizabilities (20), giving cos 6, =
2 (aglay) — 1, where ag and «; are the
polarizabilities of the solid and liquid, respec-
tively. The polarizability of the vapor is ne-
glected (20). Given these approximations,
the wetting condition becomes a; < 2 aq.
The neglected interactions are important, for
example, in the case of lead carbonate filling
of nanotubes (12) and when charge is trans-
ferred to the cages as observed for metal
atoms in narrow tubes (21, 22) and in met-
allofullerenes (23). However, our salt-graph-
ite system is simpler and should be approxi-
mated reasonably well by the polarizability
model. This approximation allows us to iden-
tify and to estimate size effects, for example
the occurrence of a wetting to non-wetting
transition if the polarizabilities depend on
the cavity diameter.

The polarizabilities of bulk graphite and
silver nitrate were estimated by using the
Clausius-Mossotti expression (24), and the
dielectric constants (€) were obtained from
the corresponding refraction index. For
graphite, an anisotropic material, we con-
sider the case of the electric field perpen-
dicular to the graphene layer, resulting in
€. = L1.8; for silver nitrate we obtain
Eagno, = 3-0625. With these values we
obtain 6, =~ 86°, which is quite close to the
critical angle (90°), indicating that even
small changes in the polarizabilities will
affect the wetting conditions.

We next show that the polarizability of a
concave graphite surface (for example, the
nanotube interior) is reduced compared with
planar graphite. As remarked by Haddon
(25), fullerene chemistry relates directly to
the strain on the graphitic network. The
strain is expressed in terms of the pyramidal-
ization angle defined as 8, = (0, — 90°),
where 0__ is the angle between the o and m
orbitals of a bent sp?-like bond. Deviations
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from planarity cause the hybridization to be-
come intermediate between sp? (that is,
graphite, 8, = 0°) and sp® (that is, diamond,
0, = 19°). In this process, 7 electron density
shifts from the concave surface to the convex
surface (25, 26). Consequently, the chemical
activity of the concave side is reduced as a
result of the reduced local density of states at
the Fermi level, and the chemical activity of
the convex side is increased. Related effects
are known for nonplanar organic molecules,
for which significant changes in chemical
reactivities have been observed for 8, = 6° to
7° (25, 27). The reduced local density of
states at the Fermi level of the concave sur-
face also causes a reduction in the polarizabil-
ity. Curvature-induced bonding changes in
nanotubes have previously been characterized
by electron energy loss spectroscopy (28).
Within experimental limits (0.7-eV energy
resolution), no differences were found be-
tween graphite and multiwalled nanotubes (5
to 20 nm in diameter); for single-walled
nanotubes (29, 30) (=1 nm in diameter), the
7* band showed no modifications, but impor-
tant changes were observed for the o* fine
structure.

For nanotubes with inner diameters of 1.5
to 2 nm (the most abundant ones in our
sample), 8, is about 5°, in the range where
hybridization shifts are known to be impor-
tant (25, 27), so that we may conclude that
the nonfilling of the narrow tubes is caused by
this size effect. Moreover, considering that the
critical diameter for filling is 4 nm (8, ~ 2°)
and using the polarizability of bulk silver ni-
trate, we can estimate the polarizability from a
4-nm nanotube cavity by ag = a0 /2-

If we assume that the wetting can be de-

scribed purely in terms of the polarizabilities
(ag and ), and that the polarizability of the
filling material does not change with decreas-
ing size (31), the wetting (and filling) of any
dielectric material can be predicted once the
curvature dependence of the graphitic polar-
izability is known. To the lowest order of
approximation, the cavity polarizability (e,,)
may be considered to depend linearly on 6,
(which is a simple function of the radius of
curvature), so that we may write o, (0p) =
a,, (1 — 0.0275 6,), where a,, is the polariz-
ability of planar graphite, and 0, is measured
in degrees. This approach allows us to predict
the filling properties of other materials; for
example, in the case of vanadium pentoxide
(taking the dielectric constant as &, =~
2.25), we find that the wetting thresohold oc-
curs for a cavity diameter of ~7 A (0, ~
11.5°), in agreement with experimental obser-
vations (18).

Note that the narrow inner diameter
distribution of multilayer nanotubes (1.5 to
2 nm on average, Fig. 1A) is very close to
the diameter distribution of single-layer
nanotubes generated in arc discharges with
transition metal—carbon electrodes (1.2 to 2
nm on average) (29, 30). This result sug-
gests a common formation mechanism in
the production of single- and multilayer
tubes. The transition metal dopant may in
fact inhibit multi-layer growth, rather than
catalyze single-layer growth as is often as-
sumed. Moreover, as in the formation of
carbon onions, we suspect that temperature
is probably the parameter that defines the
average inner-tube size (32).

Silver nitrate decomposes under the elec-
tron microscope beam, leading to the forma-

Fig. 2. (A) A silver nitrate filament enclosed in a nanotube cavity. The lattice fringes perpendicular to the
tube axis correspond to the (220) planes of silver nitrate (d,,,, = 2.53 ,Z\). (B) After a few minutes of in situ
electron irradiation, metallization of the filament was induced, leading to the formation of a chain of
metallic silver beads. (C) Low magnification micrograph of graphitic nanotubes filled with chains of silver
particles produced by prolonged irradiation of silver nitrate—filled nanotubes (10 min, dose ~1 A/cm?).
The beaded filling pattern continues over the entire length of the nanotubes.
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tion of pure silver particles (Fig. 2); this de-
composition of silver nitrate is expected to be
closely related to the thermolysis of this salt:
2AgNO; — 2Ag + 2 NO, + O,. Initially,
continuous dark filling of a tube (7 nm in
diameter and 120 nm in length) is observed
(Fig. 2A). On the right-hand side, a region
filled with low contrast material has a con-
cave meniscus (marked with an arrow), which
indicates that the molten salt wets the nano-
tube cavity. The material on the left-hand
side of the same filament (which has been
partially reduced by the electron beam) clear-
ly has a convex meniscus, that is the material
in this region does not wet the cavity. Hence,
this micrograph captured the particle during
its transformation from silver nitrate to pure
silver. Prolonged electron irradiation yields a
discontinuous metallic filling formed by a se-
ries of elongated particles (Fig. 2B). A low
magnification electron micrograph after pro-
longed irradiation (Fig. 2C) illustrates that
this pattern is observed along the entire
length of the nanotubes (0.5 to 1 wm), indi-
cating that before metallization, the molten
salt must have filled the tubes over their
entire length.

The metallic particles filling the nano-
tubes (Fig. 3) display an aspect ratio of
about 3 and consist of one or several do-
mains; several of them present either (111)
or (200) silver lattice fringes. These parti-
cles fit tightly in the nanotube, and the
tube is intact at the tube-particle interface.
However, the tube walls between the metal
particles are markedly thinner (Fig. 3B)
because of the erosion of the innermost
nanotube layers (four to six shells) by the
corrosive gases liberated in the decomposi-
tion of AgNO;. Qualitatively, the level of
erosion can be estimated from the granular
contrast inside the tube, because this gran-

R Pl b P T e S e
Fig. 3. (A) High-resolution electron micrograph of a
nanotube densely filled with silver particles. (B) De-
tailed view of the silver beads in the lower right of (A)
showing the eroded inner layers of the nanotube.
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ularity almost certainly results from the
amorphous carbon debris from the reaction
(no granularity is observed in empty tubes).
In region a (Fig. 3A), the granular structure
is much more dense than in region b. These
contrast variations can easily be explained
by noting that the nanotube cavity region a
is bounded on either end by a silver bead
separated by ~10 nm, so that the evolved
gases remain trapped there at high pressures,
causing the decomposition of the walls. On
the other hand, the nanotube cavity region b
is ~100 nm long (see region marked b in Fig.
2C, which also corresponds to b in Fig. 3),
and therefore the oxidizing gas pressure is
much reduced compared to a, leading to less
destruction of the walls. Moreover, note that
in Fig. 2C, region b is particularly bright
compared to neighboring parts of the cavity,
probably because the oxidizing gases leaked
out before causing substantial damage to the
walls. This observation could indicate that
gases punctured the tube at the sharp bend
in region ¢ because of preferential oxidation
of strained graphitic regions. Related effects
have been observed, for example, in the
higher reactivities of pentagons in fullerenes
and in nanotube tips (11, 13, 14).

The pressures inside the tube may become
extremely high. In region a (Fig. 3), for ex-
ample, if we assume that the cavity reflects a
26% reduction in volume occupied by the
solid after the reaction, the evolved gases
would exert a pressure of about 1300 bar (at
room temperature). The possibility to produce
high-pressure phases encapsulated in nano-
tubes has already been suggested (12). Here
we have provided evidence for a reaction
resulting in high-pressure trapped gases in a
nanotube.
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