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ABSTRACT

We present a simple model that demonstrates the possibility of capillary absorption of nonwetting liquid nanoparticles by carbon nanotubes
(CNTs) assisted by the action of the Laplace pressure due to the droplet surface tension. We test this model with molecular dynamics simulation
and find excellent agreement with the theory, which shows that for a given nanotube radius there is a critical size below which a metal droplet
will be absorbed. The model also explains recent observations of capillary absorption of nonwetting Cu nanodroplets by carbon nanotubes.
This finding has implications for our understanding of the growth of CNTs from metal catalyst particles and suggests new methods for
fabricating composite metal-CNT materials.

Soon after the discovery of carbon nanotubes (CNTs),1 it
was suggested that their thermal, electronic, mechanical, and
optical properties could be enhanced by combining them with
other materials. On the basis of computer simulations, it was
predicted that open CNTs might act as “molecular straws”
capable of absorbing dipolar molecules by capillary action.2

Since then, a number of methods have been developed to
fill CNTs,3 and the novel properties associated with the
composite nanofibers have found applications in electronics,
catalysis, separation, and storage technology.3–7 In addition,
CNTs filled with nanoparticles have been used to form
devices such as high-frequency oscillators8 and nanopipettes.9

It was also suggested that CNTs could be used as molds
for encapsulating metal nanowires.4 Encapsulating a metal
wire inside a CNT would protect it from oxidation and
prevent breakup by Rayleigh and Peierls instabilities,10 for
instance. However, further studies by Dujardin et al.11,12 led
to the conclusion that only low surface tension melts (γ <
100-200 mN m-1) could be drawn into the inner cavity of
nanotubes through capillary action. Since most pure metals
do not wet graphite (θc > 90°), it was deduced that capillary
action alone is not sufficient to fill CNTs with pure metals.

However, this deduction was based on the equations for
bulk capillarity, and it is not clear whether the argument
extends to the nanoscale. Indeed, there is certainly experi-

mental evidence that nanoparticles can be drawn easily into
open CNTs. For instance, nanoparticles of various transition
metals such as Pd, Ni, and Cu, which are used as catalysts
during the growth of CNTs via chemical vapor deposition
(CVD) techniques,13 are often found encapsulated in CNTs
during and after the CVD process.14–17 In addition, Hayashi
et al. have recently synthesized vertically aligned CNTs filled
with segmented Pd-Co nanocomposites,18 and Zhang et al.
report the filling of CNTs by nonwetting Cu nanodroplets.19

These experimental observations suggest that capillary forces
may be sufficient to drive filling of CNTs by metallic
nanoparticles despite the failure of these metals to wet
graphite.

In this Letter we present a simple model which suggests
that sufficiently small liquid metal droplets can, in fact, be
drawn inside a CNT via capillary action. The theory
associated with penetration of a small droplet into a capillary
has previously been studied by Marmur,20,21 who was the
first to observe that capillary absorption of a droplet could
occur even at contact angles higher than 90° provided the
droplet was small enough. Our model goes beyond Marmur’s
work and considers capillary absorption of droplets that are
supported by a flat substrate. We then test this model with
molecular dynamics (MD) simulations of palladium nano-
droplets and find excellent agreement between theory and
simulation as to the critical size below which uptake occurs.
These results could have important implications for the
fabrication of composite nanowires and could also improve
our understanding of the relationship between the size of
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catalyst particles and the diameters of carbon nanotubes that
grow from them.22

Macroscopically, the sign and magnitude of the pressure
difference ∆P across the liquid meniscus depend on the
contact angle θc

∆P)
2γ cos θc

r
(1)

where γ is the surface tension of the liquid and r is the radius
of curvature of the meniscus. If θc < 90°, ∆P is positive,
resulting in spontaneous absorption of the liquid into the
capillary tube. On the other hand, liquids with θc > 90° will
not be drawn inside the hollow unless external forces are
applied. However, if a small droplet is present near the
opening of the tube, the capillary force will depend not only
on the pressure difference across the meniscus but also on
the Laplace pressure acting on the surface of the protruding
droplet. As we discuss below, our model accounts for this
additional force and predicts that the finite size of the particle
will allow capillary absorption of nonwetting melts.

In our model we simply compare the total surface free
energies of the three scenarios depicted in Figure 1: a
spherical droplet near the opening of a tube; a droplet of the
same volume partially absorbed inside the tube; and a droplet
of the same volume fully encapsulated inside the tube. We
thus neglect the effects of line tension and gravity and assume
that the density remains constant upon encapsulation. The
surface energy associated with each interface is expressed
as the product of the surface area (Ai) with the corresponding
interfacial energy (γi). The surface energies per unit area of
the droplet, the tube, and the substrate are γd, γt, and γs,
respectively. The quantities γdt and γds represent the inter-
facial energies per unit area associated with the droplet-tube
and droplet-substrate interfaces. The contact angles φc and
θc are then obtained from the Young equation; that is, γd

cos φc ) γs - γds and γd cos θc ) γt - γdt.

After expressing the total surface energy associated with
each geometry (Γ1, Γ2, and Γ3), assuming that the surface
energies are not altered by the curvature or chirality of the
tube, we define the energy differences: ∆Γ21 ≡ Γ2 - Γ1 and
∆Γ31 ≡ Γ3 - Γ1. Dividing through by 4πri

2γd, we can
eliminate the surface energies using the Young equation,
yielding two dimensionless functions, namely, δ21(θc, φc,η,�)
and δ31(θc,φc,η), which depend on four dimensionless
parameters: θc, φc, η ≡ ri/rt and � ≡ r/rt. Note that these
parameters are bounded: θc and φc lie between 0 and π, and
1< � < η. The physical interpretation of these functions is
straightforward: whenever δ31 < 0, the nanoparticle prefers
complete encapsulation to no encapsulation; if δ21 < 0, the
nanoparticle prefers to be partially drawn inside the tube
rather than no encapsulation.

The function δ31 can be written as a polynomial in η,
whose coefficients depend on θc and φc

δ31(θc, �c, η))
A31(θc)

η2
+B31(θc, �c)η+C31(�c) (2)

where

A31 )
1
3( 1

1+ sin θc
+ sin θc)

B31 )-1
6

cos θc(2+ cos �c)(1- cos �c)
2

C31 )-1
6

(2+ cos �c)(1- cos �c)
2

It is easy to show algebraically that δ31 is always negative
if θc < 90°, implying that partially wetting droplets will
always prefer encapsulation regardless of their size. The plot
of δ31 versus η is displayed in Figure 2, and it clearly shows
that sufficiently small droplets will still prefer encapsulation
even for θc > 90°. One can equate (2) to zero and solve the

Figure 1. These are the three geometries compared in our model:
supported droplet near the tube’s opening (left), droplet partially
drawn inside the tube (middle), and the fully encapsulated particle
(right). Five independent parameters are used to describe these
geometries: rt, ri, r, φc, and θc. The tube’s inner cavity has a circular
cross section of radius rt. The initial shape of the supported droplet
is approximated with a spherical cap of radius ri and a contact angle
φc. During encapsulation, the protruding droplet diminishes in size
and the cylindrical column rises inside the capillary tube. The
meniscus profile is approximated with a spherical cap forming a
contact angle θc with the inside wall.

Figure 2. Even if θc > 90°, δ31 can be negative for sufficiently
small η. This implies that droplets of nonwetting melts will prefer
encapsulation provided their initial radius of curvature is small
enough. The solid curves were plotted for the unsupported case
(φc ) 180°), while the thin dashed lines correspond to φc ) 135°.
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resultant cubic for η, yielding the maximum value of η for
which the spherical droplet will prefer full encapsulation for
a given contact angle. For θc < 90°, there are no physical
solutions to eq 2 (i.e., encapsulation preferred at all sizes),
while for θc > 90° there is just one physical solution η*(θc)
> 1 (plotted in Figure 3 for the case when φc ) 180°).
However, even if encapsulation is preferred, the supported
droplet near the tube’s opening will have to go through the
intermediate geometry of partial encapsulation. The relative
energetics associated with this set of intermediate configura-
tions can be written as

δ21(θc, �c, η, �))
A21(θc, �c, �)

η2
+B21(θc, �c)η+C21(�c) (3)

and the three coefficients are

A21 )
1
6[ 1

1+ sin θc
+ sin θc + cos θc√�2 - 1] +

�
12

(2� cos θc + 3)[� cos �c(cos2 �c - 3)+ 2√�2 - 1]

B21 )-1
6

cos θc(2+ cos �c)(1- cos �c)
2

C21 )-1
6

(2+ cos �c)(1- cos �c)
2

As before, we have three parameters (θc, φc, and η) plus
another free parameter �, which is the dimensionless radius
of curvature of the protruding droplet. Extremising (3) with
respect to � yields the only real stationary point: �† ) -1/
cos θc, and it is a local maximum in the physically plausible
region. This local maximum represents an energy barrier that
must be overcome to achieve capillary absorption. The value
of �† is positive only for θc > 90°, which means it becomes
physically meaningful only in the nonwetting case. However,

it is also necessary to satisfy the geometric requirement that
1 < � < η. Hence, by equating �† ) η†, we can define

η† )- 1
cos θc

(4)

which yields the critical particle radius below which the
spherical droplet will experience no energy barrier while
entering the hollow of the tube. We note that in the limit of
an unsupported particle (i.e., φc f 180°), this expression
for η† becomes equivalent to that derived by Marmur.20

As expected, our model predicts that liquid droplets
exhibiting at least partial wetting (θc < 90°) of the tube will
undergo spontaneous capillary action and fill the tube,
regardless of droplet size. This is consistent with the
macroscopic theory of capillarity. However, according to the
model, even if θc > 90°, the droplet will still be absorbed
provided it satisfies η < η†. Nonwetting droplets in the region
η† < η < η* will prefer encapsulation, but an energy barrier
will oppose their entry into the hollow of the tube. We refer
to this particular region as activated capillarity. Nonwetting
clusters with η > η* will find it energetically favorable to
remain outside the capillary tube. The three different
capillarity regimes for unsupported droplets are depicted in
Figure 3. We note that the contact angle of CNT-encapsulated
Cu nanoparticles recently observed in ref 19 was estimated
to be between 120 and 135°. For CNTs of internal radius
20 nm, this corresponds to a critical droplet radius for Cu
encapsulation between 30 and 40 nm.

A simple physical explanation for why nonwetting droplets
may undergo spontaneous capillary action lies in the
consideration of the Laplace pressure acting on the protruding
spherical cap. This extra force acts toward the tube and drives
the droplet inside the hollow, even if the pressure associated
with the meniscus at the other end opposes capillary action.
The effect of the Laplace pressure will be diminished if the
droplet is supported on a substrate, but it will be present
nonetheless provided the interaction between the substrate
andthedropletisrelativelyweak.Increasingthedroplet-substrate
contact angle φc will diminish the maximum droplet volume
that will be drawn inside the capillary for a given θc.

We now test these predictions for the case when φc )
180° (i.e., when the droplet is unsupported) using MD
simulation. In the simulations we used a zigzag (38,0) single-
wall CNT 220 Å long and 30 Å in diameter, with all carbon
atoms fixed in space. Note that the ends of the tube were
carbon terminated as might be expected during nanotube
growth. Although the choice of termination may affect the
energy barrier for encapsulation, we would not expect the
final equilibrium state of the droplet to depend on this, except
perhaps in the limit of very small droplets or tubes. The
droplet used was a molten palladium cluster with a radius
of 23 ( 1 Å, and all Pd atoms were modeled with a
generalized embedded-atom method (EAM) potential.23,24

The C-Pd interaction was approximated by a Lennard-Jones
(6-12) potential with σ ) 2.926 Å, as in ref 25 and the ε
parameter was adjusted to produce the desired contact angle.
Note that it is possible that the wetting angle of the droplet
may depend on the chirality of the tube, but this is an effect
that is neglected in our model above. The time step was set

Figure 3. Three capillarity regimes for unsupported droplets. The
area to the left of the solid curve (η†(θc)) corresponds to spontaneous
capillary absorption. The area to the right of the dotted curve
(η*(θc)) corresponds to no capillarity. The narrow gap between the
two curves is the region of activated capillarity. Note that the region
of spontaneous encapsulation extends beyond the macroscopic
boundary (θc ) 90°).
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to 2.5 fs, ensuring adequate conservation of energy during
the simulations which were carried out without the use of a
thermostat.

Initially, the Pd particle was equilibrated in the absence
of a CNT or substrate for 0.25 ns reaching a temperature of
approximately 1730 K, and its average radius 〈R〉 was
calculated during a further 0.25 ns. To estimate the contact
angle, the molten Pd droplet was deposited on a fixed
graphene sheet and equilibrated for a number of ε values.
By assuming the droplet had a geometry close to that of a
spherical cap (see Figure 4; in the regime of interest here
the cap geometry appears to be a good approximation to the
droplet shape), we calculated θc by measuring the average
height 〈h〉 of the cap during the simulation. With this
approach, θc was found to vary linearly with ε in the region
40° < θc < 150°, which provided us with reasonably accurate
control over the wetting angle.

The equilibrated spherical droplet of 〈R〉 ≈ 23 Å was then
placed adjacent to the open end of the fixed CNT with
diameter of 30 Å. This particular geometry yields η ≈ 1.5,
and our model predicts spontaneous capillary absorption for
θc < 130° with a region of activated capillary absorption
130° < θc < 145°. Figure 4 illustrates the simulated capillary
absorption of a nonwetting molten Pd droplet that was found
to form a contact angle of 130 ( 1° on graphene. Note that
the encapsulated particle clearly displays a convex meniscus
inside the CNT. During absorption we find that the meniscus
and droplet temperature rise superlinearly, while the droplet
potential energy decreases as shown in Figure 5. In this
simulation the temperature increased by ∼180 K during
absorption. This particular simulation result verifies our
model’s prediction that nonwetting melts can be drawn inside
a tube via capillary action.

However, our model also predicts that given η ≈ 1.5,
droplets with θc > 130° should experience an energy barrier
opposing their entry into the hollow of the tube. To put this
to the test, more simulations were carried out with this
geometry, but with smaller values of ε. Figure 5 displays
the time evolution of meniscus height inside the CNT, as
well as the potential energy associated with the Pd particle,

for a number of contact angles. Molten nanoparticles with
θc e 130° were drawn almost immediately. The simulation
with θc ≈ 132° exhibited a slightly delayed capillary
absorption as well as fluctuations of the meniscus velocity.
These observations are consistent with the presence of a small
energy barrier, which suggests that at 132° the absorption is
activated. Our simulations did not yield capillary absorption
of the droplets for θc g 133°.

In conclusion, we have presented a model that predicts
capillary absorption of nonwetting molten nanoparticles by
CNTs below a critical droplet size. This result has been found
to be consistent with molecular dynamics simulations,
indicating that it extends to the nanoscale and provides an
explanation for recent experimental observations of the
absorption of nonwetting Cu nanodroplets by CNTs. The
results here also suggest an upper limit on the diameter of a
CNT that can be grown from a catalyst particle of a given
size. If the catalyst particle is too small relative to the size
of the nucleated tube, the particle will presumably be
absorbed during growth which may then terminate. Such a
limit appears to be consistent with observations of the
relationship between tube diameter and catalyst particle
size.22 Thus we expect that this result will have interesting
implications for our understanding of the growth of CNTs
and may lead to new synthetic routes for composite nanofi-
bers as well as production of nanodevices from CNTs and
metal nanoparticles.
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