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ABSTRACT

We report an experimental and theoretical investigation into mass transport between individual carbon nanotubes (CNTs) via their central
cores. These CNT fluidic junctions can serve as basic elements for more complex nanofluidic systems and can also provide a structure for
testing theories of fluid flow at the nanoscale. Controlled melting, evaporation, and flowing of copper and tin within and between nanotube
shells are investigated experimentally. Cap-to-wall and wall-to-cap mass flow are realized by electric current driven heating, diffusion, and
electromigration under low bias voltages between 1.5 and 1.8 V. A comparison shows that the mass loss for the cap-to-wall architecture is
much smaller than that for the wall-to-cap junction. A molecular dynamics simulation is presented that provides further insight into the
transport mechanism.

Growing interest in nanofluidics1-3 has been motivated by
potential applications in mass and energy storage and
transport,4,5 single molecule analysis,6 drug delivery,7-9 and
electronics.10 The most fundamental element in a nanofluidic
system is the nanochannel, which can be defined as a channel
with at least one cross section smaller than 100 nm. One
method of creating nanochannels is through a bottom-up
approach11 in which nanofluidic systems of the future could
be built by assembling as-synthesized or as-fabricated
building blocks such as channels, valves, pumps, mixers,
separators, sensors, actuators, etc.

With their hollow cores and large aspect ratios,12-14 carbon
nanotubes (CNTs) are prime candidates for conduits within
nanofluidic systems. A variety of materials have been
encapsulated by CNTs such as metals and their com-
pounds,15-17 water,18,19 and fullerenes,20 and applications of
devices as templates,21 thermometers,22 and nano test tubes23

have been described. The possibility of delivering24 encap-
sulated material from the carbon shells is of great interest
because of potential applications as atom-level sources for

nanoprototyping, nanoassembly, and injection. We previously
presented an experimental investigation of controlled melting
and flowing of single crystalline copper25 from individual
CNTs assisted by nanorobotic manipulation,26 and its ap-
plication in spot welding of nanotubes using this copper.5 A
very low current induces the melting and drives the flow,
which is far more efficient than irradiation-based techniques
involving high energy electron beams,27-30 focused-ion
beams (FIB),31 or lasers.14 Furthermore, conservation of the
material is facilitated by its encapsulation as opposed to
conveying mass on the external surface of nanotubes.32

Because both the rate and direction of mass transport depend
on the external electrical drive, precise control and delivery
of minute amounts of material is possible, and we have
demonstrated controlled delivery of attograms of mass from
carbon shell barriers.5
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Figure 1. Schematic setup of internanotube mass transport (a) cap-
to-wall transport (b) wall-to-cap transport.
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Previous nanofluidic investigations have been pursued
using a single nanotube or an array of parallel nano-
tubes.5,12,22,24,33-35 To construct more complex fluidic systems,
interconnection of individual nanochannels is needed, where
nanofluidic junctions as shown in Figure 1 serve as funda-
mental fluidic elements. Here we present nanotube fluidic
junctions for internanotube mass transport using the archi-
tectures illustrated in Figure 1.

The samples we use include Cu-tipped and Sn-filled CNTs.
As described elsewhere, the Cu-tipped CNT samples are
synthesized using an alkali-doped Cu catalyst by a thermal
chemical vapor deposition (CVD) method.25 The CNTs are
up to 5 µm long with outer diameters in a range of 40-80
nm. The single crystalline Cu nanoneedles are encapsulated
in graphite walls approximately 4 to 6 nm thick at the tips
of CNTs. Sn-filled CNTs are synthesized by catalytic
deposition of acetylene using nanocrystalline SnO2 as a
catalyst. A one-step CVD method was adopted for the
synthesis of Sn-filled CNTs, that is, the catalyst was directly
introduced into the hot furnace without a preheating and
reduction process. The CNTs have a diameter distribution
from 20 to 80 nm. Sn cores are single crystal with good
crystallization, while the CNTs consist of disordered carbon
sheets with small areas of roughly aligned graphite.

Our experiments were performed in a transmission electron
microscope (TEM, Philips CM30) equipped with a scanning
tunneling microscope (STM) built in a TEM holder (Nano-
factory Instruments AB, ST-1000) serving as a manipulator.
The material consisting of a CNT bundle is attached to a
0.35 mm thick Au wire using silver paint, and the wire is
held in the specimen holder (Figure 1). Two kinds of probes
are used. One type is an etched 10 µm thick tungsten wire
with a tip radius of approximately 100 nm (Picoprobe, T-4-
10-1 mm), and the other type is an atomic force microscope
(AFM) cantilever (Mikromasch, CSC38/Ti-Pt). The probe
can be positioned in a millimeter-scale workspace with
subnanometer resolution with the STM unit actuated by a
three-degree-of-freedom piezo-tube, making it possible to
select a specific CNT and pick it up. Physical contact can
be made between the probe and the tip of a nanotube or
between two nanotubes. Applying a voltage between the
probe and the sample holder establishes an electrical circuit
through a CNT or a CNT junction and injects thermal energy
into the system via Joule heating. By increasing the applied
voltage, the local temperature can be increased past the
melting point of the material encapsulated in a tube. The
process is recorded by TEM images, a multimeter, and a
nA meter.

Figure 2 shows cap-to-wall internanotube mass (Sn)
transport. Figure 2a is a TEM image of a nanotube fluidic
junction, which includes two Sn-filled CNTs. The upper CNT
has its opened cap attached on the walls of the lower tube.
The junction is then attached to a probe. Parts b-e of Figure
2 show the process of internanotube mass flow. Figure 2f
shows that the nanotube fluidic junction is detached from
the probe. Figure 2g,h are I-V curves recorded at t ) 4 and
122 s, respectively. It can be seen that no obvious changes
occurred before and after flowing, suggesting that there is
no significant altering of the carbon shells. Figure 2i is the
current recorded with a multimeter (sampling rate: 4 Hz). It
can be seen from the time scale the moments when the
images (parts b-e of Figure 2) and the I-V curves (parts g
and h of Figure 2) were taken. The amplitudes of the peaks
in Figure 2i for g and h are not as accurate as that shown in
parts g and h of Figure 2 due to the low sampling rate. It
can be seen from the sequence that as Sn entered the junction

Figure 2. Cap-to-wall internanotube mass (Sn) transport. (a) A
nanotube fluidic junction approaches a probe. (b-e) The process
of internanotube flowing. (f) The nanotube fluidic junction is
detached from the probe. Scale bars: (a-e) 50 nm, (f) 100 nm.
(g,h) I-V curves recorded at t ) 4 and 122 s. (i) Current recorded
with a multimeter (sampling rate: 4 Hz). It can be seen from the
time scale the moment the images b-e and the I-V curves in panels
g and h were taken. The amplitudes of the peaks in panel i for the
I-V curves in panels g and h are not as accurate as those shown in
panels g and h due to the low sampling rate. It can be seen from
the sequence that as Sn entered the junction point (t ) 20 s), the
absolute value of the current increased, showing Sn improved the
contact between the two CNTs. Then a sharp drop appeared at 37.25
s, suggesting Sn left from the junction point. The current (absolute
value) decreases slowly after until the bias changed polarity at 116 s.
This is due to the shortening of the Sn core, which exposes the
carbon shells (with larger resistance). After the polarity and value
of the bias changed to 0.5 V, the current continues dropping
implying a decrease of Sn on the contact between the lower CNT
and the sample holder.
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point (t ) 20 s), the absolute value of the current increased,
indicating Sn improved the contact between the two CNTs.
Then a sharp drop appeared at 37.25 s, suggesting Sn left
from the junction point. The current (absolute value)
decreased slowly afterward until the bias changed polarity
at 116 s. This is due to the shortening of the Sn core, which
exposes the carbon shells (and increases the resistance). After
the polarity and value of the bias changed to 0.5 V, the
current continues dropping implying a decrease of Sn on the
contact between the lower CNT and the sample holder.

According to the geometry and the density of Sn (7.31
g/cm3), the original mass is approximately 662 ag (Figure
2b), whereas the received mass by the lower tube is 377 ag
(Figure 2c), that is, 56.9% of the original mass is transported
from the upper tube to the lower one.

Figure 3 presents wall-to-cap internanotube mass (Cu)
transport. Figure 3a shows a tube before attachment to a Cu-
tipped CNT, whereas Figure 3b shows a junction is formed
when a Cu-tipped CNT attached to the tube. Figure 3c is
the process of internanotube flowing (a video compiled from

Figure 3. Wall-to-cap internanotube mass (Cu) transport. (a) Before attaching to the Cu-CNT. (b) Attaching to the Cu-CNT. (c) Attached
to the Cu-CNT and the process of internanotube flowing. (d) After evaporation. (e) I-V curves before and after evaporation (probe as
cathode). (f) Current vs time monitored with a multimeter (sampling rate: 4 Hz) shows there was no obvious change when the copper was
transported (t ) 0-320 s). (g) Mass lost from the Cu-tipped CNT and the mass flow rate.

Figure 4. Intrananotube mass (Cu) transport. (a) Flow of copper (bias 2.1 V) from the cap-opened CNT to the electrode (a Pt-coated AFM
cantilever). (b) Contact resistance improved when copper diffused onto the AFM cantilever (cantilever as anode). (c,d) I-V curves show
the contact resistance improved when copper diffused onto the cantilever: (c) before melting and (d) after melting.
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more images is available online as Supporting Information),
and Figure 3d shows after evaporation. Figure 3e shows I-V
curves before and after evaporation (probe as cathode).
Figure 3f depicts current versus time monitored with a
multimeter (sampling rate: 4 Hz) demonstrating no obvious
change when the copper was transported (t ) 0-320 s).
Figure 3g shows the mass lost from the Cu-tipped CNT and
the mass flow rate as determined by line fitting. According
to the apparent volume and the density of Cu (8.92 g/cm3),
the original mass is approximately 2804 ag (Figure 3b),
whereas the received mass by the lower tube is 746 ag
(Figure 3d), that is, 26.6% of the original mass is transported
from the upper tube to the lower one, which is less than
half of the transport for the cap-to-wall configuration.
Nevertheless, considering that the opened area of the lower
tube is only a very small portion (6%) of the entire surface
area of the upper tube that allows Cu atoms to escape, the
effect of the electric field is obvious.

Figure 4 shows intrananotube mass (Cu) transport as the
continuation of Figure 3d. Figure 4a reveals flowing of the
received copper (as indicated with the arrows, bias 2.1 V)
from the cap-opened CNT onto the electrode (a Pt-coated
AFM cantilever). It can be seen from Figure 4b that the
contact resistance improved when copper diffused onto the
AFM cantilever which served as the anode. Parts c and d of
Figure 4 are I-V curves shown the contact resistance

improved when copper diffused onto the cantilever before
melting (Figure 4c) and after melting (Figure 4d).

As having been discussed in the previous investigation
on current-driven intrananotube flow, the most probable
mechanism for the observed flow in the fluidic junctions is
electromigration.5,24 Other possible mechanisms such as
capillary forces, thermal expansion, and shell-shrinkage-
induced flow can be excluded. To understand how the mass
passed through the walls, we numerically investigated
intertube mass (Cu) transport using molecular dynamics
simulation (MDS) (Figure 5). Figure 5a shows the initial
atomic configuration of the simulated wall-to-cap transport
system. The potential energy of the wall-to-cap transport
system with a cluster of Cu inside was minimized at an
internal pressure of 1 atm using the conjugate gradient
method. To investigate copper diffusion, the system was
simulated at temperatures between 700 and 1800 K using
molecular dynamics. The position of the copper ions as
shown in the frames in Figure 5b indicate that the copper
has melted and diffused. The system temperature during
diffusion is shown by the curve in Figure 5c. An analysis of
the repulsive electrostatic energy between copper ions is
given in the inset of Figure 5c. It can be seen that a peak
temperature was reached at frame 200. Accordingly, as
shown in Figure 5d, the carbon-carbon bond length obtained
a maximum value at frame 200. The simulation indicates

Figure 5. Molecular dynamics simulation of intertube mass (Cu) transport. (a) Initial configuration of the simulated system with a cut view.
Copper cluster is yellow. (b) Frames of melting and intertube diffusion of the Cu cluster using molecular dynamics simulation. (c) Melting
temperature of copper crystal during simulation. The inset shows the electrostatic repulsive energy between copper ions during melting. (d)
Carbon-carbon bond length during copper diffusion. At frame 200 the copper ions pass through the hexagonal rings, which correspond to
the maximum opening of the carbon rings.

Nano Lett., Vol. 9, No. 1, 2009 213



that electric energy is responsible for heating, and that the
repulsive charges increase the distances between copper ions
and induce their transport. It can be seen from Figure 5d
that with a large enough charge, copper ions can pass through
the walls of CNTs without necessarily breaking the bonds.
Images clearly show that the hexagon carbon rings stretch
during diffusion. Simulation also revealed that electrostatic
forces guide the motion of the copper ions, causing the ions
to collect in the original empty tube. It can be deduced that
by increasing the number of shells, mass lost through the
walls can be decreased. To realize internanotube transport,
thinner shells are critical for keeping the mobility of the ions.
Hence, an optimization of the number of shells will be
needed when designing a fluidic system for a specific
application.

In summary, controlled melting, evaporation and flowing
of copper and tin internanotube shells have been investigated
experimentally. Cap-to-wall and wall-to-cap mass flow are
realized by electric current driven heating, diffusion, and
electromigration under low bias voltages between 1.5 and
1.8 V. A comparison shows that the mass loss for the cap-
to-wall architecture is much smaller than that for the wall-
to-cap junction. It should be noted that cap-to-wall and wall-
to-cap mass flow can occur in the same fluidic junction for
a reversible transport. For example, if the direct flow is cap-
to-wall, the reverse flow will be wall-to-cap, and vice versa.
This structure-related reversibility in fluidic junctions is
different from that in an individual channel.5,24 Dynamic
simulation of intertube copper transport indicates that charge
increases the distance between copper ions and then induces
the transport of copper ions. Copper ions pass through the
walls of CNTs without necessarily breaking the bonds, and
the hexagonal carbon rings stretch during diffusion.
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