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The ability to form tiny droplets of liquids1–6 and control their
movements7–10 is important in printing or patterning1,2, chemi-
cal reactions10–12 and biological assays9,10,13,14. So far, such
nanofluidic15,16 capabilities have principally used components
such as channels9,10, nozzles1,6 or tubes17–22, where a solid
encloses the transported liquid. Here, we show that liquids
can flow along the outer surface of solid nanowires at a scale
of attolitres per second and the process can be directly
imaged with in situ transmission electron microscopy.
Microscopy videos show that an ionic liquid can be pumped
along tin dioxide, silicon or zinc oxide nanowires as a thin pre-
cursor film or as beads riding on the precursor film. Theoretical
analysis suggests there is a critical film thickness of ∼10 nm
below which the liquid flows as a flat film and above
which it flows as discrete beads. This critical thickness is
the result of intermolecular forces between solid and
liquid, which compete with liquid surface energy and
Rayleigh–Plateau instability.

According to the theory of solid–liquid interactions23,24, in the
complete wetting scenario (contact angle 08) a liquid film of thick-
ness �1–10 nm, called a precursor film, can creep on solid surfaces
with certain spatial-temporal features25. This thickness is a direct
signature of intermolecular forces between solid and liquid, and
the spreading dynamics may be further controlled by (i) applying
an electrical bias (electrokinetic flow1,5,9,10,15,16,26), (ii) tuning the
taper angle of individual nanowires, which creates a gradient in
the contact area, or (iii) changing the topological connectivity of
multiple nanowires, which controls the ‘landscape’ of dry surface
areas and thus the total capillary energy27. The gravitational effect
can be ignored in such a nanowire–fluidic system.

The ionic liquid 1,2-dimethyl-3-propylimidazolium (DMPI)-
bis(trifluoromethylsulphonyl)imide (TFSI) has low vapour pressure
and survives the high vacuum inside a transmission electron micro-
scope (TEM)28, thus allowing in situ studies of liquid–solid wetting
behaviour at high spatial resolution. Our experiments were con-
ducted inside a Tecnai F30 TEM with a line resolution of
0.14 nm, and equipped with a Nanofactory scanning tunnelling
microscope (STM)-TEM holder. SnO2, ZnO or silicon nanowires
were glued to a gold rod using conductive epoxy (Chemtronics,
CW2400), and the rod was attached to a three-dimensional piezo
manipulator (Fig. 1a). A drop of ionic liquid was placed on the
tip of a gold STM probe, and the entire set-up was loaded into
the TEM. The nanowires were then manipulated to approach
the ionic liquid. Figure 1b–e shows the formation of discrete
liquid beads on two SnO2 nanowires. As seen in Supplementary
Movies S1 and S2, the ionic liquid accumulates at a new
depository that is micrometres away from the main liquid reservoir.
The electron beam intensity was limited to ,1 × 1023 A cm22 in

the TEM chamber (0.62 e Å22 s21), so the influence of the electron
beam on the nanofluid was small29. Details of the experimental
set-up and analyses of the electron beam effect are presented in
the Supplementary Information. Higher-resolution TEM images
of the nanowire surface between beads show a smooth layer of
liquid film (Fig. 1f) with a thickness of �10 nm. This is the molecu-
lar-scale precursor film23,24 that has long been predicted in theory,
now caught in hydrodynamic flow on video.

According to classic Rayleigh–Plateau analysis30, a liquid cylin-
der of radius profile r(z)¼ b will develop an instability at wavelength
Dz ≈ 9b. The same argument also applies to a liquid film of thick-
ness e(z) coating a solid nanowire of uniform radius b, because a
small variation in the radius profile de(z) should give an identical
change in liquid surface energy as in a fully liquid jet. However,
such instability is suppressed in Fig. 1f, where the liquid film thick-
ness e(z) remains highly uniform and flat. This is because when e(z)
decreases to a thickness of �10 nm, the liquid will not only feel the
Young–Laplace pressure
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due to the liquid surface energy g that destabilizes the film uniform-
ity, but will also start to feel a direct intermolecular attraction with
the solid, which stabilizes the uniform film. In other words, Fig. 1f is
direct evidence of rather long-range quantum dispersion forces
between liquid molecules and the solid nanowire at a separation
of �10 nm. For simplicity, we assume the liquid–solid interaction
energy per area takes the form W(e)¼ constþ A/12pe2 due to
non-retarded van der Waals attraction31, where A is the Hamaker
constant typically on the order of 1 × 10219 J. W(e) acts to
thicken the precursor film, and exerts a disjoining pressure
P(e) ; 2dW(e)/de¼ A/6pe3 on the outer liquid surface. These
two effects, combined, give an excess molecular chemical potential of
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versus the bulk liquid, where V is the molecular volume (�500 Å3

for a DMPI–TFSI molecular ion pair). Figure 2a presents a plot,
for a uniform film (∂ze¼ ∂z

2e¼ 0), of the sum of the first (always
positive, red dashed line) and third (always negative) terms in
equation (1). These two terms compete with each other in the mor-
phological stability analysis, and give rise to two regimes of hydro-
dynamic flow behaviour: the smooth precursor film flow shown in
Fig. 1f, where e is small and uniform, and Rayleigh bead flow
where e is large and varying. The transition occurs around a critical
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liquid film thickness ePF-RB ≈ 10 nm by plugging in parameters esti-
mated for DMPI-TFSI32 (Fig. 2a). These two flow states (film–bead)
co-exist and frequently toggle between one another, as shown in
Supplementary Movies S1–S4.

Under the so-called lubrication approximation23,24, we solved the
profile evolution equation 3hV(1þ e/b)∂te¼ ∂z(e

3∂zm) numerically;
this is a stiff nonlinear equation where h is the liquid viscosity. The
result, starting from a random profile, is shown in Fig. 2b, where a
string of co-existing. . .–film–bead–film–bead–. . .flow states are
obtained. This can be understood by the following. The Rayleigh–
Plateau instability develops whenever e becomes large, but instead of
breaking up into completely disconnected droplets as for a liquid cylin-
der, the instability will always get arrested when e becomes thin enough
to be stabilized by the van der Waals attraction forces to the solid. From
the nanofluidic transport point of view, this arrested development of
the Rayleigh–Plateau instability makes for a completely different scen-
ario, because all the beads remain connected by the precursor film, and
liquid molecules can flow freely in this thin film layer (Supplementary
Movies S1 and S2). An equal-aspect-ratio view of one such liquid bead
from our numerical simulation is shown in Fig. 2c. Note that in the full
numerical solution the second term in equation (1) depends on ∂z

2e
and can be negative or positive, thus continuously mediating the tran-
sition between precursor film and Rayleigh bead states. As shown in
Fig. 1c–e and Supplementary Movies S2–S4, the beads on the SnO2
nanowires exhibit essentially self-similar shapes, but the beads vary
greatly in size. Molecular dynamics simulations of a non-volatile poly-
meric liquid on a solid nanowire (Fig. 2d–f and Supplementary Movies
S10 and S11) confirm the same physics as the continuum description
(Fig. 2a–c) discussed above.

Moreover, droplet flow behaviour is sensitive to the applied
voltage. When the bias voltage on the nanowire is reversed, the
motion of the beads can also be reversed (Supplementary Movie S2).

Without applying negative bias, the precursor film spreads on the
nanowire surface (Fig. 1f), but beads may not form or flow. A
wire taper shape effect is also observed. A silicon nanowire of
length �11 mm was tapered so as to have base and tip diameters
of 300 nm and 150 nm, respectively. The first bead moved with a
speed of 0.75 mm s21 up the nanowire. When the wider end of
the nanowire was in contact with the ionic liquid, the ionic liquid
flowed much more slowly (Supplementary Fig. S1h–l) than when
the thinner end was in contact with the ionic liquid
(Supplementary Fig. S1a–g). If the bias voltage of the nanowire is
changed from negative to positive, the liquid can change its flow
rate or cease flowing altogether. In Supplementary Fig. S1, the
average flow rate is 50 al s21. This can be compared with the flow
rates in Supplementary Movies S1 (Fig. 1f) and S2, which are
20 al s21 and 84 al s21, respectively, both with no beads. Thus the
formation of beads does not have a tremendous impact on the net
flow rate of liquid along nanowires.

Hypodermic syringe needles and glass micropipettes are well-
known tubular instruments in medicine and biology for extracting,
holding and transferring liquids, with inner diameters of �100 mm
and 1 mm, respectively. Here, we would like to demonstrate that at a
0.1 mm scale diameter, solid nanowires can still extract and hold
liquids as effectively as hollow tubules. We first show that liquids
can be pumped rapidly along a uniform ZnO nanowire from the
liquid reservoir to a graphene substrate (Fig. 3a,b, Supplementary
Movie S5). The flow rate approaches �10–100 al s21 depending
on the applied voltage. This liquid delivery phenomenon is not
limited to ionic liquid, as we have also observed similar phenomena
using deionized water under an optical microscopy (Supplementary
Fig. S2, Supplementary Movie S6). Thus, the film–bead co-existence
is an intrinsic behaviour of fluid transport on the nanowire surface.
Based on this result, a simple nanofluid–nanowire transportation
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Figure 1 | Ionic liquid beads and flat precursor film. a, Experimental set-up. SnO2 nanowire powders or silicon nanowires grown on a silicon wafer are glued

to a gold rod (diameter, �280 mm) using conducting silver epoxy (left). The whole nanowire assembly is used as one electrode. The other electrode is a gold

STM probe (right). A drop of ionic liquid (IL, middle) is placed on the STM tip. One of the electrodes is attached to a three-dimensional piezo manipulator

to enable it to approach the opposite electrode. b–e, Time-lapse TEM images showing ionic liquid flowing along two SnO2 nanowires. The diameters of the

nanowires on the left and right are 120 nm and 190 nm, respectively. The arrows in c shows the bead flow direction. The SnO2 nanowires were biased at 24 V

versus the reference electrode. The growth of beads is seen clearly. f, A liquid precursor film with a thickness of �10 nm wets and flows on a SnO2 nanowire.
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device was designed, as shown schematically in Fig. 3c, which allows
us to pattern liquid droplets on a substrate (Fig. 3d).

Liquid can be temporarily stored at intersections with other
nanowires (Fig. 4a–k and Supplementary Movie S7). Such a deposi-
tory exists because a nanowire intersection has excess solid surface
area and provides a trap state for the liquid. The capacity of such
depositories is on the order of 10–1,000 al. We also constructed a
complex liquid flow pattern guided by an ‘inverted forest’ of
silicon nanowires (Fig. 4l–q, Supplementary Movies S8 and S9).
Liquid was pumped up as in a root system, and the driving force
was provided by the huge ‘dry’ areas of the forest on top and the
relatively small intake at the bottom, creating a ‘traffic jam’ of
liquid droplets. Some depositories periodically oscillated in the

amount of liquid stored (Supplementary Movie S9), like a
pumping heart, indicating hysteresis in the networked fluid flow.

A recent high-resolution TEM study indicated crystalline
short-range order in four ionic liquids at room temperature with a
l≈ 1–10 nm spatial extent and long lifetimes33. Many aspects of
liquid behaviour are expected to be influenced by this. In particular,
when the liquid film thickness e approaches the crystalline short-
range order cluster size, continuum fluid dynamics models such
as the lubrication equation are expected to break down, as conti-
nuum-level quantities like the viscosity become ill-defined. Such a
continuum model was nonetheless used in this work for simplicity,
and is expected to work well quantitatively in the beaded region
where e(z) ≫ l, but less well in the thin precursor film region.
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Figure 2 | Modelling and simulations. a, A semilogarithmic plot of the chemical potential of a liquid molecule as a function of precursor film thickness e, on

a nanowire with a radius of b¼ 100 nm. b, Numerical solution of 3hV(1þ e/b)∂te¼ ∂z(e3∂zm) on the nanowire of radius b¼ 100 nm and length z¼ 10 mm.

Note that the beads are connected by a thin flat precursor film a few nanometres thick. This plot does not have equal aspect ratio. c, Amplified view of the

liquid profile for the solution in b around z¼ 3 mm, with equal aspect ratio. d–f, Molecular dynamics simulation of a polymeric liquid (each chain has N¼ 10

monomers) coating a solid nanowire (red) with b¼ 2.5 nm, forming both precursor films and beads. Each chain maintains the same colour as in d, thereby

illustrating molecular diffusion.
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Figure 3 | Transport and patterning of liquids by nanowire. a,b, TEM images of ionic liquid delivery from a reservoir to a piece of graphene using a ZnO

nanowire (Supplementary Movie S5). Scale bars, 0.5 mm. c, Schematic illustration of a nanofluid–nanowire transportation device for patterning. d, An optical

micrograph of a deionized water pattern produced by a nanofluid–SnO2 nanowire device. Scale bar, 4 mm.

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2013.41 LETTERS

NATURE NANOTECHNOLOGY | VOL 8 | APRIL 2013 | www.nature.com/naturenanotechnology 279

© 2013 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nnano.2013.41
www.nature.com/naturenanotechnology


Note, however, that features like film–bead co-existence are based
on the energetic part of the model, equation (1), which should be
more robust than the fluid dynamics model.
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