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Pipetting Nanowires: In Situ Visualization of Solid-State 
Nanowire-to-Nanoparticle Transformation Driven  
by Surface Diffusion-Mediated Capillarity
The most interesting applications of nanotubes include their use as storage 
media for atoms and small molecules, as nanoscale capsules for chemical 
reactions, and as nanopipettes for material delivery. The geometrical trans-
formation of metallic copper nanowires, confined in graphitic coating, into 
crystalline nanoparticles of up to tenfold increased diameter is reported. In 
situ transmission electron microscopy images at 500 °C, recorded as movies, 
provide an exceptional real-time visualization of Cu draining out of the carbon 
coating. The solid content of the carbon tube is effectively evacuated over 
micrometer distances towards the open end, transforming each nanowire 
into a single monocrystalline, facetted Cu particle. Kinetic Monte Carlo simu-
lations propose that this dramatic morphological transformation is driven by 
surface diffusion of Cu atoms along the wire/tube interface, thus minimizing 
the total free energy of the system.
1. Introduction

Capillarity is the basis for many biological, physical, and techno-
logical processes. Nanotubes with diameters of few to hundred 
nanometers are the smallest synthetic capillaries available now-
adays and are thus ideal materials to study capillary forces at 
the nanoscale.[1] Foreseeable applications for nanotubes include 
storage or encapsulation of atoms or small molecules and cata-
lysts for chemical reactions.[2] Reversible wetting and filling of 
single-wall carbon nanotubes (CNTs) with mercury droplets by 
electrocapillary pressure was already demonstrated.[3] Recent 
theoretical studies suggest that CNTs can act as nanocapillaries 
absorbing or withdrawing non-wetting, liquid silver droplets.[4,5] 
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In the case of encapsulated solid mate-
rial, capillary processes can be triggered 
by enhancing diffusion processes at 
elevated temperatures. Metal migration 
processes in nanoparticle/carbon tube 
heterostructures have been utilized to 
reversibly deliver metal clusters at prede-
termined positions.[6–8] Recently, Moseler  
et al. visualized the restructuring of few 
nanometer diameter solid nickel catalyst 
nanoparticles during carbon nanotube 
growth by environmental transmission 
electron microscopy (TEM).[9] They suc-
cessfully modelled the process using 
molecular dynamics, finding that capillary-
driven surface diffusion is the dominant 
transport mechanism. Additionally, the 
withdrawal of a 10 nm solid silver nano-
particle from a CNT tip in the presence of 
an external Ag nanoparticle has been reported recently.[10] The 
improved understanding of both filling and draining processes 
driven by capillary action at the nanoscale is highly important 
for applications in nanoelectronics, biology, and medicine.[11–15]

This report visualizes the solid-state morphological transfor-
mation of several micrometer long carbon-coated Cu nanowires 
into single-crystalline Cu nanoparticles. The process is observed 
at 500  °C, significantly below the melting temperature, and is 
driven by surface-diffusion mediated capillarity. By in situ TEM 
the mass transport of Cu along the interfacial layer between 
wire and carbon sheath was followed in real time. The images 
represent a direct visualization how the surface free-energy 
yields minimization at the nanoscale. While the tube is slowly 
and continuously drained at one end, a facetted Cu particle is 
growing at the other end. Within about one hour, the transfor-
mation of the encapsulated nanowire into a single-crystalline 
facetted Cu nanoparticle is completed. In situ high-temperature 
TEM allowed us to record this dramatic geometrical change 
continuously and unveils pronounced solid-state mass trans-
port at the nanoscale. Kinetic Monte Carlo (KMC) simulations 
suggest that the process is driven by surface diffusion of Cu 
atoms along the wire/tube interface, thus, minimizing the total 
surface free energy of the system. The results demonstrate that 
by controlling the atomic diffusion processes of metals within  
nanotube recipients, the metal forming micrometer-long nano
structures can be delivered to predetermined positions with 
mass and rate control.
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2. Results

The low-magnification TEM image in Figure 1a displays two 
encapsulated copper nanowires (diameter ≈ 30 nm) intersecting 
each other on a TEM grid. For better identification, labels are  
assigned to the wire ends, i.e., the horizontal wire extends from 1 to 2  
and the vertical wire from 3 to 4. The TEM images in Figure 1b,c  
depict the respective ends, 1 and 4, after 8 min of annealing at 
500  °C. The tube surrounding the nanowire is indicated by  
arrows in both figures. The high-resolution image displayed in 
Figure 1d gives evidence that the tube consists of a multishell 
graphitic coating that is resistant throughout the whole process. 
The layer is presumably formed from polymer residues on the 
nanowire surface remains from the synthesis process. The forma-
tion of similar nanotube/nanoparticle heterostructures has been 
reported previously. For example, Helveg et al. reported the syn-
thesis of carbon nanofibers from methane decomposition over Ni 
nanocrystals.[16] Also Sutter et al. demonstrated that temperatures 
higher than 425 °C in combination with electron beam exposure 
drive the formation of Au/C core/shell nanoparticles.[17] Forma-
tion of CNT/nanowire heterostructures was also observed during 
the synthesis of Si/Ge nanowires in the TEM at high tempera-
tures by liquid vapor deposition,[18] and on GaN wires when small 
indium metal clusters are introduced on the wire surface.[19]

The fact that the carbon tubes around the Cu wires provide 
drainage at their open ends and that the rest of the remaining 
wire is crystalline and without any morphology change is 
the first strong indication of Cu mass transport by diffusion. 
© 2012 WILEY-VCH Verlag wileyonlinelibrary.com

Figure 1.  a) TEM image of two crossing Cu nanowires on a TEM grid duri
denoted 1,2 and 3,4, respectively. The image in (a) was recorded after annea
endings 1 and 4. The arrows indicate the few nanometer thick carbon coati
the carbon coating displaying the graphitic layers.
Figure 2 displays a series of snapshots taken at different times 
and at four fixed positions between wire ends 1 and 2 (respec-
tive color-boxes areas are followed in panels (b–e) in Figure 2a). 
The corresponding videos are included in the Supporting Infor-
mation S1–S4. Unexpected but obvious from the consecutive 
images in the video, the velocity of the Cu edge increases with 
time and location during the annealing process although the 
temperature was kept constant. The first set of images was 
recorded after 44 min annealing (Figure 2b and Supporting 
Information Video S1), showing the slow motion of the wire 
edge towards the right at an effective longitudinal velocity of  
2.1 nm s−1 (103 nm within 50 s). After 55 min annealing 
(Figure 2c and Supporting Information Video S2), the wire 
edge moves across the intersection region. The velocity during 
this stage is 1.8 nm s−1, i.e., slightly slower, probably due to 
the underlying nanowire/nanotube. After 61 min annealing 
(Figure 2d and Supporting Information Video S3), the velocity 
of the moving copper has increased to 4.8 nm s−1, and finally 
in the last image series (Figure 2e and Supporting Informa-
tion Video S4), the process is further accelerated to 14.8 nm s−1  
(108 nm within 8 s). When approaching end 2 of the wire/tube, 
the displacement of the wire edge is seven times faster than 
at the initial stage close to end 1. In particular the consecutive 
images of the video give clear evidence that the morphology 
of the wire edge remains faceted and an almost layer-by-layer 
atomic movement occurs during the process.

These snapshots and the videos display the important 
fact of this experiment that the morphology of the Cu front 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 695–701
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Figure 2.  Snapshots of the video recorded on four areas indicated in a) at different annealing times: b) 44, c) 55, d) 61, and e) 65 min. In each case, 
the time series (from top to bottom) shows that the Cu filling moves from left to right, while the carbon shell remains unchanged. For all snapshot 
images the scale bar is 100 nm.
remains faceted and diffraction contrasts along the Cu 
wire originating from planar defects such as twin or grain 
boundaries are visible (in particular in Figure 2d,e). During 
the dynamic process, the planar defects remain stable while 
the crystal continuously recedes from left to right across the 
defect zone. These observations clearly exclude melting and 
verify that the nanowire is fully in the solid phase. In fact, at 
500  °C melting of our Cu nanowires can be excluded since 
the melting point of bulk copper is 1058  °C and a decrease 
of the melting temperature due to size effects is not expected 
as long as the size of the Cu nanostructure is larger than 
5 nm.[20,21] Thus, morphological changes are attributed to 
atomic diffusion of Cu atoms taking place at 500  °C. This 
complements previous works that report instabilities of Ge 
nanowires attributed to surface and volume melting[18] and 
on Co nanowires attributed to sublimation.[22]
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 695–701
Mass conservation raises the question: Where is the Cu 
moving to and what is the driving force? Complementing the 
observation in Figure 2, we also recorded the events occurring 
at the open end of the tubes. The sequence of TEM images 
displayed in Figure 3a–d was taken after 9, 50, 65, and 75 min 
annealing at 500  °C and evidences a dramatic morphological 
change. About 300 nm before the end 2 of the wire (probably 
at a defective aperture of the carbon tube), a protrusion starts  
to form with larger dimensions than the initial nanowire dia
meter. The size of the protrusion increases progressively as Cu  
diffuses first predominantly from the left side and finally also 
from the right-sided tube delivering more and more material. 
During the annealing process, the enlarging particle presents 
facets, again indicating that the process takes place in the solid 
state. After approximately 70 min, every Cu nanowire on the 
TEM grid had undergone a morphological transformation into 
mbH & Co. KGaA, Weinheim 697wileyonlinelibrary.com
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Figure 3.  a–d) TEM images of Cu nanowire close to end 2 (cf. Figure 1) recording the forma-
tion and growth of a nanoparticle at different times of the annealing process. e–h) Facetted Cu 
particles observed at different wire ends after 80 min annealing.
a facetted nanoparticle (Figure 3e–h). The different geometries 
represent projections of the equilibrium shape of faced-centered 
cubic (fcc) Cu crystals,[23] the rounded corners being ascribed to 
the elevated temperature.

The transformation process under annealing is signifi-
cantly different from morphological shape changes observed 
for non-embedded Cu and Au nanowires that fragment 
and convert into chains of nanospheres. This latter process 
is driven by the Rayleigh instability,[24–26] where the size of 
the nanospheres is expected to be around twice the size of 
the initial wire diameter. In the experiment reported here, a 
pea-pod-like arrangement is not possible because the carbon 
tube tightly confines the metallic filling preventing radial 
undulations of the Cu nanowire as required by the Rayleigh 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wewileyonlinelibrary.com
instability criterion. The alternative to 
minimize the surface free energy is the 
direct transformation into a single particle 
at an open end of the confining tube or at 
any other location where the tube has an 
opening. Although details of the solid-state 
draining mechanism are not completely 
understood, we suggest capillary forces 
drive the withdrawal of Cu from several 
micrometers long nanoscale carbon tubes 
into small facetted Cu crystals.

Three-dimensional lattice KMC simula-
tions yield qualitatively a very similar behavior  
and indicate that surface diffusion is respon-
sible for the draining of the metal filled tube. 
The KMC method describes the process 
entirely on the atomistic level and was pre-
viously used successfully to explain various 
diffusion-controlled morphological changes 
of metal and semiconductor nanostructures 
in the solid state.[27–30] Details on the KMC 
method are given in ref. [31]. Here, discrete 
diffusion jumps of atoms based on Ising-type 
nearest-neighbor (NN) pair interactions JNN 
are considered on a fcc lattice. A system size of  
128 × 128 × 256 lattice sites was used (a = 
lattice parameter, NN distance = 

√
2a). The 

kinetics is described by transitions of configu-
rational states (single diffusion events), which 
cause a change of the internal energy (ΔE) of 
the system. These state transitions are ther-
mally activated and occur with a defined Boltz-
mann-like probability P ∝ exp [− ΔE/(kBT)],  
where kB and T denote the Boltzmann con-
stant and the absolute temperature, respec-
tively, at a certain attempt frequency, thereby 
defining a linear time scale, which is meas-
ured in Monte Carlo steps (MCS).[31] The 
state transition probability according Metrop-
olis et al. was applied.[32] The series of states 
the system is running through is called the 
“reaction pathway”. Starting from a non-
equilibrium state, it reflects the system’s 
free evolution (relaxation) in an approximate 
manner. Although based on simplified atom-
istic dynamics, the approach allows studying the spatiotemporal 
development of systems containing up to several ten thou-
sand atoms for time spans over several orders of magnitude. 
Figure 4 presents a series of snapshots where 28 847 atoms 
(with pair interaction JNN/(kBT) = 1.5) are confined in a cylin-
drical tube that is closed on one side and open at the other end 
(tube radius = 10a; tube length = 180a). It is assumed that there 
is no attractive interaction between the filling material and the 
tube. This is a good approximation for the very weak pairwise 
binding energy between graphite and fcc metals such as Cu 
or Ag compared to the pairwise binding energy of the respec-
tive metal atoms.[5,33] During the first stage, the filling material 
swells out at the open end forming a protrusion that gradually 
turns into a spherical crystal. As evolution proceeds, the entire 
inheim Adv. Funct. Mater. 2012, 22, 695–701



full
 paper





www.afm-journal.de
www.MaterialsViews.com

Figure 4.  Snapshots from kinetic Monte Carlo simulations showing the reaction pathway of the draining process of a metal filled tube with an open 
end. The time is indicated in number of MCS. The color of the atoms indicates the energetic state expressed as number of nearest neighbors (e.g.,  
3 NNs in yellow; 9 NNs in blue).
material diffuses out of the tube and a single crystal with (111) 
facets is formed. In fcc materials the (111) facet is known to 
have the lowest surface free energy.[34] Finally, the tube is empty 
and all material is accumulated in the nanocrystal formed at 
the open end of the tube.

In view of solid-state capillarity, the draining process can 
be described as follows: In the initial stage, the curvature of 
the inner nanowire edge 1/Rt is larger than that of the pro-
trusion 1/Rc  (here, Rt and Rc denote the inner radius of the 
tube and the radius of the protruding particle; cf. inset in 
Figure 5). According to the Gibbs–Thomson equation, this 
results in a gradient of chemical potential (ad-atom concen-
tration) from the inside to the outside that in turn drives a 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 695–701
diffusive flux of ad-atoms towards the open end. This dif-
fusive flux shortens the length of the remaining filling l(t) 
inside the tube because of mass conservation. Over the whole 
process, the curvature of the wire front in the tube remains 
constant whereas the curvature of the protrusion decreases. 
The difference between the wire edge in the tube and the 
protruding particle steadily increases, thus enhancing the 
diffusive flux of ad-atoms towards the open end until all 
Cu atoms are accumulated in the particle (Figure 5). This 
effect is in excellent agreement with our TEM observations 
and explains the acceleration of the particle growth rate as 
annealing proceeds (Figure 2 and Supporting Information 
Videos S1–S4).
mbH & Co. KGaA, Weinheim 699wileyonlinelibrary.com
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Figure 5.  Time dependence of the protrusion volume. According to the 3D lattice KMC 
simulation shown in Figure 4, the time dependence displayed in MCS gives evidence that the 
diffusion-based protrusion growth is an accelerated process.
3. Conclusions

In summary, micrometer long Cu nanowires consisting of 
long single-crystalline sections, encapsulated by a solid, stable 
graphitic carbon layer, undergo a solid-state morphological 
transformation into larger facetted Cu nanoparticles at 500 °C. 
Real-time imaging by in situ electron microscopy provides evi-
dence that the mass transport process occurs in the solid state 
excluding melting. Kinetic MC simulations ascribe the effect to 
capillarity-induced diffusion of Cu atoms along the interfacial  
layer between the solid wire and the carbon tube, driven by 
minimizing the total free energy of the system. The process 
shows that nanowires coated by electron-beam induced carbon 
tubes can serve as well defined nanopipettes. The extraction 
process is initiated and controlled by temperature. The tem-
plate-based electrochemical wire synthesis allows control on 
wire diameter as well as length and thus provides material for 
nanocrystals whose size is predefined by the pipette volume.

4. Experimental Section
Cu nanowires were fabricated by electrochemical deposition in porous 
30-μm-thick ion track-etched polymer membranes.[35,36] The polycarbonate 
(Makrofol N, Bayer) membranes were prepared by irradiation with 
GeV heavy ions at the UNILAC accelerator of GSI Helmholtz Centre 
(Darmstadt) and subsequent chemical etching of the ion tracks in 
a NaOH solution (6 n) at 50  °C. A thin gold film was sputtered onto 
one side of the membrane and reinforced electrochemically with copper 
to obtain a stable substrate, which served later as the cathode in the 
galvanic cell. The electrodeposition was performed potentiostatically 
at 50  °C using a solution of Cu2SO4 (240 g L−1) and H2SO4 (20 g L−1) 
as electrolyte. Nanowires fabricated under these conditions consist of 
long single-crystalline sections, oriented along the [110] direction.[35] 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinwileyonlinelibrary.com
After wire deposition, the polymer matrix was 
dissolved in dichloromethane. Although carefully 
rinsed, high-resolution scanning or transmission 
electron microscopy revealed polymer residues on 
the nanowire surface providing source material for 
carbonization and carbon tube formation in the 
electron beam. For TEM investigation, the wires 
were detached from the supporting Cu layer by 
sonication. During this procedure the wires break 
into sections of lengths between a few μm and 30 μm 
(initial length).[37] In a next step, some drops of the 
dichloromethane solution containing individual wires 
were dispersed on a conventional carbon-coated 
TEM grid and mounted on a variable-temperature 
sample holder. All TEM experiments were carried 
out in a JEOL JEM2000FX microscope using a high-
temperature specimen holder operated in vacuum  
(10−6 mbar) at 500  °C (heating rate 100 K min−1). 
Because of the long-term heating, the carbon 
thin film and the Cu wires were expected to be 
thermally equilibrated. The uncertainty of the 
sample temperature was assumed to be ±10 K. At 
such elevated temperatures, the presence of carbon 
(presumably from polymer residues on the wire 
surface) resulted in the formation of graphene layers 
entirely coating the nanowires. In every experiment, 
tens of wires were selected, their locations registered, 
and their morphology and structure investigated 
at different times as the annealing proceeded. The 
images were recorded on a video tape.
Supporting Information
Supporting Information is available from the Wiley Online Library or from 
the author. It includes four movies corresponding to the observations 
on areas A, B, C, and D, from which selected snapshots are depicted in 
Figure 2b–e.
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