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ABSTRACT

Cu nanoparticle chains encapsulated in Al 2O3 nanotubes were successfully generated in a controlled manner by reduction of CuO nanowires
embedded in Al 2O3 at a sufficiently high temperature. The Al 2O3 coating was deposited by atomic layer deposition (ALD). The particles mainly
show a rodlike shape and are regularly distributed. The particle diameters and chain lengths corresponding to the inner diameters and lengths
of the tubes, respectively, are controlled by the size of the CuO nanowire templates. Rayleigh instability, assisted by the uniform volume
shrinkage created by the reduction of oxide to metal, is proposed to induce the formation of the nanochains. This method may potentially be
extended to the synthesis of nanochains of other metals by reducing corresponding oxide nanowires embedded in ALD shells.

Compared with randomly dispersed nanoparticles, assemblies
of nanoparticles such as chains, rings, and three-dimensional
superlattices can produce new collective physical properties,
which can find applications in plasmon waveguides for
photonic devices, supracrystals, chemical and biosensing
applications, etc.1-5 Moreover, these properties are consider-
ably affected by the particle size, shape, interparticle spacing,
organized pattern, and the environment. It is therefore an
important issue to precisely control the assembly of nano-
particles. Various methods based on guides from colloidal
chemistry, lithography, biomolecules, and template agents
are available for realization of ordered structures.6-11 Here,
we report on the assembly of metal nanoparticles into chains
encapsulated in nanotubes with well-controlled particle sizes
and spacings. The organization is induced by the Rayleigh
instability within a shell, which is produced by atomic layer
deposition (ALD). The obtained nanochains are freestanding,
which is favorable for subsequent mounting or handling.

The concept of Rayleigh instability originates from the
instability of liquid cylinders due to surface tension. A liquid
cylinder tends to undulate its free surface with a wavelength,
which is larger than the circumference of the cylinder. The
driving force for the surface undulation is the decrease of
the surface area and thus the total surface energy. Plateau
initiated this study over a century ago.12 Lord Rayleigh
continued with theoretical studies on the instability of liquid
jets and explained the regular spacing of the formed drops.13

Nichols and Mullins extended Rayleigh’s perturbation ap-

proach to solids.14 Recently, more effort has been put into
this study in both theoretical and experimental fields leading
to significant progress.15-18 Cu and Au nanowires on a SiO2

substrate were observed to undergo various configurational
changes to finally break up into chains of nanospheres due
to Rayleigh instability with gradually increased annealing
temperature.19,20 Also, Rayleigh instability in polymers
confined within nanoporous alumina membranes was studied,
which results in the formation of polymer nanorods with
periodically encapsulated holes.21

ALD is a growth technique that utilizes the sequential
exposure of the substrate to reactants to achieve monolayer-
by-monolayer growth allowing an atomic-scale thickness
control. As a result, growth is surface controlled instead of
source controlled, enabling highly controllable deposition of
conformal films on substrates with complex geometries, even
porous structures.22-27 In this work, starting from CuO
nanowires, ALD of Al2O3 was applied to obtain a core-
shell structure. This shell effectively constrains the space of
Cu during subsequent reduction of CuO in a H2 atmosphere.
The voids within the Al2O3 tubes, due to volume shrinkage
created by the reduction of oxide to metal, provides the
possibility of Rayleigh instability to occur at elevated
temperatures. Our experimental results demonstrate the
fabrication of well-organized nanoparticle chains confined
in nanotubes by making use of both volume shrinkage and
the Rayleigh instability effect.

Figure 1 schematically illustrates our synthetic approach.
A three-step process was used to prepare the nanoparticle* Corresponding author. E-mail: mknez@mpi-halle.de.
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chains encapsulated in nanotubes. At first, aligned CuO
nanowires were prepared by heating Cu substrates in air.28

In this work, bare transmission electron microscope (TEM)
Cu grids (3.05 mm in diameter, Plano, Germany) were used
as substrates for convenience and directly applied for
subsequent TEM analysis after every process step. Prior to
growth, the grids were cleaned by sonication in anhydrous
ethanol for 10 min. Then they were transferred to an oven
and heated in air at 475°C for 2 h toobtain CuO nanowires.
Subsequently, deposition of a thin Al2O3 layer on CuO
nanowires was carried out in a commercial hot-wall flow-
type ALD reactor (SUNALE R75, Picosun, Finland) at 200
°C at a pressure of 9 Torr. Al(CH3)3 and deionized H2O were
used as aluminum precursor and oxygen reactant sources,
respectively, and were delivered to the reactor as ambient-
temperature vapors. During the deposition process, the CuO
nanowires were alternately exposed to TMA and H2O in the
ALD chamber. The pulsing time was 0.1 s for both TMA
and water with N2 as carrier gas with a flow rate of 200
sccm. A purging time of 4 s was used for both precursors.
Purging was done with N2 gas with a flow rate of 600 sccm.
The thickness of the Al2O3 shell can be conveniently
controlled by the number of pulse/purge cycles. The growth
rate for Al2O3 was about 1.0 Å per cycle. In our study, a
total number of 50 cycles were used, which gave a thickness
of about 5 nm as measured from TEM images. Finally, after
the ALD process, the CuO nanowires coated with Al2O3 were
transferred to a furnace for reduction. H2 (5% in Ar at
atmospheric pressure) was used as reducing gas. The samples
were heated to 400-600°C at a rate of 50°C/min and held
for 1 h to obtain Cu nanoparticle chains. The Al2O3 shells
are chemically stable under H2 in this temperature range.

After the Cu grid substrates were heated in air at elevated
temperatures, their color changed from red to black. From
scanning electron microscopy (SEM) investigations, Cu
substrate surfaces covered by well-aligned CuO nanowires
could be observed (Figure S1 in Supporting Information).
Figure 2a shows a TEM image of CuO nanowires after they
were coated with Al2O3 after 50 ALD cycles. The diameters
of these nanowires range from 30 to 150 nm and their lengths

are up to 10µm after a growth time of 2 h. From the high
magnification image of an individual nanowire shown in
Figure 2b, a conformal, uniform, amorphous Al2O3 layer of
about 5 nm thickness is clearly visible with brighter contrast
as compared to the CuO core. Selected area electron
diffraction (SAED) pattern (Figure S2 in Supporting Infor-
mation) of the CuO core can be indexed to the diffraction
spots of monoclinic CuO indicative of a bicrystal structure,
consistent with those previously reported.28

After reduction in H2 at 400-600°C, the CuO nanowires
coated with a 5 nm Al2O3 layer changed their color from
black to red optically. Considering the volume shrinkage by
43% according to the density ratio of Cu to CuO, one would
expect that the reduced cores are Cu nanowires with a smaller
diameter as compared to that of their parent templates or
coaxial Cu nanotubes closely contacting the inner wall of
the Al2O3 shells depending on the wetting behavior of Cu.
However, TEM investigations reveal that the CuO nanowires
are reduced to produce nanoparticles, which show a chainlike
pattern. The particles are encapsulated within the Al2O3 tubes,
the initial shells, and are regularly separated. The particle
diameters and chain lengths correspond to the inner diameters
and lengths of the tubes, respectively, originally controlled
by the size of the CuO nanowires. This is in strong contrast
to CuO nanowires without Al2O3 shells, which undergo
morphological changes and collapse or coalesce to form films
during reduction.29

Figure 3a shows the resulting samples after reduction at
400 °C. It can be observed that the starting nanowires
undergo morphological changes to become dispersed nano-
particles with clear spacings except some nanowires produce
longer sections. Detailed investigations at higher magnifica-
tion reveal that the diameter of the nanowires has some
influence on the final morphology of the nanoparticles. As
displayed in Figure 3b, the nanowires with larger diameters
(around 100 nm), which arise from the diameter distribution
of the grown CuO nanowires, decay into long sections of
several hundred nanometer length, and they have irregular
morphologies with a clear surface roughness, while the
nanowires with a smaller diameter (around 40 nm) fragment
into almost equally spaced nanoparticles in a chainlike order.
This indicates that larger diameters are not advantageous to
produce perfect fragmentation into chainlike particle align-
ment at this temperature.

TEM images of the sample after reduction at 500°C are
displayed in Figure 3c,d. All nanowires now show nanopar-
ticle chains. Long sections due to larger diameters of the
initial CuO cores cannot be observed. From the image at

Figure 1. A schematic diagram of the preparation process of Cu
nanoparticle chains confined in Al2O3 nanotubes.

Figure 2. (a) TEM image of CuO nanowires coated with a 5 nm
Al2O3 layer after 50 ALD cycles; (b) TEM image of an individual
Al2O3/CuO core-shell nanowire at higher magnification.
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higher magnification (Figure 3d), it can be noted that besides
the main particles there are some small particles of several
nanometers in diameter, dispersed on the inner wall surface
of the Al2O3 tubes. We assume that those small particles
originate from unfinished ripening reactions.

When the reduction temperature is further increased to 600
°C, significant morphological changes in the products are
observed from TEM images as shown in Figure 3e,f. The
wires are perfectly fragmented into nanoparticle chains along
the whole length of the tubes. The particles within one single
tube have more uniform and regular shapes and their two
end surfaces are more spherical than those of particles
produced at 400 and 500°C. The particles usually exhibit
elongated rodlike shapes and are well distributed with
relatively regular spacings. Their diameters correspond to
the inner diameters of the tubes, which are determined by
the starting CuO wires. Moreover, there are almost no small
nanoparticles dispersed on the inner wall surfaces of the
tubes. The spacings between two adjacent particles are in
the same order as the length of the particles. As shown in
Figure 3f, the particles have a diameter of 60-100 nm and
a length of about 60-120 nm, while the spacings between
two adjacent particles are about 100 nm. The SAED pattern
of the nanoparticles can be indexed to the face-centered cubic
structure of Cu and exhibit a single-crystalline nature (Figure
S3 in Supporting Information).

The above investigations reveal that chainlike Cu nano-
particles encapsulated in nanotubes can be obtained by
reduction of Al2O3-coated CuO nanowires at 400-600 °C.
Recently, Kim et al. investigated the reduction of CuO
powders in a H2 atmosphere by in situ time-resolved X-ray
diffraction.30 They found that the reduction involves an

induction period, which becomes shorter with increasing
temperature. CuO starts to reduce after a period of 50 min,
and the reduction process is completed after 200 min at 200
°C. These times are 20 and 40 min, respectively, at 250°C.
In this study, we also attempted to reduce Al2O3/CuO
nanowires at 250 and 300°C. However, the wires were only
partially reduced to produce some wires with irregular
morphologies at 250°C for 1 h (Figure S4 in Supporting
Information). This is reasonable considering that the Al2O3

layer can hinder the diffusion of H2 into the tubes and thus
lower the reduction rate.31 At 300 °C, the wires can be
reduced. However, they also form long sections with irregular
morphologies, as shown in Figure 4a. The failure to obtain
nanoparticle chains shows that a sufficiently high temperature
is essential for the fragmentation of the wires. To know
whether the formation of the chains completely depends on
Rayleigh instability due to the high temperature, additional
experiments were performed by annealing the prereduced
product (at 300°C) at 600°C for 1 h. The experimental
results reveal that only long nanorods are formed, as shown
in Figure 4b. Their morphologies differ from those of the
samples reduced directly at 600°C. These results imply that
not only the high temperature, but also the reduction plays
an important role for the fragmentation of the wires into
nanoparticle chains.

Reduction experiments of CuO nanowires with an in-
creased number of ALD cycles of Al2O3 were performed to
investigate the influence of the shell thickness on the product
morphologies. It was found that upon increasing the thickness
of Al2O3 an increase of the reduction temperature to obtain
regular nanoparticle chains becomes necessary. Figures 5a,b
show TEM images of the reduced CuO nanowires with a 20
nm Al2O3 shell (200 ALD cycles) at 600°C. Although the
wires decay into particles, they have no regular shapes and
are not regularly spaced. Moreover, there are many small
nanoparticles dispersed on the inner wall surface of the tubes
(Figure 5b), similar to the CuO wires with a 5 nm Al2O3

shell after reduction at 500°C (Figure 3c,d). However, when
the reduction temperature was further increased to 750°C,
regularly spaced nanoparticle chains without small particles
dispersed on the inner wall surface of the tubes can be
successfully obtained, as shown in Figure 5c,d. The increase
of the reduction temperature due to thicker shells to obtain
regular nanochains further reveals that the high temperature
is not the determining factor for the formation of the

Figure 3. TEM images of Cu nanoparticle chains prepared by
reduction of CuO nanowires with a 5 nm Al2O3 shell in H2 for 1
h at various temperatures: (a,b) sample prepared at 400°C; (c,d)
sample prepared at 500°C; (e,f) sample prepared at 600°C. Panels
b, d, and f are TEM images corresponding to panels a, c, and e at
higher magnification. Note that the white shadows near some tubes
result from defocused features due to different heights.

Figure 4. (a) TEM images of CuO nanowires with 5 nm Al2O3

shells after reduction in H2 at 300°C for 1 h; (b) TEM images of
sample prepared by annealing the prereduced sample (at 300°C)
at 600°C for 1 h.
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nanochains and that the reduction reaction also significantly
contributes to the formation of the nanochains.

As mentioned above, the reduction of CuO nanowires with
a 5 nm Al2O3 shell can form nanoparticle chains at
sufficiently high temperatures (400-600 °C). This corre-
sponds to the result reported by Molarres et al.,19 which
revealed the fragmentation of Cu nanowires to particles on
a SiO2 substrate due to Rayleigh instability by annealing at
400-600 °C. However, in our study we failed to produce
nanochains by annealing the prereduced product (at 300°C)
at 600°C. Moreover, the increase of thickness of the Al2O3

shells did not yield regular nanochains in the same temper-
ature range; nanochains can be produced only at further
increased temperatures. These results indicate that both the
reduction process and the high temperature play important
roles for the formation of nanochains. Therefore, it can be
concluded that the uniform diffusion of the H2 into the tubes
is significant for the uniform reduction of CuO cores, which
results in uniform volume shrinkage, undulation, and frag-
mentation under the assistance of high temperatures. At low
temperatures (<400°C), longer sections are produced (Figure
4a) relying only on volume shrinkage. Successive treatment
at high temperatures fails to produce nanoparticle chains from
the wires (Figure 4b). When the thickness of the shells is
increased, the diffusion rate of H2 into the shells is lowered.
Possibly the diffusion dominantly depends on the defects of
the shells in this case. Thus, the diffusion rate of H2 into the
shells from the defect positions would be higher. This cannot
produce uniform volume shrinkage, and thus the wires fail
to form well-organized nanoparticle chains (Figure 5a,b). A
further increased temperature can reduce the discrepancy of
the diffusion rate and again result in the formation of
regularly spaced nanoparticles (Figure 5c,d). On the basis
of the above scenario, a schematic is proposed to exhibit
the formation mechanism for the nanochains, as shown in
Figure 6. Upon heating in a H2 atmosphere at high temper-
atures, the reduction of the CuO nanowires to Cu produces
nanowires with a smaller diameter (Figure 6b). Then the
surface diffusion of Cu atoms of the formed nanowires results
in an undulation (Figure 6c). TEM investigations indeed

reveal the presence of such undulated nanowires as shown
in Figure 4a. Potentially those two steps (Figure 6b,c) take
place simultaneously, as the results from separated reduction
and fragmentation experiments (Figure 4) indicate. However,
attempts to observe the intermediate state of the chain
formation at higher temperatures (400-600°C) failed in our
study because of the rapid reduction reaction and fragmenta-
tion process. The process is finished within minutes of
thermal treatment, thus allowing only in situ observation,
which in those circumstances (temperature, H2 gas) is
instrumentally not possible with our electron microscopes.
Finally, increased heating time and further undulation lead
to the fragmentation of Cu nanowires into nanoparticles
chains (Figure 6d).

According to the Rayleigh equation, the particle diameter
D is determined by the radiusRof the starting wires, namely
D ) 3.78R, if the Cu nanowires are not confined by Al2O3

tubes or their radius is much thinner than that of the Al2O3

tubes.14 However, the radiusRof the obtained Cu nanowires
is too large considering the volume shrinkage ratio of 57%
(the corresponding radius ratio of the obtained Cu nanowires
to the initial CuO nanowires is 0.75). Therefore, this equation
is not applicable here. The particle lengths and inner radii
of the tubes are statistically measured for 400 particles from
the chains encapsulated in 5 nm Al2O3 shells prepared at
600 °C. Considering the particle length asD and the inner
radius of tubes as the radius of the initial CuO nanowires,
the particle lengthD is plotted versus the radiusR of the
starting Cu nanowires, as shown in Figure 7. It can be seen
that the particle length indeed linearly increases with the
radius. However, from the slope of 2.46, indicated by the
fitted line, it is obvious that the measured length indeed
shows a clear discrepancy compared with the theoretical
value calculated from the measured radii, as expected because
of the limitations due to the spatial confinement by the Al2O3

nanotubes.
Ideally, the ratio of the length of the particles to the spacing

should be 1.326 (57:43), based on the volume shrinkage of
43%. However, the obtained ratio is about 1.03 on average,
which shows a clear deviation indicating a loss of Cu phase.
This possibly results from evaporation of CuO or escaping

Figure 5. TEM images of Cu nanoparticle chains prepared by
reduction of CuO nanowires with 20 nm Al2O3 shells in H2 for 1
h at different temperatures: (a,b) sample prepared at 600°C; (c,d)
sample prepared at 750°C. Panels b and d are TEM images
corresponding to panels a and c at higher magnification.

Figure 6. Formation mechanism of Cu nanoparticle chains. (a)
Al2O3/CuOcore-shell nanowires; (b) reduction of the CuO core
producing Cu nanowires with a smaller diameter; (c) surface
diffusion of Cu atoms resulting in undulated Cu nanowires; (d)
further undulation leading to final fragmentation of nanowires into
nanoparticle chains.
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of Cu outside of the Al2O3 shells at high temperatures during
reduction, presumably due to defects in the shells.32 To
confirm this, thermal treatment of CuO nanowires with a 5
nm Al2O3 shell was performed under N2 atmosphere (900
mbar) in an oven at 600°C for 1 h. It can be observed that
there are many holes in the CuO nanowires clearly confirm-
ing that the oxide can evaporate out of the tubes, thus
reducing the remaining volume (Figure S5 in Supporting
Information). This also contributes partially to the discrep-
ancy between theoretical and practical particle length.

In summary, Cu nanoparticle chains encapsulated in Al2O3

nanotubes can be synthesized by reduction of CuO nanowires
coated with Al2O3 shells produced by ALD. Additionally, a
coating with TiO2 was performed leading to similar results
(see Supporting Information). The chain lengths, particle
lengths, and particle diameters are controlled by the size of
the initial CuO nanowires. They are regularly distributed with
specific interparticle distances. The formation mechanism is
ascribed to Rayleigh instability together with the uniform
volume shrinkage created by reduction. This method to
provide space for the occurrence of Rayleigh instability by
reaction can be extended to the synthesis of confined
nanochains of other materials, especially of other metals by
reducing corresponding oxide nanowires embedded in thin
shells. The success relies on the possibility to produce highly
controlled thin film coatings, for example, by ALD, and to
generate space within the confinement by, for example,
reducing metal oxides with a corresponding volume shrink-
age. The volume ratio of metal oxide and metal should have
significant impact on the possibility to produce nanoparticle
chains and if they can be formed on the interparticle distance.
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