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O
rdering nanostructures in a peri-
odic manner is a key to tailoring
the properties of materials used

in various fields of research including bio-
science,1,2 photonics,3 and fluidics.4 Manip-
ulating matter at the nanoscale is a precise
block-by-block construction route of novel
and periodic low-dimensional systems. This
is one of the main reasons driving scientists
to push the limits and develop advanced
manipulation tools of nanoscopic objects.
Some of these tools are based on the plas-
monic effect occurring during the exposure
of nanoparticles to a light source (i.e., optical
tweezers)5�9 or to an electron beam.10�12

Other approaches, based on the use of
scanning tunneling microscopes13 or nano-
probes installed on a nanomanipulator in a
scanning electron microscope,14 have also
been explored. Since each of these tools has
its own limitations, the progress toward the
development of new complementary ma-
nipulation strategies is still continuing.
Transmission electron microscopy (TEM)

is an essential and powerful tool commonly
used to analyze nanomaterials. With the

substantial developments of electronmicro-
scopes and their electron beam (e-beam)
sources, new usages of this tool have recently
emerged.15�22 Contrary to what one may
expect, irradiating nanostructures with an
e-beam may induce several unexpected
beneficial effects that allow tailoring of the
morphology and structure of thematerial at
the nanoscale.15�19 For example, electron
irradiation was found to induce an extreme
pressure increase inside onion-like carbon
structures, leading to their transformation
into diamondnanoparticles.15,16 TEMe-beam
sources were also used to generate and
control vacancies in carbon nanotubes,20

to weld metal nanowires,21 and to etch var-
ious materials at the nanoscale.21,22 These
successful achievements have proven the
technical applicability of TEM e-beam sources
as a powerful tool for nanoengineering.
In parallel to the development of electron

microscopes, several synthesis methods of
hollow nanostructures such as nanoparti-
cles and nanotubes have been reported.
Among them, a method based on the
nanoscale Kirkendall effect has shown great
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ABSTRACT The nanomanipulation of metal nanoparticles inside oxide nano-

tubes, synthesized by means of the Kirkendall effect, is demonstrated. In this

strategy, a focused electron beam, extracted from a transmission electron microscope

source, is used to site-selectively heat the oxide material in order to generate and

steer a metal ion diffusion flux inside the nanochannels. The metal ion flux generated

inside the tube is a consequence of the reduction of the oxide phase occurring upon

exposure to the e-beam. We further show that the directional migration of the metal

ions inside the nanotubes can be achieved by locally tuning the chemistry and the

morphology of the channel at the nanoscale. This allows sculpting organized metal

nanoparticles inside the nanotubes with various sizes, shapes, and periodicities. This nanomanipulation technique is very promising since it enables

creating unique nanostructures that, at present, cannot be produced by an alternative classical synthesis route.
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potential in nanoengineering.23�37 The nanoscale
Kirkendall effect describes the displacement of the
interface between two different metals due to the
unbalanced metal ion interdiffusion fluxes from one
side of the interface to another. This in turn induces
the injection of vacancies within the fast diffusing
material.32 For some metal nanowires, the Kirkendall
effect can occur upon thermal oxidation, leading to
their spontaneous transformation into metal oxide
nanotubes.33�36 The stoichiometry (i.e., metal-rich or
metal-poor) of the obtained oxide phase can be con-
trolled according to the oxidation conditions.34 In
some particular circumstances, when the self-diffusion
(i.e., diffusion of metal in metal) length scale becomes
comparable to the diameter of the nanowire, the
Kirkendall-induced hollowing-up process can be
altered.34�36 As a consequence, at an intermediate
stage of the oxidation process, periodic nanoparticles
can be formed inside the metal-oxide nanotubes. The
size of the formed particles was reported to be inho-
mogeneous and their spatial periodicity was very poor
due to the isotropic diffusion fluxes of the metal ions
inside the tube.34�36 The noncontrolled random diffu-
sion occurs due to the overall heating of the nano-
objects when using a conventional oven.
In order to steer the metal ion diffusion flux toward

forming particles with a narrow size distribution and an
excellent spatial periodicity, we present a strategy
based on site-selective heating and locally tuning the
chemistry of the nano-objects using a focused e-beam
extracted from a TEM source. Cuprous (Cu2O) nano-
tubes, prepared by thermal oxidation of Cu nanowires
grown bymagnetron sputtering on silicon nanograted
structures, were selected as model systems.21 The
proposed method can also be applied to any metal/
metal oxide systems in which the Kirkendall effect can
take place. The diameter of the Cu nanowires was
made large enough to avoid any possible alteration
of the Kirkendall-induced hollowing process during
oxidation. Specific oxidation conditions, detailed in
the Methods section, were selected in order to ob-
tain Cu2O nanotubes with uniform wall thicknesses
(Figure 1a). The formation of such crystalline oxide
phase was demonstrated by selected area electron
diffraction (SAED) (Figure S1).

RESULTS AND DISCUSSION

Phase Reduction and Generation of Cu Flux. The interac-
tion of the e-beam with the nanotube induces a local
increase in the temperature of the material. The
reached temperature depends on several parameters
such as the electron acceleration voltage, the e-beam
spot size, the thermal conductivity of the irradiated
material, and the exposure time.38 In particular, the
exposure time is a critical parameter since a continuous
exposure to the e-beam leads to an uncontrolled
heating process. It is important to mention that to

explore the impact of the heating temperature on the
nanotubes, a continuous exposure to the e-beammust
be applied, whereas exploring the impact of the heat-
ing time at a fixed temperature requires a series of
short e-beam irradiation shots. In this last case, after
each shot the e-beam should be defocused for a period
to allow the material to cool and avoid any possible
uncontrolled increase in temperature.

At first, the impact of the heating timewas explored
using a series of repeated e-beam irradiation shots
(1 shot = 2 s of e-beam irradiation). The results of this
study are summarized in Figure 1. When the e-beam
was focused for the first 2 s (1st shot, 1 � 2 s) on the
region defined by the yellow circle displayed in
Figure 1a, two separate nanoparticles start growing
on the inner side of the tube wall (Figure 1b, 1 � 2 s,
and d, 1 � 2 s). Each particle consists of assembled
single-crystal Cu nanograins (Figure S2). The first par-
ticle, P1, was formed at the irradiated region, whereas
the second one, P2, appeared about 300 nm away
from the irradiation spot. Exposing the same region to
another 2 s (2nd shot, 2� 2 s) led to an increase in the
size of both particles. Starting from the third irradiation
shot (3 � 2 s), the size of P1 starts decreasing while P2
becomes larger.When reaching the ninth shot (9� 2 s),
P1 disappears and P2 reaches its largest size. In addi-
tion to the disappearance of P1 and the growth of P2, a
third particle, P3, appears almost at a symmetric posi-
tion of P2, relative to the irradiated region (Figure 1d,
9 � 2 s). In order to investigate the reversibility of the
observed effect, the e-beam was then focused on par-
ticle P2 (Figure 1c). After 2 s of irradiation (1 � 2 s),
P1 starts appearing once again. When increasing the
number of shots on the same region, the size of P2
shrinks and that of P1 increases. After the ninth shot
(9� 2 s), P2 almost disappears and P1 reaches itsmaximal
size. The size of P1 at the final stage (Figure 1c, 9� 2 s)
is smaller than the initial size of P2 (Figure 1b, 9 � 2 s).
This result can be attributed to the bulk and surface
diffusion of Cu ions (Figure S3) occurring randomly in
both directions along the tube axis (Figure 1e). The Cu
flux generated inside the tube is expected to be a
consequence of the phase reduction of the Cu2Ophase
occurring upon exposure to the e-beam. To confirm
this assumption, spatially resolved electron energy-
loss spectroscopy (EELS) was performed in STEMmode
on two different regions of a nanotube (Figure 2a). The
first one, assigned as region 1, was not modified by the
e-beam, whereas the second one (region 2) covers an
area of the nanotube that was exposed to the e-beam
until the formation of a nanoparticle. A selection of
EELS spectra, recorded from scanning the area shown
in region 1, is presented in Figure 2b. For all the spectra,
the Cu L3 and L2 edges are revealed, and they reflect
the typical signature of Cu2O. Moreover, the Cu L3/L2
ratio of the deconvoluted data (i.e., after background
subtraction) plotted in Figure 2d are found to be
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almost constant (∼0.9) on going from the inner side
(i.e., distance = 0 nm) toward the extremity (i.e., dis-
tance = 60 nm) of region 1. This result is a direct proof
of the unchanged chemical state of the Cu2O phase in

this region. Another behavior was observed in the case
of region 2 since the EELS spectra were found to evolve
on going from the inner side toward the extremity
(Figure 2c). The Cu L3/L2 ratio of the deconvoluted data

Figure 1. Morphological evolution of an oxide nanotube upon exposure to an electron beam. (a) TEM micrograph of the as-
grown oxide nanotube. (b�e) Formation of Cu nanoparticles inside the oxide nanotube upon exposure of several regions to
the e-beam for different subsequent shots. The time of each shot was 2 s. The yellow circles indicate the regions irradiated
with the e-beam. Scale bar: 100 nm.

Figure 2. Electron energy-loss spectroscopy showing the impact of the e-beam on the chemical state of an oxide nanotube
createdby the Kirkendall effect. (a) High-angle annular darkfield (HAADF)-STEMmicrographof an oxide nanotube containing
a nanoparticle created by irradiation using an e-beam; the dashed red circle represents the e-beam spot, whereas the yellow
and the black rectangles represent the two regions analyzed by spatially resolved EELS in combination with STEM. (b) EELS
spectra of a hollow tube area composed of cuprous oxide (region 1). (c) EELS spectra of a tube area containing a nanoparticle
(region 2); Cu andCu2OEELS references are plotted in red and cyan, respectively. (d, e) Evolutionof the Cu L3/L2 ratios (the raw
data are plotted in black, and the deconvoluted ones are in red) on going from the inner side toward the extremity of (d)
region 1 and (e) region 2.
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(Figure 2e) is found to increase from ∼0.6 at the inner
side until reaching∼0.9 at the extremity. This indicates
that while the chemical state of the extremity of the
tube at this region stays almost unchanged, the Cu2O
phase at the inner side, directly exposed to the e-beam,
undergoes a partial phase reduction. As a conse-
quence, Cu ions migrate randomly inside the nano-
tube. This isotropic diffusion flux originates from the
fact that the diffusion coefficient is identical every-
where inside the tube. Thus, controlling the directional
migration of Cu ions requires a local control of their
diffusion coefficients, which can be achieved by tuning
the chemical state and the morphology of the tube
walls.

The control of the chemistry and themorphology of
the tube at the nanoscale can be established by
continuously irradiating the sample for a long period
of time instead of a series of short irradiation shots.
Figures 3a�e show a definite region of a nanotube that
was irradiated continuously. TEM micrographs and
their associated SAED patterns were recorded before

and after each irradiation of the same area in order to
follow up any possible morphological and structural
modification. The increase in the irradiation time re-
sults in a decrease in the diameter of the tube and
its shell thickness (Figure 3f). This morphological evo-
lution occurs with a structural and chemical modifica-
tion. Before irradiation (Figure 3a), the electron diffrac-
tion reveals the presence of a Cu2O phase. After 3 s
of exposure to the e-beam, a Cu nanoparticle grows
inside the tube (Figure 3b). The associated SAED
pattern recorded on the irradiated region shows that
the tube's shell at this stage is still made of Cu2O.
Irradiating the same area for 8 s more (Figure 3c)
followed by 12 s (Figure 3d) leads to an enhancement
in the crystalline structure of the Cu2O phase. Interest-
ingly, the SAED pattern (Figure 3e) recorded after
exposing continuously the same region for another
20 s reveals the presence of the 200 diffraction ring
of fcc Cu (Figure 3g). The partial transformation of
the Cu2O phase forming the shell into metal Cu proves
that the cuprous phase can be partially reduced after a

Figure 3. Morphological and structural evolution of a Cu2O nanotube upon exposure to the e-beam. (a) Initial state before
irradiation. (b) After 3 s of exposure. (c) After 8 s of exposure. (d) After 12 s of exposure. (e) After 20 s of exposure. The first row
of panels a�e shows the TEMmicrographs of the irradiated region. The third and second rows present the SAED patterns and
the regions where they were recorded, respectively. The black spots represent the local regions where the e-beam was
focused. (f) Evolutionof the diameter and the shell thickness as a function of the total irradiation time (i.e., the accumulation of
the irradiation time). (g) Rotational average analyses of the SAED patterns displayed in panels a�e.
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relatively long and continuous irradiation time. Upon
reduction of the Cu2O phase, oxygen gas was found to
be released inside the nanotube, leading to the surface
oxidation of the Cu nanoparticles created in the pre-
vious stage inside the channel (Figure S4).

Steering the Migration of Cu. Controlling the morphol-
ogy and the chemistry of the tube by applying a
continuous and relatively long exposure to the e-beam
further allows steering the diffusion flux of the Cu ions
inside the tube. A cuprous nanotube containing two
separated metal Cu nanoparticles P1 and P2 is con-
sidered in Figure 4a. By focusing the e-beam on the left
side of P1 (red circle shown in Figure 4a) a part of the

Cu ionswill diffuse and leave this irradiated region. As a
consequence, the irradiated cuprous region becomes
rich in copper and some Cu nanocrystals can be
formed in the shell due to the reduction of the Cu2O
phase (Figure 4b). After this stage, P1 will be located
between two different oxide regions, where the left
one is Cu-rich, thin, and defective and the right one is
still made of Cu2O. The low wall's thickness of the left-
hand region will be a limiting factor for the diffusion
of the Cu ions. Moreover, the partial reduction of
the Cu2O phase in this region is an additional factor
resulting in a low diffusion of Cu through the left-hand
side since the diffusion coefficient of Cu ions decreases
when increasing the Cu content in a Cu-based oxide
phase.39 Due to these factors, upon exposure of P1 to
the e-beam, the Cu ions will diffuse faster in the right-
hand region and a Cu track will be created between
the particles, in contrast to the left-hand region, where
a very small fraction of Cu ions will be able to get
through. Thus, the diffusion occurs preferentially to-
ward P2. By implementing this strategy, the diffusion
flux of Cu ions can be steered in any required direction
in order to create arrays of nanoparticles having well-
defined positions and shapes. For the proof of this
concept, the nanotube shown in Figure 5a was con-
sidered. In a first step, two different separated regions
(yellow spots in Figure 5a and b) were irradiated
successively in order to produce a set of Cu nanopar-
ticles randomly distributed inside the tube (Figure 5c).
Then, the strategy described previously was applied in
order to group together the three particles P1, P2,
and P3 and form one single particle in the middle of
the tube. To do so, the two regions R1 and R2 were
successively irradiated, as shown in Figure 5c, for a

Figure 4. Strategy to control the diffusion of Cu ions inside
an oxide nanotube. (a) Oxide nanotube containing two
adjacent Cu nanoparticles. (b) Oxide nanotube with a
Cu-rich oxide region created by the e-beam. (c) Diffusion
of Cu to the right side along the tube axis. The red circles
represent the regions irradiatedby the e-beam,whereas the
blue arrows indicate the diffusion direction of Cu ions.

Figure 5. Different transformation stages of a Cu-rich oxide nanotube upon exposure to the e-beam. (a, b) Creation of
randomly distributedparticles inside the tube. (c�e) Creation of Cu-rich oxide regions andmanipulation of Cuparticles by the
e-beam. (f) Oxide nanotube containing three periodic Cu nanoparticles. Scale bar: 200 nm. The solid yellow dot indicates the
position of the e-beam spot.
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period long enough to allow decreasing the thickness
of the tube's wall and partially reduce the Cu2O phase
(Figure 5d). When irradiating region R1, P1 was pushed
until joining P2. After this stage, the e-beamwas placed
behind P4 as shown in Figure 5d, in order to group it
with P5 (Figure 5e). The same procedure was imple-
mented to combine P3 with the two already agglom-
erated particles at the center (Figure 5f).

Following the same principle, periodic nanoparti-
cles with smaller separation distances can also be
created (Figure 6a). At first, the interstitial space be-
tween the upper and the middle particle was exposed
briefly to the e-beam in order to partially reduce the
oxide phase in this region. Then, by exposing the
particle at the middle to the e-beam, it can be sculpted
into a smaller particle with a rectangular-like shape
(Figure 6b). This size decrease is accompanied by a
transformation of the nanoparticle's curved surface
from convex (Figure 6a) to concave (Figure 6b). Although
the origin of such change is yet not clear, we tentatively
associate it with a local modification of the wettability
inside the nanotube due to its exposure to the e-beam.
This assumption is supported by the recent study of
Niu et al., who demonstrated that the wetting proper-
ties inside bismuth oxide hollow nanoparticles change
during annealing according to several parameters
such as the annealing temperature, the variation in
the vapor pressure inside the tube, and the diffusion
of metal ions on the curved surface of the metal

nanoclusters.37 It should be noted that after this irra-
diation step the size of the lower particle becomes
larger due to the diffused Cu ions. Then, the lower
particlewas irradiated so as to transform its shape to be
rectangular-like. Although the region between the two
particles was irradiated in order to reduce the Cu2O
phase, upon irradiation of the lower particle, a part of
Cu returns back to the middle one anyway (not shown
here). Therefore, in order to efficiently reduce the size
of the three particles and sculpt them to rectangular-
like shapes as shown in Figure 6c, irradiation steps
must be repeated on each particle while surveying
the evolution of the particle (i.e., the exposure time
requires an adjustment according to the size of the
irradiated particle). This additional procedure was not
requiredwhen the particleswere created quite far from
each other, as presented previously in Figure 5. Using
this additional manipulation procedure, it was also
possible to reduce the separation distance between
the particles down to∼50 nm (Figure 5d). However, at
such low dimensions the manipulation becomes more
delicate and hardly reproducible due to the limita-
tion in size of the used e-beam spot, e.g., ∼50 nm
(Figure S5). For smaller separation distances the nano-
particles were found to spontaneously agglomerate.
After agglomeration, the formed Cu particle, located
between two regions where the Cu2O phase was re-
duced, was extremely sensitive to the e-beam. Even
a very short irradiation time (∼1 s) could break the

Figure 6. TEM micrographs of various periodic Cu nanostructures created inside an oxide nanotube. (a�c) Creation and
sculpting of three periodic particles from a spherical shape to a rectangular one. (d) Periodic spherical nanoparticles with the
narrowest separation distance (∼50 nm) that can be obtained before their agglomeration. (e) Cu particles with a large size
formed inside the tube over a great length. Scale bar: 100 nm.
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nanotube (Figure S6). When breaking, Cu ions moving
from one side to another lead to the formation of a
single-crystal nanofilament, bridging the two extremi-
ties of the tube. By controlling the time of irradia-
tion, the length of the formed nanofilament can be
controlled.

CONCLUSION

In summary, a novel manipulation strategy of Cu
nanoparticles inside Kirkendall copper oxide nano-
tubes has been demonstrated. This strategy is based
on the control of the thermally activated local diffu-
sion of Cu ions inside the nanotube using an e-beam
extracted from a TEM source. The migration of Cu ions
was found to be governed by the surface diffusion
mechanism occurring on the inner walls of the nano-
tube. The directional diffusion of Cu can be achieved by
controlling the chemical state of the different regions

surrounding the particles. Thismanipulation technique
allows the creation of nanoparticles with various sizes,
shapes, and spatial distributions that are confined
inside an oxide nanochannel. Copper has been se-
lected as the model system in this study, but this
strategy can also be applied to other metals such as
iron. In the case of ferromagnetic metals, this nano-
scale manipulation strategy could be ideal for the
fabrication of novel magnetic nano-objects. The main
limitation of the reported nanomanipulation strategy
appears to be that it works better for particles with
relatively large interparticle distances (>100 nm), limit-
ing the ability to control finely the coupling between
magnetic nanoparticles. This limitation is mainly re-
lated to the relatively large e-beam spot size (∼50 nm)
used in this study. Oneway to overcome this drawback
is by decreasing the e-beam spot size, which allows
reducing the size of the locally heated area.21

METHODS
The Cu-rich oxide nanotubes were synthesized using a two-

step strategy that involves the deposition of Cu nanowires on
nanograted silicon structures followed by thermal annealing at
ambient air. The details concerning this method were reported
elsewhere.21 The nanograted silicon structures were prepared
by laser interference lithography followed by deep reactive ion
etching.40,41 For the deposition of Cu nanowires, a copper disk
(99.999% pure and 30 mm in diameter) was sputtered in pure
argon plasma at a power of 135 W. The distance between the
copper target and the substrate was 75 mm. The deposition
pressure was fixed to 1.34 Pa, and the deposition time was
2 min. After the growth, the Cu nanowires were thermally
oxidized in air using a conventional oven. In order to precisely
control the annealing time, gradual heating and cooling were
avoided. When the temperature inside the oven stabilizes at
200 �C, the samples were introduced and then immediately
taken out after 1 h.
TEM experiments were performed on a JEOL 2100 FEG

microscope operating at 200 keV with an emission current of
119 μA. All the irradiation experiments were performed with a
magnification of 120 k. When focusing the e-beam, the dia-
meter of the spotwas about 50 nm (Figure S4), allowing to reach
a current density of 11 pA/cm2. Rotational average analyses of
the electron diffraction data were done using DiffTools (v3.7).42

High-angle annular dark field (HAADF)-scanning transmis-
sion electron microscopy (STEM) was carried out on a JEOL JEM
ARM 200 F (ultra-high-resolution pole piece) operated at 200 kV
with a “Schottky” field emission cathode and an aberration-
corrector for the probe forming lens, providing a resolution of
0.8 Å in STEM mode and 1.9 Å in TEM mode. A JEOL DF (dark-
field) detector and a Gatan digiscan were used for HAADF-STEM
imaging.
Spatially resolved electron energy loss spectroscopy in the

STEM mode was carried out using a Gatan EFINA detector for
spectroscopy and operated at 200 kV. The STEM-EELS area scans
were performed using a convergence semiangle R of∼21mrad
and a collection semiangle β of ∼100 mrad. All spectra were
acquired at an energy dispersion of 0.5 eV/channel and an
approximate energy resolution of 1.0 eV. EELS spectra were
analyzed using Digital Micrograph, and spatial drift correction
was applied. Careful background subtraction was done, and a
Fourier-ratio deconvolution was carried out on the spectra to
reduce multiple scattering effects originating from the thick-
ness changing of the sample.
Energy dispersive X-ray microanalysis (EDS) was done with a

JEOL EDS-system JED-2300T system provided with a 50 mm2

light-element-sensitive X-ray detector, a digital pulse processor
for high-speedaccumulation, andaBedouble tilt holder. STEM-EDS
mapping was performed with JEOL JED-2300 series digital mapp-
ing software, and spatial drift correction was applied. A hard X-ray
aperture of 200 μmwas inserted to avoid stray radiation. Elemental
mapswereobtained forO�KandCu�K signalswith a resolutionof
512 � 512, dwell time of 0.5 ms and a sweep count of 450.
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