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Nanocontainers have great potentials in targeted drug delivery and nanospace-confined reactions. However,
the previous synthetic approaches exhibited limited control over the morphology, size and materials of the
nanocontainers, which are crucial in practical applications. Here, we present a synthetic approach to
multi-segment linear-shaped nanopores with pre-designed morphologies inside anodic aluminium oxide
(AAO), by tailoring the anodizing duration after a rational increase of the applied anodizing voltage and the
number of voltage increase during Al foil anodization. Then, we achieve nanocontainers with designed
morphologies, such as nanofunnels, nanobottles, nano-separating-funnels and nanodroppers, with tunable
sizes and diverse materials of carbon, silicon, germanium, hafnium oxide, silica and nickel/carbon magnetic
composite, by depositing a thin layer of materials on the inner walls of the pre-designed AAO nanopores.
The strategy has far-reaching implications in the designing and large-scale fabrication of nanocontainers,
opening up new opportunities in nanotechnology applications.

anocontainers (containers with their inner cavities at least one dimension in nanoscaled size), such as

natural halloysite nanotubes’, have great potentials in holding nanogram quantities of materials®, tar-

geted drug delivery’, confined (bio-) chemical reactions* and nanometrology’. Although various nano-
containers, such as polymersomes® and micelles’, carbon nanohorns®, protein capsids’, gold nanospheres®, and
mesoporous silica matrices’, have been achieved, the present synthetic approaches demonstrate very limited
control over the morphology, size and materials of the nanocontainers, which are very important in the nano-
container applications**'°. Fabrication inside rationally designed porous anodic aluminium oxide (AAO) tem-
plates is ideal to produce large quantities of nanocontainers with regular uniform morphologies and tunable sizes,
but this feat has been accomplished only for nanoscaled test tubes'' and cups®. Herein, we rationally increase the
applied anodizing voltage during the Al foil anodization and tune the anodizing duration after the voltage
increase as well as the number of the voltage increase to tailor the shape of the nanopores inside the porous
AAO template (as shown schematically in Fig. 1a), and then deposit a uniform thin layer of materials on the inner
pore walls of the AAO to build nanocontainers with pre-designed morphologies, sizes and materials. Using the
approach, we have achieved four new types of nanocontainers, i.e., nanofunnels, nanobottles, nano-
separating-funnels and nanodroppers (see Fig. 1b for each of them), with different sizes and diverse materials
such as carbon, silicon, germanium, hafnium oxide, silica and nickel/carbon magnetic composite.

Results

Nanoporous AAO template has been studied for over 60 years, and it is known that the diameter of the nanopores
inside the AAQ is directly proportional to the applied anodizing voltage'?, so the pore diameter and the pore
morphology can be tailored by tuning the applied anodizing voltage during the anodization of Al foil. Usually the
conventional constant voltage anodization leads to hexagonally arranged and monodispersed cylindrical nano-
pores'?, and decreasing the applied voltage during the anodization leads to the nanopores branching into several
small-diameter pores'*'*. These two types of nanopores have been widely used as templates for the synthesis of
mono- and hetero-nanostructures with linear'" and branched topologies'* . It was also reported that increasing
the applied voltage during the Al foil anodization could transform the original mild anodization to hard anodiza-
tion and lead to the original pores narrowing, thus pores with modulated diameters along their original axes could
be achieved when the mild and hard anodization were consecutively performed'?. However, relative little has been
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Figure 1| Schematics for the new four types of nanopores and nanocontainers. (a) Fabrication of AAO with funnel-like (i), bottle-like (ii), separating-
funnel-like (iii) and dropper-like shaped nanopores (iv). For clarity, pores of different morphologies with their corresponding hexagonal cells'® are shown
in different colors. Vj is the original anodizing voltage, and interfaces of AAO formed at different anodizing voltages are indicated by black dotted lines.
(b) The four types of nanocontainers of a nanofunnel, a nanobottle, a nano-separating-funnel and a nanodropper. For each segment of the
nanocontainers, the anodizing voltage for its corresponding AAO pore segment is marked on its right.

reported about the effect of anodizing voltage increase on the pore
architecture during the mild anodization of Al foil. Forty years ago
Wood et al."” found that the original pores divided into two types of
pores after the increase of anodizing voltage: one type of pores grew
for a short period of time and then stopped growing forever (denoted
as “dead pores”); while the other type of pores grew continuously and
ultimately had a large stable diameter (denoted as “growing pores”).
Recently, Ruoff’s group'® and we'® found that the “growing pores”
could still be regularly arranged only if the anodizing voltage was
increased by a given factor of 2'* or v/3" in the Al foil anodization.

On the basis of the above-mentioned new discovery, now we have
developed a generic synthetic approach to four types of multi-
segment linear-shaped nanopores with each type having several seg-
ments of different diameters, via rationally increasing the applied
anodizing voltage by a factor of v/3 once and then twice, together
with tuning the anodizing duration after the increase of the applied

anodizing voltage, as shown schematically in Fig. 1a. The idea of
creating these new types of pre-designed multi-segment nanopores
is first proved by our scanning electron microscopy (SEM) obser-
vation on the cross-sectional morphology of the AAO nanopores
achieved by increasing the applied voltage from 25 to v/3 x25 V
(Fig. 2a) and further from V3%x25t0v3x/3%x25V (Fig. 2b). It
can be seen that both the “growing pores” and the 2™ level “growing
pores” (i.e., “growing pores” after increasing the anodizing voltage
twice) have smaller diameters after the initial increase of the anod-
izing voltage by a factor of v/3. This pore narrowing can be attributed
to the H™ activity enhancement at the original pore bottom when the
applied voltage is increased®. Then the diameters of the “growing
pores” and the 2™ level “growing pores” gradually increase with the
anodization going on, reach a large stable diameter, and maintain
this stable diameter in further anodization. It is noted that both the
“dead pores” and the 2™ level “dead pores” (i.e., “dead pores” after
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Figure 2 | Cross-sectional SEM images of AAO templates with pre-
designed multi-segment linear-shaped pores. (a) The AAO achieved by
first anodizing at 25 V (above the white dotted line) and then anodizing at
/3 %25 V (below the white dotted line), showing “dead pore” and
“growing pore”. (b) The AAO achieved by further continuously anodizing
at v/3 x 25 V (between the two white dotted lines) and finally anodizing at
V3 x /3 x25 V (below the lower white dotted line), showing the 2" level
“dead pore” and “growing pore”.

increasing the anodizing voltage twice) have smaller diameters after
the initial increase of the anodizing voltage, and then keep their small
diameters until their growth termination. Therefore, suddenly
increasing the applied anodizing voltage from the original anodizing
voltage Vj to V3% Vy in Al foil anodization and maintaining the
increased voltage of v/3 x V}, for an appropriate short period of time,
the “dead pores” (two thirds of the original pores'®) with a funnel-like
shape (upper-segment-large and lower-segment-small) and the
“growing pores” (one third of the original pores’) with their
lower-segment diameter gradually increasing could be achieved, as

shown schematically in Fig. 1a i. By elongating the anodization at the
increased voltage of V3 x Vp, the “dead pores” are still dead with a
funnel-like shape, while the “growing pores” further grow down-
wards wide and then maintain a large stable diameter, resulting in
bottle-like shaped nanopores (Fig. la ii). Similarly, by further
increasing the anodizing voltage from V3 xVy to V3xv3xV,
for an appropriate short period of anodization (Fig. 1a iii) and a long
period of anodization (Fig. 1a iv), two thirds of the above-mentioned
“growing pores” (or two ninths of the original pores) will become
newly-formed 2" level “dead pores” with a separating-funnel-like
shape (Fig. 1a iii) and one third of the above-mentioned “growing
pores” (or one ninth of the original pores) will become newly-formed
27 level “growing pores” with a dropper-like shape (Fig. la iv),
respectively. Using these four types of multi-segment nanopores with
pre-designed shapes inside the AAO as templates, we deposit on the
inner pore walls a uniform thin layer of various materials that exactly
duplicate the pore morphology and size®'**. After selectively etching
the AAO template, large quantities of nanocontainers with four types
of morphologies (Fig. 1b shows each type schematically), i.e., nano-
funnels, nanobottles, nano-separating-funnels and nanodroppers,
could be achieved. Theoretically, any materials that were previously
fabricated in the nanopores of AAO template as nanotubes could be
built inside our new pre-designed multi-segment and linear-shaped
nanopores, to achieve the new four types of nanocontainers.
Firstly, we achieved the four types of nanopores with pre-designed
morphologies inside the AAO templates by applying an anodizing
voltage of 25 V as the original voltage. Then we deposited a thin
carbon layer on the inner pore walls of these AAO templates to
achieve nanocontainers made of carbon, by pyrolysis of acetylene
in an AAO self-catalyzed chemical vapor deposition (CVD) process
without using any catalysts®'. After selectively wet-chemically etch-
ing the AAO templates, large quantities of carbon nanocontainers
have been achieved (Supplementary Fig. S1 and Supplementary Text
S1). Detailed structural characterization of the four types of nano-
containers is shown in Fig. 3. Figure 3a is a SEM image of a typical
carbon nanofunnel, revealing two segments of different diameters,
with each segment having a relatively uniform diameter. The upper
wide segment is ~65 nm long with an open mouth upwards and a
diameter of ~30 nm, being well in agreement with those of the AAO
nanopores achieved with the original anodizing voltage of 25 V for
1 min. The lower narrow segment is ~50 nm long with a closed end
at the bottom and a diameter of ~20 nm, being the duplication of
those of the dead pores achieved with an increased anodizing voltage
of v/3x25V for an appropriate anodizing duration of 2.5 min.
Figure 3b is a representative SEM image of a carbon nanobottle,
revealing three segments of short “mouth” (the upper segment),
the “neck” (the middle segment) and the “main body” (the lower
segment), respectively. The short “mouth” segment is ~130 nm long
with an open mouth upwards and a uniform diameter of ~30 nm,
being the duplication of the AAO nanopore achieved with the ori-
ginal anodizing voltage of 25 V for 2.5 min. The middle “neck”
segment is ~130 nm long with its diameter gradually increasing
from the end of the “mouth” to the beginning of the “main body”,
being the duplication of the growing pore segment achieved in the
initial anodization stage at the increased voltage of v/3 x 25 V. While
the “main body” segment is ~150 nm long with a closed end at the
bottom and a uniform diameter of ~45 nm, corresponding well with
the nanopore segment achieved in the stable anodization at
v/3x25 V. In comparison with the nanobottle shown in Fig. 3b,
the carbon nano-separating-funnel shown in Fig. 3¢ has one more
segment (i.e., the bottom end segment) of ~100 nm length and with
a smaller diameter of ~35 nm, and this additional segment is the
duplication of the 2" level “dead pore” end segment resulting from
the anodization at 75 V (/3 x v/3 x 25 V) for 2.5 min after the 2™
time increase of the anodizing voltage. From Fig. 3b and the trans-
mission electron microscopy (TEM) image in Fig. 3d, it can be seen
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Figure 3 | Structural characterization of the four types of carbon nanocontainers. (a—c) SEM images of a carbon nanofunnel, a carbon nanobottle and a
carbon nano-separating-funnel, respectively. (d) TEM image of a carbon nanodropper. (¢) HRTEM image of the carbon nanodropper wall taken from the
rectangular area marked in (d). (f) HRTEM image of the carbon nanodropper wall, where CVD was conducted at 800°C. The insets in (a—d) show
schematics of AAO pores used for the synthesis of the carbon nanocontainers, with anodizing conditions marked on the right of the pores.

that the carbon nanodropper (Fig. 3d) has two more segments than
the carbon nanobottle, i.e., the 2" “neck” and the 2" “main body”.
These two more segments together are ~600 nm long, with the 2™
“main body” having a uniform diameter of ~60 nm and a closed
end. The geometrical morphologies of these two more segments are
the duplications of the 2™ level “growing pore” segment achieved by
anodizing at 75 V (V3 x1/3x25 V) for 12 min after the 2™ time
anodizing voltage increase. Figure 3d also reveals that the carbon
nanocontainers have a uniform wall thickness of ~5 nm, and the
inner cavities of the dropper-like shape can be seen clearly. High-
resolution TEM (HRTEM) observation indicates that the wall of the
carbon nanocontainers has low crystallinity after the CVD growth
(Fig. 3e), being consistent with the previous report'®. However, the
carbon wall crystallinity can be much improved by a higher temper-
ature (800°C) CVD growth®, which is confirmed by the discontin-
ued and roughly parallel graphene layers shown in Fig. 3f.

It should be noted that not only the morphology but also the size in
each segment of the nanocontainers can be tailored by simply tuning
the anodizing voltages in the Al foil anodization. As the pore dia-
meter is directly proportional to the applied anodizing voltage'?,
therefore four types of nanocontainers with each segment having a
larger diameter could be obtained by using similar AAO template
achieved with a larger initial anodizing voltage of 40V
(Supplementary Fig. S2a-d and Supplementary Text S2). On the
other hand, the diameters in all segments of the nanocontainers
can be increased to some extent as the AAO pores can be isotropically
widened by etching in phosphoric acid solution®. For example, car-
bon nanodroppers, where diameter of each segment is larger than
that of the corresponding segment of the carbon nanodropper in
Supplementary Figure S2d, have been realized by using the pre-
designed AAO with additional etching in 1 M phosphoric acid for
20 min as template (Supplementary Fig. S2e and Supplementary
Text S3).

Then, we tried to extend our pre-designed AAO pore confined
CVD growth to the four types of nanocontainers made of other
materials rather than carbon. As a crystalline Si thin uniform layer

can be deposited on the inner pore walls of AAO by pyrolysis of
silane in a CVD process®, we performed the similar CVD process
using our new AAO with pre-designed nanopores as template, and
achieved the four types of nanocontainers made of Si. For example,
crystalline Si nanobottles have been achieved (Supplementary Fig.
S3). Afterwards, we tried to build Ge nanocontainers by depositing a
thin uniform layer of crystalline Ge on the inner pore walls of AAO
with pre-designed nanopores, by pyrolysis of germane in a Ni nano-
particles catalyzed CVD process. As expected, crystalline Ge nano-
separating-funnels have been obtained (Supplementary Fig. S4).

Next, we tried to construct nanocontainers made of other materi-
als by using other techniques rather than CVD growth. As atomic
layer deposition (ALD) can produce conformal thin films with pre-
cise thickness control at the atom scale”, we applied ALD technique
to deposit a very thin layer of HfO, on the inner pore walls of our
AAO with pre-designed nanopores to achieve nanocontainers made
of HfO,. As expected, HfO, nanobottles have been achieved
(Supplementary Fig. S5). Then we tried to build SiO, nanocontainers
due to their biological stability and easy modification by surface
chemistry. As SiO, thin layer could be deposited on the inner pore
wall of AAO by repeated dipping*, we performed the similar process
using our new AAO with pre-designed nanopores. As a result, SiO,
nanocontainers have been achieved (e.g., SiO, nanodroppers shown
in Supplementary Fig. $6). In addition to all those methods men-
tioned above, other approaches such as wetting®, layer-by-layer
deposition®, and electroless plating®®, may also be exploited for the
building of our new four types of nanocontainers made of polymer,
protein”, and metal®, respectively.

Finally, for the easy guidance or manipulation of the nanocontai-
ners in practical applications and the collection afterwards, we tried
to embed magnetic nanoparticles within the nanocontainer wall to
achieve nanocontainers made of magnetic composites, where
unwanted (bio-) chemical interactions between magnetic nanopar-
ticles and substances filled into nanocontainer inner cavities can be
avoided®. This could be accomplished by firstly depositing a very
thin uniform layer of materials on the inner walls of the pre-designed
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Figure 4 | Nanocontainers with their walls embedded with magnetic nanoparticles. (a) Schematic for embedding magnetic nanoparticles within the
nanocontainer wall. (b) SEM image of carbon nanofunnels and nanobottles, with walls embedded with Ni nanoparticles. (c) TEM image of a Ni-
nanoparticle-embedded carbon nanobottle. (d) HRTEM image of the Ni-nanoparticle-embedded carbon nanobottle wall taken from the square area

marked in (¢).

AAO nanopores, then decorating very small magnetic nanoparticles
onto the pre-deposited thin layer of materials, and finally depositing
another thin uniform layer of the same or different materials to cover
the magnetic nanoparticles, as shown in Fig. 4a schematically. For
example, for carbon nanocontainers embedded with Ni nanoparti-
cles in their walls (Fig. 4b), we deposited a thin layer of carbon on the
inner walls of the pre-designed AAO nanopores using the above-
mentioned CVD growth, then decorated Ni nanoparticles onto the
pre-grown carbon layer using nickel nitrate decomposition (which
led to achievement of nickel oxide) and the following nickel oxide
reduction, and finally deposited another thin uniform carbon layer to
sheath the small Ni nanoparticles using a low temperature CVD
growth (to prevent the Ni-catalyzed growth of carbon nanotubes®).
Fig. 4c,d and Supplementary Figure S7a show that Ni nanoparticles
are indeed embedded within the walls of the carbon nanocontainers.
These Ni-nanoparticle-embedded carbon nanocontainers would be
manipulated in practical applications such as drug delivery by using a
magnetic field, and even might be collected afterwards (Supplemen-
tary Fig. S7b).

Discussion

We have demonstrated a generic synthetic approach to large quant-
ities of nanocontainers of nanofunnels, nanobottles, nano-
separating-funnels and nanodroppers, with tunable sizes and diverse
materials, by using porous AAO templates with pre-designed pores,
which are achieved via tailoring the anodizing duration after a
rational increase of the applied anodizing voltage and the number
of voltage increase during the Al foil anodization. These are, to our
knowledge, the first reported results in controlled large-scale build-
ing of nanocontainers made of different materials with delicately
tailored morphologies and sizes, and the four types of unique nano-
containers may open up new opportunities for both fundamental
research and practical applications. For example, the multi-segment
nanocontainers with different segments having different diameters
are ideal nanoreactors to study the effect of different spatial confine-
ments on (bio-) chemical reactions®. In addition, nanobottles, nano-
separating-funnels and nanodroppers, which have smaller diameter
in their neck segments, are particularly promising in applications
such as sustained-release drug-delivery systems, as the narrowed
openings of nanocontainers favor the constrained diffusion of drugs
within the nanocontainer inner cavities’.

Methods

Fabrication of AAO with nanopores having four types of pre-designed shapes.
AAO templates with nanopores having four types of pre-designed shapes were
fabricated by following the two-step anodization process®'. For AAO with funnel-like
or bottle-like shaped pores, the anodizing voltage was increased by a factor of /3
once, and for that with separating-funnel-like or dropper-like shaped pores, the
anodlzmg voltage was increased by a factor of v/3 twice. For anodization at 25,

V/3x25 and \/g V/3x25 V, 0.3 M sulfuric acid, 0.3 M oxalic acid and 0.04 M
oxalic acid were used, respectively, and for that at 40, /3 x 40 and v/3 x v/3x 40 V,
0.3,0.04 and 0.01 M oxalic acid were used, respectively. In addition, the acid etching
was performed in 1 M phosphoric acid at 30°C.

Growth of carbon, Si and Ge nanocontainers. The carbon nanocontainers were
grown inside AAO pores with four types of pre-designed shapes by pyrolysis of C,H,
at 650°C for 2 h, with C,H, and Ar of 3 and 125 s.c.c.m., respectively>'. For growth of
carbon nanocontainers with improved wall crystallinity, the pyrolysis of C,H, was
conducted at 800°C for 7 min, with C,H, and Ar of 3 and 225 s.c.c.m., respectively®’.

The growth of Si nanocontainers was achieved by pyrolysis of SiH, at 500°C for
1 h, with SiHy, N, and H, of 3.5, 100 and 15 s.c.c.m., respectively, followed by in situ
annealing at 750°C for 2 h, with N, and H, of 100 and 15 s.c.c.m., respectively®.

For growth of Ge nanocontainers, we first decorated nickel nitrate onto inner pore
walls of AAO with pre-designed nanopores by immersing AAO in 0.12 M nickel
nitrate aqueous solution and then drying the AAO in air. Then, we annealed the AAO
at 330°C for 2 h, with Ar and H, of 60 and 15 s.c.c.m., respectively. During this
process, the decomposition of nickel nitrate led to the formation of nickel oxide
nanoparticles, which were then reduced to Ni nanoparticles by H,. After the
annealing process, we grew Ge nanocontainers by pyrolysis of GeH, at 330°C, with Ni
nanoparticles as catalysts and GeH,, Ar and H, of 30, 60 and 15 s.c.c.m., respectively.
Finally, we annealed the Ge nanocontainers at 400°C, with Ar and H, of 60 and 15
s.c.c.m., respectively.

Growth of HfO, nanocontainers. The growth of HfO, nanocontainers was achieved
by using ALD approach®, where deposition of HfO, was conducted at 250°C, with
Hf(NMe,), (pulse length: 0.3 s), deionized water (pulse length: 0.3 s), and N, (20
s.c.c.m.) as organometallic precursor, oxidant, and carrying gas, respectively. Then,
we annealed the HfO, nanocontainers at 650°C for 1 h in air.

Growth of SiO, nanocontainers. We grew SiO, nanocontainers by using the
approach of repeated dipping®, where deposition of SiO, onto inner pore walls of
AAO with pre-designed pores was achieved by hydrolysis of SiCly. Firstly, AAO with
pre-designed nanopores was immersed in a mixture of SiCl (12 ml) and CCl,

(20 ml) for 2 min, followed by quickly washing the AAO with CCl,. Then, the AAO
was sequentially soaked in CCly, mixture of CCl, and methanol (1 : 1), and ethanol for
27,2 and 4 min, respectively, followed by annealing in Ar at 110°C for 3 h. After the
annealing process, the AAO was immersed sequentially in deionized water and
methanol for 5 and 2 min, respectively, followed by the second annealing process.

Growth of Ni-nanoparticle-embedded carbon nanocontainers. Firstly, thin
uniform layer of carbon was deposited onto inner pore walls of AAO with pre-
designed nanopores via the 1* CVD process*', where pyrolysis of C,H, was conducted
at 650°C for 2 h, with C,H, and Ar of 3 and 125 s.c.c.m., respectively. Then, the AAO
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was subjected to plasma cleaning to make the carbon layer hydrophilic*, followed by
immersing AAO in 1 M nickel nitrate aqueous solution, drying the AAO and
annealing the AAO at 450°C with Ar and H, of 60 and 15 s.c.c.m., respectively.
During the annealing process, the decomposition of nickel nitrate led to the
formation of nickel oxide nanoparticles, which were then reduced to Ni nanoparticles
by H,. Finally, the 2* CVD process, where pyrolysis of C,H, was conducted at 450°C
for 2 h, with C,H, and Ar of 20 and 50 s.c.c.m., respectively, was carried out.

Characterization of nanocontainers. AAO templates with pores embedded with
carbon or HfO, nanocontainers or Ni-nanoparticle-embedded carbon
nanocontainers were dissolved by 3 M NaOH at 60°C for 3 h (for carbon
nanocontainers grown at 800°C, the AAO was dissolved by 10 M NaOH at 85°C for
24 h), and those with pores embedded with Si or SiO, nanocontainers were dissolved
by concentrated HCl solution at 85°C for 10 h. In addition, AAO templates with
pores embedded with Ge nanocontainers were dissolved by 1 M NaOH at room
temperature for 8 h. After dissolving the AAO, the liberated nanocontainers were
rinsed by deionized water for several times, followed by dispersing them in ethanol.
Finally, the nanocontainers were characterized by using SEM (Sirion 200, FEJ, at

5 KV) and TEM (JEM 2010, at 200 KV) with selected area electron diffraction
(SAED) and energy disperse X-ray spectrum (EDS).

1. Shchukin, D. G. & Mohwald, H. Surface-engineered nanocontainers for
entrapment of corrosion inhibitors. Adv. Funct. Mater. 17, 1451-1458 (2007).
2. Chun, H. et al. Engineering low-aspect ratio carbon nanostructures: nanocups,
nanorings, and nanocontainers. ACS Nano 3, 1274-1278 (2009).
3. Savi¢, R, Luo, L., Eisenberg, A. & Maysinger, D. Micellar nanocontainers
distribute to defined cytoplasmic organelles. Science 300, 615-618 (2003).
4. Chen, Q., Schonherr, H. & Vancso, G. J. Block-copolymer vesicles as nanoreactors
for enzymatic reactions. Small 5, 1436-1445 (2009).
5. Vriezema, D. M. et al. Self-assembled nanoreactors. Chem. Rev. 105, 1445-1489
(2005).
6. Ajima, K. et al. Carbon nanohorns as anticancer drug carriers. Mol. Pharmaceutics
2, 475-480 (2005).
7. Worsdorfer, B., Pianowski, Z. & Hilvert, D. Efficient in vitro encapsulation of
protein cargo by an engineered protein container. J. Am. Chem. Soc. 134, 909-911
(2012).
8. Jin, Y. & Gao, X. Spectrally tunable leakage-free gold nanocontainers. J. Am.
Chem. Soc. 131, 17774-17776 (2009).
9. Andersson, J., Rosenholm, J., Areva, S. & Lindén, M. Influences of material
characteristics on ibuprofen drug loading and release profiles from ordered
micro- and mesoporous silica matrices. Chem. Mater. 16, 4160-4167 (2004).
10. Bae, C. et al. Template-directed synthesis of oxide nanotubes: fabrication,
characterization, and applications. Chem. Mater. 20, 756-767 (2008).

. Gasparac, R., Kohli, P., Mota, M. O., Trofin, L. & Martin, C. R. Template synthesis
of nano test tubes. Nano Lett. 4, 513-516 (2004).

12. Lee, W., Ji, R., Gosele, U. & Nielsch, K. Fast fabrication of long-range ordered
porous alumina membranes by hard anodization. Nat. Mater. 5, 741-747 (2006).

. Li, J., Papadopoulos, C. & Xu, J. Growing Y-junction carbon nanotubes. Nature
402, 253-254 (1999).

14. Meng, G., Jung, Y. J., Cao, A., Vajtai, R. & Ajayan, P. M. Controlled fabrication of
hierarchically branched nanopores, nanotubes, and nanowires. Proc. Natl. Acad.
Sci. USA 102, 7074-7078 (2005).

15. Meng, G. et al. A general synthetic approach to interconnected nanowire/
nanotube and nanotube/nanowire/nanotube heterojunctions with branched
topology. Angew. Chem. Int. Ed. 48, 7166-7170 (2009).

16. Chen, B. et al. Branched silicon nanotubes and metal nanowires via AAO-

template-assistant approach. Adv. Funct. Mater. 20, 3791-3796 (2010).
. O’Sullivan, J. P. & Wood, G. C. The morphology and mechanism of formation of
porous anodic films on aluminum. Proc. R. Soc. Lond. A 317, 511-543 (1970).
18.Xu, T. T., Fisher, F. T., Brinson, L. C. & Ruoff, R. S. Bone-shaped nanomaterials for
nanocomposite applications. Nano Lett. 3, 1135-1139 (2003).

1

—

1

w

1

IS

19. Han, F. et al. Alumina-sheathed nanocables with cores consisting of various
structures and materials. Angew. Chem. Int. Ed. 50, 2036-2040 (2011).

20. Parkhutik, V. P. & Shershulsky, V. I. Theoretical modelling of porous oxide

growth on aluminium. J. Phys. D 25, 1258-1263 (1992).

.Zhao,X.,Meng, G., Xu, Q., Han, F. & Huang, Q. Color fine-tuning of CNTs@AAO
composite thin films via isotropically etching porous AAO before CNT growth
and color modification by water infusion. Adv. Mater. 22, 2637-2641 (2010).

22. Chen, B. et al. Crystalline silicon nanotubes and their connections with gold
nanowires in both linear and branched topologies. ACS Nano 4, 7105-7112
(2010).

23. Perez, L. et al. TEM-based metrology for HfO, layers and nanotubes formed in
anodic aluminum oxide nanopore structures. Small 4, 1223-1232 (2008).

24. Kovtyukhova, N. I, Mallouk, T. E. & Mayer, T. S. Templated surface sol-gel
synthesis of SiO, nanotubes and SiO,-insulated metal nanowires. Adv. Mater. 15,
780-785 (2003).

25. Xu, W., Kyotani, T., Pradhan, B. K., Nakajima, T. & Tomita, A. Synthesis of
aligned carbon nanotubes with double coaxial structure of nitrogen-doped and
undoped multiwalls. Adv. Mater. 15, 1087-1090 (2003).

. Steinhart, M. et al. Polymer nanotubes by wetting of ordered porous templates.
Science 296, 1997-1997 (2002).

27.Hou, S., Wang, J. & Martin, C. R. Template-synthesized protein nanotubes. Nano
Lett. 5, 231-234 (2005).

28. Kohli, P., Wharton, J. E., Braide, O. & Martin, C. R. Template synthesis of gold
nanotubes in an anodic alumina membrane. J. Nanosci. Nanotechnol. 4, 605-610
(2004).

29. Koo, H. Y. et al. Emulsion-based synthesis of reversibly swellable, magnetic
nanoparticle-embedded polymer microcapsules. Chem. Mater. 18, 3308-3313
(2006).

30. Cantoro, M. et al. Catalytic chemical vapor deposition of single-wall carbon

nanotubes at low temperatures. Nano Lett. 6, 1107-1112 (2006).

. Masuda, H. & Satoh, M. Fabrication of gold nanodot array using anodic porous

alumina as an evaporation mask. Jpn. J. Appl. Phys. 35, L126-L129 (1996).

2

—

2

[=2)

3

—

Acknowledgments

We thank the National Key Basic Research Program of China (2013CB934304) and the
National Natural Science Foundation of China (21105103 and 11274312) for financial
support.

Author contributions

X.Z.and G. M. designed the experiments. X. Z. carried out most of the experiments
(fabrication of AAO templates, growth of carbon and HfO, nanocontainers). F. H. drew the
schematics and fabricated the SiO, nanocontainers. X. L. conducted the growth of Ge
nanocontainers. B. C. worked on the growth of Si nanocontainers. X. Z. (Xiaoguang Zhu)
and Z. C. carried out the TEM experiments. M. K. carried out the SEM experiments. All
authors discussed the results and analysed the data. X. Z., G. M., Q. H. and Q. X. co-wrote
the manuscript. G. M. supervised the work.

Additional information

Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhao, X.L. et al. Nanocontainers made of Various Materials with
Tunable Shape and Size. Sci. Rep. 3, 2238; DOI1:10.1038/srep02238 (2013).

This work is licensed under a Creative Commons Attribution 3.0 Unported license.
ov To view a copy of this license, visit http://creativecommons.org/licenses/by/3.0

| 3:2238 | DOI: 10.1038/srep02238


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/3.0

	Title
	Figure 1 Schematics for the new four types of nanopores and nanocontainers.
	Figure 2 Cross-sectional SEM images of AAO templates with pre-designed multi-segment linear-shaped pores.
	Figure 3 Structural characterization of the four types of carbon nanocontainers.
	Figure 4 Nanocontainers with their walls embedded with magnetic nanoparticles.
	References

