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ABSTRACT: We report a template-induced preferential electrodeposi-
tion method for tailoring hexagonally packed metal hollow-nanocones and
taper-nanotubes. After sputtering a layer of Au film, anodized aluminum
foils with controllable periods and depths of taper-nanopore templates can
be directly used as cathodes. Nanonipples on the top-layer of alumina
taper-nanopores can cause the “tip effect” during electrodeposition, which
makes the metal deposition rate far rapider at the surface of templates than
that at the lateral walls and the bottom of nanopores. Accordingly, the pore
opening of the template can be rapidly closed while their interior is still
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hollow. Based on this principle, ordered arrayed of hollow-nanocones with

controllable periods (e.g, 100, 200, and 300 nm) and material composition (e.g, Ni, Fe, and Cu) can be realized in a simple,
inexpensive, and accessible way. Besides, hexagonally packed metal taper-nanotubes can also be obtained by skillfully making use of
the combination of both the “tip effect” and “self-masking” effect of relatively deeper (e.g, 576 nm) taper-nanopores during Au
sputtering. Our work opens a door for studying the physical and chemical properties of hexagonally packed hollow-nanocones and

tapered-nanotubes made of various metal materials.
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Bl INTRODUCTION

Arrayed nanostructures have attracted intensive interests because
of their potential academic and commercial values. In the past
two decades, template-assisted methods' were demonstrated
to be versatile in tailoring different materials of nanostructure
arrays.”>° In particular, self-ordered porous anodic aluminum
oxide (AAO) membranes consisting of naturally formed
cylindrical nanopores have been a type of most widely used
hard templates because of their advantages in independently
controlled structural parameters (ie., periods, depths, and
diameters of nanopores), low-cost large-area processing ability,
methodological simplicity, and equipment accessibility.' "
To research high-performance magnetics, optics, membrane
separation, electrochemical energy storage/conversion devices,
sensors, and so on, various deposition methods based on
the AAO templates have been developed for tailoring the ordered
arrays of metal nanostructures (e.g., nanoscale pores,u’12
rods, "¢ tubes,’” > wires,? and mesochanne1529’30) with con-
trollable material composition. However, it is still very
challenging to tailor the ordered arrays of noncylinder (e.g,
tapered) nanostructures with controllable geometrical parame-
ters at a facile and cheap way.>>">° Recently, Zhao et al.*> have
reported the template-assisted tailoring of Pt conical nanodots by
skillfully utilizing the very shallow conical openings of cylindrical
alumina nanopores before pore-widening. With technological
advance in tailoring the tapered profiles of alumina nanopores,™ >’
solid metal (e.g,, Au®® and Ni****) nanocones have been obtained.
However, their ability in modulating the periods is very limited.
Besides, arrays of three-dimensional metal hollow-nanocones and
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taper-nanotubes are still unreported hitherto, to the best of our
knowledge.

Grasping the controllable nanofabrication ability is crucial
to develop advanced nanomaterials since the properties of nano-
materials are governed by their architectures (e.g,, profiles,
periods, and ordering) and chemical compositions. Accordingly,
to obtain desired geometrical parameters of hexagonally
packed metal hollow-nanocones and taper-nanotubes by classic
template-assisted electrodeposition techniques, ones must grasp
the ability of tailoring self-ordered taper-nanopore AAO
templates. Very recently, our group has made a great break-
through in continuously tuning the periods of self-ordered
alumina taper-nanopores in a broader range (e.g., 70—370 nm),
which can be easily realized by one-step hard anodizing and
etching peeling of aluminum foils followed by multistep mild
anodizing and etching pore-widening.>® The basic tailoring
principle and relationships between the geometrical parameters
and reaction conditions under different electrolytes have been
well revealed. This method is very facile, cheap, and eflicient,
dispensing with any aid of external physical process or any costly
and/or unavailable equipment, which opens a door for further
modulating the periods of metal nanotapers.

It is well-known that, as for electroplating based on con-
ventional cylindrical nanopore alumina templates, scientists and
engineers must remove the supporting aluminum substrate and
barrier layer to obtain self-standing through-hole membranes
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with thickness of several ten micrometers, which can be used as
the cathodes by further sputtering a layer of Au film. However,
this process is not only troublesome and time-consuming
but also unsuitable for the taper-nanopore alumina membranes
with depths of only several hundred nanometers. These ultrathin
self-standing taper-nanopore alumina membranes are very
fragile and not so easily to handle. Thus, we wonder if, after
simply sputtering a layer of thin Au film, the anodized aluminum
foils with taper-nanopore templates can be directly used as the
cathodes for tailoring the hexagonally packed metal hollow-
nanocones and taper-nanotubes.

Here, we report the controllable fabrication of hexagonally
packed metal hollow-nanocones and taper-nanotubes by
template-induced preferential electrodeposition methods. After
sputtering a layer of Au film, the anodized aluminum foils with
controllable periods and depths of taper-nanopore templates can
be directly used as the work electrodes. First, nanonipples on the
top-layer of alumina taper-nanopores can cause the “tip effect”
during electrodeposition,”" which make the deposition rate of
metal jons rapider at the surface of templates than that at the
lateral walls and the bottom of nanopores. As a result, the pore
opening of the template taper-nanopores can be rapidly closed
while their interior is still hollow. Based on this principle,
hexagonally packed hollow-nanocones with controllable periods
(e.g,, 100, 200, and 300 nm) and material composition (e.g., Ni,
Fe, and Cu) can be realized in a simple, inexpensive, and
accessible way. In addition, the relatively deeper taper-nanopore
(e.g, 576 nm) templates can play a “self-masking” effect during
Au sputtering, which makes the bottom of pores nearly bare,
without the Au deposit. Accordingly, hexagonally packed metal
taper-nanotubes can be obtained by skillfully making use of the
combination of the “tip effect” and “self-masking” effect. Their
formation principles are fully different from the template-assisted
methods reported previously, for exam;)le, controlling rela-
tively higher revealed current density'’>* or modifying walls
of nanopores with molecular anchors' to realize cylindrical
nanotubes. Our work opens a door for further studying the novel
physical and chemical properties of hexagonally packed hollow-
nanocones and tapered-nanotubes made of various metal
materials.

B RESULTS AND DISCUSSION

The principle of tailoring metal hollow-nanocones and taper-
nanotubes based on the taper-nanopore AAQO templates is shown
in Figure 1. First, the anodized aluminum foils containing taper-
nanopores are processed into cathodes by sputtering a layer
of Au films. At the initial stage of electrodeposition, metal
ions can be simultaneously reduced onto the top-layer surface
of templates, the bottom of nanopores, and the lateral walls
of nanopores. However, nanonipples at the intersecting places
of neighboring nanopores can cause hi§her local current density
due to the well-known “tip effect”, >0~ resulting in far rapider
metal deposition rate at the surface of templates than that at the
lateral walls of taper-nanopores. Due to two-dimensional
honeycomb pattern of top-layer Au films, the preferential
metal deposition along the normal and lateral direction of AAO
membranes necessarily causes both the “surface-up” thickening
and “circle-inward” expansion. Such rapid “circle-inward”
expansion of deposited metal layers at the pore opening can
dramatically limit the diffusion of ions toward the interior of
nanopores, which greatly hinders the “bottom-up” and “wall-up”
deposition rates in the interior of nanopores. As a result, the pore
opening can be rapidly closed while their interior is still hollow.
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Figure 1. Schematic diagrams of tailoring metal hollow-nanocones and
taper-nanotubes by the template-induced preferential electrodeposition.
The left shows the principle of tailoring metal hollow-nanocones based
on the “tip effect” of top-layer nanonipples during electrodeposition,
where the metal deposition rate is far rapider at the surface of templates
than these at the lateral walls and the bottom of nanopores. The
magnified side-view and top-view of single taper-nanopore at the initial
stage of electrodeposition are shown in the middle, respectively. By
further skillfully utilizing the “self-masking effect” of deeper taper-
nanopores during Au sputtering, the metal hollow-nanocones can be
tailored, as shown in the right.

The self-standing metal hollow-nanocones can be obtained after
removing the oxide layer and aluminum substrate. Based on the
same principle, we can also tailor the ordered arrays of metal
taper-nanotubes without top caps by skillfully utilizing the “self-
masking effect” of the relatively deeper taper-nanopores during
Au sputtering, where a part of pore walls at the bottom are bare
without the covering of Au layer.

Exemplified by nickel (Ni), we first obtain the ordered arrays
of hollow-nanocones. Figure 2a shows an Au-coated taper-
nanopore AAO template with average periods of 200 nm and
depths of 389 nm. Through electroplating in a solution of 0.8 M
NiSO,-6H,0, 0.3 M NiCl,-6H,0, 0.6 M H;BO;, and 0.1 g/L
sodium dodecyl sulfate for 3 h, the profiles of AAO taper-
nanopores are perfectly replicated by conformal deposition of
metal along their surface, as shown in Figure 2b. After removing
the AAO templates, we can obtain the self-standing Ni nanocone
arrays (Figure 2c). Interestingly, after random mechanical
scratch by a steel needle, we can easily demonstrate that
the interior of the replicated Ni nanocones is actually hollow,
which is clearly seen from the fracture morphologies of some
nanocones as shown in Figure 2d and e. X-ray diffraction analyses
indicated that the Ninanocones are crystalline, where the specific
diffraction peaks (111), (110), and (112) corres}l)ond to the
face-centered cubic crystal structure (Figure 2f)."” It should
be pointed out that our studies have demonstrated that the
template-induced synthesis of hollow-nanocones is independent
of the applied current densities. The as-prepared Ni nanocones
are still hollow even as the applied current density is reduced to
107° A/em’.
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Figure 2. SEM side-views of the Au-coated taper-nanopore AAO
template before (a) and after (b) the Ni electrodeposition. (c) SEM
side-view of the as-prepared Ni nanocones after removing the template.
(d, e) SEM tilted-views of the fractured Ni nanocones, achieved by the
random mechanical scratch of a steel needle. (f) XRD pattern of the Ni
hollow-nanocones.

To better understand the form mechanism of hollow
nanocones, we explored the morphological evolution of the
template surface varied with reaction time. As shown in Figure 3,

Figure 3. SEM top-views of the surface morphologies of the AAO
template after experiencing different electroplating time: (a) 0's, (b) 75,
(c) 115, (d) 205, and (e) 40. (f) Magnified image of the selected area in
(). These data clearly prove that, due to preferential metal deposition at
the template surface in contrast to the interior of pores, the pore opening
can be rapidly closed at the initial plating stage while their interior is still
hollow.

metal deposition along the normal and lateral direction can
rapidly cause “surface-up” thickening and “circle-inward”
expansion with the extension of plating time. Before plating,

100nm

Figure 4. SEM tilted-views of the as-synthesized hexagonally packed Ni
hollow-nanocones with controllable periods: (a) 100 nm, (b) 200 nm,
and (c) 300 nm. Their periods were governed by the periods of the used
taper-nanopore alumina templates.

the initial pore diameter of the AAO template at the pore
opening place was 134 + 3.2 nm (Figure 3a). Remarkably,
the pore size can dramatically shrink even after experiencing
very short plating. Figure 3b and c shows the pore diameters
of 101.9 = 5.9 and 64.5 + 6.4 nm, corresponding to the deposi-
tion time of only 7 and 11 s, respectively. We found that the
template surface had been covered by a translucent thin Ni layer
(Figure 3d) as the deposition time reached 20 s. As further
extending the plating time to 40 s, the thickness of Ni layer could
apparently increase, about several tens of nanometers. As a
result, the latent porous structure was no longer clear. The dense
metal film could prevent the migration of ions into the taper-
nanopores. Very interesting, we occasionally found a broken
local (Figure 3e) near the sample edge, which may be ascribed to
the fragile nature of Ni layer and the uncontrolled shear force in
the process of making sample for scanning electronic micro-
scopic observation. The magnified image of the fractured part can
clearly prove that the pore opening can be rapidly closed at the
initial plating stage while their interior is still hollow (Figure 3f).

It is easily understood that grasping the ability to control
the periods and material composition of hollow-nanocones at
a simple, cheap and accessible way are very useful to develop
advanced functional nanomaterials and nanodevices with
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optimized properties. Herein, we demonstrated that the
periods of hollow-nanocones can be easily tuned at this stage,
exemplified by the periods of 100, 200, and 300 nm, as shown
in Figure 4. For details about tailoring the specific periods of
taper-nanopore alumina templates and the corresponding
metal hollow-nanocones, see Experimental Section.

Besides, the template-assisted method is suitable for other
metal materials due to their inherit merits. Exemplified by Fe and
Cu, we can also obtain their hollow nanocones at the hexagonally
packed way by electrodeposition in the corresponding electro-
lyte. Figure S shows the scanning electron microscoy (SEM)

FeKa
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Energy (keV)
CuKa

2 4 6 8
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Figure S. SEM images of the as-synthesized hexagonally packed Fe
(a) and Cu (c) hollow-nanocone arrays. The corresponding EDX
spectra are shown in (b) and (d). Top-right insets in (a) and (c) clearly
show the hollow structure of the as-synthesized metal nanocones.

images and energy dispersive X-ray (EDX) spectra of the as-
synthesized hexagonally packed Fe and Cu hollow-nanocone
arrays. Their periods are 200 and 375 nm, respectively. The top-
right insets in Figure Sa and ¢ clearly show the hollow structure
of as-synthesized metal nanocones. It is known that the diameters
and depths of alumina nanopores can be easily modulated
by controlling chemical etching and anodization time, re-
spectively. Thus, we can provide a facile, cheap, and accessible
template-assisted method for tailoring the ordered arrays of hollow-
nanocones with controlled structure parameters and material
composition.

It is also significant to realize the template-induced tailoring of
taper-nanotubes without top caps in many cases. Exemplified by
the alumina taper-nanopores with depths of 576 nm, we explored
the cross-sectional details of samples after experiencing the Au-
sputtering and electroplating treatment, as shown in Figure 6a.
The typical “sandwich” structure, consisting of aluminum sub-
strate, Au-coated AAO taper-nanopores and continuous Ni layer,
clearly revealed that the bottom of nanopores is still intact,
without metal deposition. Self-standing Ni taper-nanotubes were
obtained after the template removal. Their SEM top-view and
side-view images are shown in Figure 6b and ¢, respectively.
The average heights of the Ni taper-nanotubes are 467 nm, that
is, nearly one-fifth of the nanopores of the AAO template had
not been filled. Clearly, the failure of Ni electrodeposition at the
bottom of nanopores should be attributed to the “self-masking”
effect of nanopores during Au sputtering, which makes the pore
walls at the bottom bare without the covering of conductive
Au layer.

Figure 6. (a) SEM cross-sectional image of taper-nanopore AAQO
templates with average depths of 576 nm after performing the Ni
electrodeposition. The failure of Ni electrodeposition at the bottom of
taper-nanopores was ascribed to the “self-masking” effect of nanopores
during Au sputtering, which makes the bottom of nanopores bare
without covering conductive Au layer. (b, c) SEM top-view and side-
view of the as-prepared Ni taper-nanotube arrays after the removal of the
AAO templates.

B CONCLUSIONS

In summary, we have demonstrated the feasibility of tailoring
hexagonally packed metal hollow-nanocones and taper-nano-
tubes by directly making use of anodized aluminum foils with
different depths of taper-nanopores as templates, sputtering a
layer of Au film as cathodes and then performing the metal
electrodeposition. The formation of metal hollow-nanocones
and taper-nanotubes is ascribed to the “tip effect” of nanonipples
at the surface of AAO taper-nanopores during electrodeposi-
tion and the “self-masking effect” of taper-nanopores during Au
sputtering, respectively. Our preliminary studies show that their
geometrical parameters and material composition could be easily
modulated. Clearly, this general template-induced preferential
electrodeposition method is very simple, cheap and accessible
to most researchers. Thus, our work opens a door for further
studying the physical and chemical properties of hexagonally
packed hollow-nanocones and tapered-nanotubes made of
various metal materials and developing novel functional
nanomaterials and nanodevices with optimal properties, for
example, SERS-based sensors™°~** and energy-conversion
devices. > *¢

B EXPERIMENTAL SECTION

Controllable Fabrication of Self-Ordered Taper-Nanopore
Alumina Templates. The electropolished highly pure Al foil
(99.999%) was first anodized in a mixture solution of mixture of oxalic
acid (0.3 M) and sulfuric acid (0.001 M for period of 300 nm, 0.015 M
for 200 nm, 0.08 M for 100 nm) at 0—1 °C under a constant voltage of
35V for 8 min, followed by further anodization by gradually increasing
the voltage at 0.5 V s™! until the target value (140 V for 300 nm, 110 V
for 200 nm, 80 V for 100 nm). For the templates with periods of 375 nm,
a mixture solution of oxalic (0.3) and ethanol (0.34 M) was chosen as
the electrolyte, and the target voltage was 170 V. The total anidzation
time was 1.5 h. A self-ordered nanopits pattern was left on the sample
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surface after removing the porous alumina layer via immersing the
samples in a mixed solution of 1.8 wt % CrO; and 6 wt % H;PO, at 65 °C
for 3 h. The prepatterned samples were then anodized in 0.29 M H;PO,,
(0.3 M H,C,0,) at 10 °C (17 °C) followed by the etching treatment in
phosphoric acid solution (0.43 M) at 30 °C for different etching time
(20 min for the period 300 nm, 10 min for 200 nm, 8 min for 100 nm,
25 min for 375 nm). The anodization voltages were chosen according
to the empirical rules Uy, = Dy/2.5 (Upa = Dyne/2), and each-step
anodization time was determined by the depth of the nanopores, from 20 to
300 s. The taper-nanopore AAO templates could be obtained by the five-
step anodization and etching treatment. Here, the two-electrode system was
used, where the cathode and anode are the Pt disc and aluminum foil,
respectively. The sample area is 4.9 cm?, which corresponds to the alumina
templates with diameters of 2.5 cm.

Tailoring Hexagonally Packed Metal Hollow-Nanocones and
Taper-Nanotubes by Taper-Nanopore AAO Template-Induced
Electrodeposition. The metal electrodeposition was carried out
under the constant potential mode in a three-electrode electrochemical
cell (CHI 660C, China). The taper-nanopore AAO membrance with
aluminum foils were used as the working electrode after sputtering a thin
layer of conductive Au films with thickness of ~20 nm, a piece of Pt plate
as the counter electrode, and the Ag/AgCl electrode as the reference.
All electroplating experiments were performed under the voltage of
—1V for 3 h at 30 °C. The used electroplating baths have three types:
Ni-electroplating bath (0.8 M NiSO,-6H,0, 0.3 M NiCl,-6H,0, 0.6 M
H;BO;, and 0.1 g/L CH;(CH,),,0SO;Na), Fe-electroplating bath
(250 g/L FeSO,, 150 g/L H;BO;, and 25 g/L CeHOq), or Cu-
electroplating bath (48 g/L CuSO, and 12 g/L H;BO;). After the
electrodeposition, the templates were completely removed by immersing
treatment in 1 M NaOH solution. Finally, the samples were obtained by
further washing with distilled water and then drying in the oven at 80 °C.

Characterization. The morphologies of the as-prepared metal
hollow-nanocones and taper-nanotubes were observed via field-emission
scanning electron microscopy (FE-SEM, Hitachi S-4800). Their crystal
structure and material composition were measured by X-ray diffraction
(XRD, D8 ADVANCE) and energy diffraction X-ray spectra (EDS,
Quanta400 FEG), respectively.
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