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This report presents a versatile “Pore Widening” method that can readily lead to arrays of multi-layered one-
dimensional (1D) hetero-nanostructures. Using this simple and facile method, we demonstrate that the
thickness of the shell component is controllable by the degree of "Pore Widening". With careful selection
of materials and sequences of deposition steps, a variety of polymer—metal, metal-metal and polymer—
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metal-metal core—shell nanowires, as well as metal oxide nanotubes and metal oxide—metal double-

walled nanotubes can be successfully achieved. This opens up a possibility to tailor new properties of 1D

DOI: 10.1039/c4ra00045e

www.rsc.org/advances nanometer size regime.

1 Introduction

One-dimensional (1D) core-shell nanowires (NWs) and nano-
tubes (NTs) have attracted much scientific and technological
interest due to their potential applications in solar cells, sensors
and energy storage.'™ Various core-shell hetero-nanostructured
architectures have been explored with combinations of different
core and shell materials such as semiconductor, metal, metal
oxide and conductive polymer.** Some of these nanostructures
reported functional advantages, for instance, protection of the
core NWs from oxidation,® fabrication of coaxial p-i-n junction
within one strand of core-shell NW,' etc. Some have also
demonstrated enhanced performance due to synergistic effect
between the core and shell components.** For a brief review of
literatures in this field, a summary is presented in ESI, Table S1.1
Various synthetic strategies were used including redox reaction,®
atomic layer deposition (ALD),"” electrospinning® and high-
temperature CVD."*”® However, most of these methods involved
the use of bulky equipment, high temperature and high vacuum
system that increases the cost of fabrication.

Another common method to fabricate core-shell 1D hetero-
nanostructures is templated synthesis using nanoporous
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hetero-nanostructures through the judicious combination of different core and shell components in the

membranes such as anodic aluminium oxide (AAO).'**21¢18 A
range of techniques can be employed with AAO template to
generate core-shell hetero-nanostructures such as sol-gel,*
pyrolysis,* surface thermal oxidation,'® core shrinkage and
pore etching.”” One of the attractive attributes of templated
synthesis is the ability to control the dimensions of the core and
shell components independently. However, it is normally more
difficult to control the thickness of the shell component. For
example, in the “core shrinkage” method," the length of the
gold sheath in the polyaniline (PANI)-Au core-shell NWs could
be controlled but the control of shell thickness remains a
challenge. Another work which reported on pore-etching using
dilute sodium hydroxide (NaOH) solution also did not show
control of the shell thickness.'” Fast dissolution of AAO may
make NaOH unsuitable for a good control of pore-etching and
the consequent shell thickness. Hence, it would be meaningful
to find a general way that can achieve core-shell 1D nano-
structures composed of different materials.

In this report, we present a versatile method that can be used
to prepare multi-layered 1D hetero-nanostructures with
adjustable shell thickness. We have found that slow etching
with dilute phosphoric acid (H;PO,) can produce controllable
annular gaps surrounding the core NWs or NTs inside the AAO
nanochannels (i.e. “pore-widening”). These gaps then allow
further deposition of one and even more layers of shell mate-
rials onto the core. Through judicious selection of materials and
deposition steps, this “Pore Widening” method thus offers
possibilities to fabricate various types of bi- and multi-layered
core-shell NWs and NTs. We demonstrate the versatility of this
approach by fabricating several types of architecture with
increasing complexity, i.e. polymer-metal and metal-metal
core-shell NWs, metal oxide NTs, polymer-metal-metal multi-
layered NWs and metal oxide-metal double-walled NTs
(DWNTSs).
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2 Experimental section
2.1 Synthesis method

The nanostructures described in this paper were grown using
electrochemical method. All electrodepositions were carried out
using potentiostat/galvanostat Autolab PGSTAT 30. A platinum
rod was used as the counter electrode and Ag/AgCl as the
reference electrode. Anodic aluminium oxide (AAO) nanopore
membranes (Anodisc 47, Whatman Co., pore size = 0.2 um,
thickness = 60 pum, pore density = 10° pores cm™*) were used
as templates for deposition. A thin layer of gold sputtered on
one side of the AAO prior to electrodeposition served as the
working electrode after making contact with the copper foil in a
Teflon cell. A hole of about 1 cm in diameter in the Teflon cell
defined the area of AAO membrane that was in contact with the
electrolytic solution. This formed a three-electrode configura-
tion. After the fabrication steps, the AAO membrane was
removed using 1 M NaOH to obtain free-standing array of
nanostructures on the thin gold substrate.

Each component has its own specific deposition conditions.
For electropolymerization of polypyrrole (PPy), the plating
solution consists of 0.3 M pyrrole (Acros 99%) and 0.12 M tet-
raethylammonium tetrafluoroborate (TEABF,, Aldrich 99%)
with acetonitrile as the solvent. Deposition was carried out at
constant potential [+1.064 V vs. Ag/AgCl (in saturated LiCl/
EtOH), charges passed through = 1.0 C]. Deposition of nickel
(Ni) component was carried out under a constant current
density of —5 mA em 2 from a typical Watts bath consisting of
165 g L' NiSO,-6H,0, 22.5 ¢ L™ NiCl,-6H,0 and 37 g L'
H;3BO3, adjusted to pH 3-4. Copper (Cu) was deposited under a
constant current density of —2 mA cm ™2 from a copper complex
aqueous solution consisting of 80 g L™ CuSO,-5H,0, 120 g L™ *
ethylenediamine and 20 g L' KNaC,H,O4-4H,O0.

Oxygen reactive ion etching (O, RIE) was carried out using
SAMCO RIE-10N, operated at power of 20 W and pressure of
0.05 Torr. Samples were placed in the chamber and etched for
15 minutes. Heat treatment was carried out in a tube furnace at
400 °C in ambient air for 3 hours.

2.2 Characterization

The morphology of the nanostructures was characterized by
Scanning Electron Microscope (SEM) (JEOL JSM 6700-F oper-
ating at 5.0 kv and 10 pA). Energy Dispersive X-ray (EDX)
analysis for detection of elements was carried out using another
SEM instrument equipped with EDX detector (JEOL JSM 6701-F
operating at 15.0 kV and 10 pA).

3 Results and discussions

Our strategy for the growth of core-shell nanostructures is
illustrated in Fig. 1. For demonstration purpose, materials
employed are polypyrrole (PPy) as the conductive polymer, and
copper (Cu), nickel (Ni) and gold (Au) as the choice of metal
components. As shown in Fig. 1, polymer (or first metal M1) was
first electrodeposited into the nanochannels of AAO (Step 1). We
then immersed the AAO containing the cores into 6 wt% H;PO,
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Fig. 1 Schematic of the "Pore Widening” steps to generate (A) poly-
mer—metal and (B) metal-metal (M1-M2) core-shell nanostructures.

(Step 2). Such solution was found to partially remove the AAO
nanochannel walls, leaving an annular gap around the as-
prepared cores (“Pore Widening”). Metal (or second metal M2)
was subsequently electrodeposited into the gap (Step 3) and 1D
core-shell nanostructured arrays could be achieved after
removing the template with 1 M NaOH (Step 4).

Since dilute H;PO, and 1 M NaOH are respectively used for
pore-widening and template removal, the choice of materials
for the core and inner shell layer is limited to those inert to
these two etching solutions. Nonetheless, through judicious
selection of materials and sequences of steps, this “Pore
Widening” method remain versatile and various desired 1D
layered nanostructures can be prepared as demonstrated in the
following sub-sections.

3.1 Polymer-metal core-shell nanowires (NWs)

Polymer-metal core-shell NWs such as PPy-Ni can be obtained
via the procedure illustrated in Fig. 1A. In this case, there is no
limitation to the choice of core polymer as most polymers are

This journal is © The Royal Society of Chemistry 2014
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inert to 6 wt% H3;PO,. In order to prevent the core NWs from
being over-grown by the shell, we would grow the core NWs
longer than the prospective height of the metal shell to-be
grown. To enable preparation of PPy NWs with specific lengths,
the electrodeposition was first calibrated as a function of charge
deposited as shown in ESI, Fig. S1.} As expected, the length of
the PPy NWs can be readily controlled as it increases linearly
with respect to the charge deposited.

The final PPy-Ni core-shell NWs was characterized using
SEM and Fig. 2 shows the side views (A and B) and top views (C
and D) SEM images of the core-shell NWs after widening the
pores for 1 hour (A and C) and 2 hours (B and D), respectively.
The formation of a layer of metal shell around the core polymer
after the “Pore Widening” procedure is clearly illustrated. The
success of this strategy hinges on the fact that 6 wt% H;PO, can
gently dissolve and polish the walls of the AAO nanochannels,
which was the reason for this acid to be widely used in the final
step of making AAO membrane.*** A closer examination of the
SEM images shows that the metal sheath grows thicker with the
increase of the pore-widening time. The average shell thickness
are estimated to be 25 nm and 55 nm for the pore widening time
of 1 hour (Fig. 2A and C) and 2 hours (Fig. 2B and D), respec-
tively. This confirms that the annular gap is created through a
slow dissolution of AAO channel walls by the dilute H;PO,. Thus
longer immersion duration causes more AAO to dissolve,
leading to larger annular gap and thicker shell layer.

In order to estimate the shell thickness clearly, the nano-
structures were exposed to oxygen reactive ion etching (O, RIE)
for 15 minutes to partially remove the extending PPy NWs.
While the samples were exposed to oxygen during this treat-
ment, only slight oxidation was observed by EDX analysis as
shown in ESI, Fig. S2.7 Hence, we could confirm that the shell

Fig.2 Side (A and B) and top view (C and D) SEM images of the PPy—Ni
core-shell NWs prepared after pore widening for 1 hour (A and C) and
2 hours (B and D), respectively.
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Fig. 3 Top view SEM images showing different shell thickness of the
PPy—Ni core-shell NWs for pore-widening time of (A) 1 hour and (B)
2 hours respectively. Protruding PPy NWs were removed by oxygen
reactive ion etching (O, RIE) treatment.

thickness is not affected much by this RIE treatment. With the
obstructing PPy NWs removed, SEM images in Fig. 3A and B
now evidently show the difference in shell thickness corre-
sponding to varying pore-widening time. By systematically
varying the duration of pore-widening, a calibration plot of shell
thickness as a function of pore-widening time was obtained as
shown in ESI, Fig. S3.f The linear calibration plot clearly
demonstrates the ability of this method in controlling shell
thickness. In addition, this method also enables the deposition
of other types of metals readily by using different plating solu-
tion (Step 3 in Fig. 1A). We have prepared different PPy-metal
core-shell NWs in varying shell thickness, including Au and Cu
(see ESI, Fig. S471 for SEM image of PPy-Cu core-shell NWs array
prepared).

It is well-known that polymers can be readily removed by
suitable solvent dissolution or heat treatment.*>* Thus, we can
envisage using them as “soft template” for the fabrication of
NTs with controllable wall thickness prepared through our
“Pore Widening” method. This thus opens up another way of
making NTs and even multi-layered NTs, in addition to previ-
ously reported NTs synthesis.'>'****> Here, we illustrate a one-
step process to obtain nickel oxide NTs. Fig. 4A presents the
SEM image of the same PPy-Ni NWs as in Fig. 2A after heat
treatment at 400 °C for 3 hours in air. Indeed the high
temperature burnt away the PPy NWs, leaving behind an array
of free-standing NTs. After the heat treatment, it is noted that

Ni
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c N
200 |
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0 Ni
0} Ni After heat
o) treatment in air
400+ |
IC )
200 “"'
0

0123456780910
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Fig. 4 Analysis of PPy—Ni core—shell NWs shown in Fig. 2A after heat

treatment at 400 °C in air for 3 hours. (A) Top view SEM image, and (B) a
comparison of the EDX spectra before and after heat treatment.
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the shell surface become roughened and the thickness
increased from ~25 nm to ~60 nm. Both of these observations
suggested that the Ni shell have been oxidized to Ni oxide
during the heat treatment. This is indeed confirmed by EDX
analysis in Fig. 4B, which shows a clear oxygen peak for sample
after heat treatment. The roughening of the surface and
increased thickness of NTs are due to expansion caused by the
intercalation of oxygen into the crystal lattice of Ni metal during
heat treatment.

3.2 Metal-metal core-shell nanostructures

This “Pore Widening” approach can be readily applied to fabri-
cate various coaxial multi-layered metal-metal NWs, with the
clear limitation that the metal chosen as the core must be inert
to the 6 wt% H3;PO, used in the pore-widening step. Synthesis
procedure follows the steps illustrated in Fig. 1B for the depo-
sition of M1-M2 core-shell nanostructures. As an example, Cu-
Ni core-shell NWs was prepared and the resulting morphology is
shown in Fig. 5. The Ni shell and Cu core are clearly distin-
guishable since the surface of Cu portions often appear roughen
due to the formation of a thin layer of oxide when exposed to air.
The location of the Ni shell and Cu core is further confirmed via
EDX analysis at three different locations: the tip (a), the trunk (b)
and the root (c) of the NWs. From the EDX spectra in Fig. 5(a)—(c),
it is noted that the relative intensity of Ni to Cu peak gradually
decreases from the tips to the roots of the NWs, indicating Ni
shells are capping at the tips of the Cu NWs.

A question thus arises: why does the morphology of the
prepared metal-metal core-shell NWs (Fig. 5) differ from the
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Fig. 6 Schematic sketches of the growth mechanism of (A) polymer—
metal and (B) metal-metal core-shell nanostructures in a single
channel of AAO template.

polymer-metal core-shell NWs (Fig. 2)? Here, we attempt to
rationalize the growth mechanism schematically in Fig. 6.
While doped PPy is a conductive polymer, its conductivity is
inferior in comparison to metal. Thus, atoms of the shell metal
will have higher tendency to deposit directly onto the gold
cathode, causing the shell growth to start from the bottom of
the widened nanochannels (Fig. 6A). Similar mechanism has
been proposed for the preparation of PANI-Au core-shell
nanostructure.” On the other hand, for fabrication of metal-
metal (M1-M2) core-shell NWs, the shell deposition can also
occur along the length of the conducting core metal (M1) inside
the widened gaps as shown in Fig. 6B. Due to “point effect”, the
deposition of shell metal (M2) will be more pronounced on the
tip rather than at the root of the core metal. The shell layer
could thus quickly build up at the tips, blocking further diffu-
sion of metal ions into the bottom gold cathode. This thus
prevents the growth of shell at the cathode or at the root of the

Ni

LI L )
2 3 _4 5 6.7 8 9
Energy (keV)

10

Fig.5 Cu-Nicore-shell NWs array prepared using “Pore Widening” method. The EDX spectra on the right were taken at three different locations

marked as (a)—(c) on the SEM image on the left.
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SEM image of PPy—Cu—Ni tri-layered core—shell NWs.

core metal, resulting in something like the “baseball bat”
nanostructure as observed in Fig. 5.

3.3 Polymer-metal-metal multi-layered nanostructures

In clear contrast to the “core shrinkage” method," deposition is
certainly not limited to one single shell component in our
proposed method. Additional “Pore Widening” step can be
advantageously applied to create space for subsequent deposi-
tion of shell materials to give multi-layered NWs. As shown
schematically in Fig. 7A, the polymer-metal core-shell NWs
obtained after Step 3 in Fig. 1A is subjected to second pore-
widening step. An annular gap is produced surrounding the
first shell NWs and deposition of the second shell layer can be
carried out. An example of such multi-layered core-shell
nanostructures is PPy-Cu-Ni tri-layered NWs, with PPy as the
core, and Cu and Ni as the first and second shell layer,
respectively. The resulting morphology is as shown in the
typical SEM image in Fig. 7B. Based on the slight difference in
the brightness of the SEM image, we noted again that the
outmost shell layer (Ni) is coating only at the tips of the inner

g elieieie
Further Pore (2 Oxidation of 1st ® Deposition
Widening metal shell &

removal of core

Fig. 8
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(B)

(A) Further "Pore Widening" scheme for the synthesis of polymer—metal-metal tri-layered NWs by repeating steps depicted in Fig. 1. (B)

shell layer (Cu). This is confirmed by EDX line analysis as shown
in ESI, Fig. S5.1 The EDX analysis clearly shows that the tips of
the shell consist mostly of Ni while larger amount of Cu is
exhibited nearer to the root of the NWs. This observation is
similar to the deposition of metal-metal core-shell NWs and
correlates well to the “point effect” growth mechanism dis-
cussed in previous section.

3.4 Metal oxide-metal double-walled nanotubes (DWNT)

We then further demonstrate the versatility of this “Pore
Widening” method in generating multi-layered NTs by a sensible
selection of materials and sequences of steps. As an example,
Fig. 8A shows the utilization of “Pore Widening” method to
fabricate metal oxide-metal double-walled NTs (DWNTs). In this
case, PPy-Cu core-shell NWs obtained via procedures in Fig. 1A
would be the starting material. The core-shell NWs was then
subjected to further “Pore Widening” step to produce annular
space for the deposition of second layer of shell. Subsequently,
the sample was heated to 300 °C for 40 minutes to decompose
the PPy core as well as to oxidize the Cu shell to Cu,O. This is

(A) Schematic procedures for the synthesis of metal oxide—metal double-walled NTs. (B) SEM image showing Cu,O—Ni double-walled NTs.

RSC Adv., 2014, 4, 8735-8740 | 8739
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then followed by the deposition of second shell layer. Removal of
the template then resulted in the final Cu,O-metal DWNT arrays.
Here, Ni was used as the second shell metal and the morphology
of the resulting Cu,O-Ni DWNTs array is shown in Fig. 8B. Since
Cu,O is insulating, the subsequent metal shell deposition was
found to start from the bottom electrode, thus forming a fairly
uniform Cu,O-Ni DWNTs.

To confirm the elemental profile of this DWNTs, EDX line
analysis was carried out and the spectrum obtained is presented
in ESI, Fig. S6.1 The cartoon at the bottom of the figure gives an
illustration for better understanding of the EDX spectrum.
Based on this analysis, the tips of the DWNTs consist of mainly
Cu with certain amount of O, indicating the presence of Cu,O
that was supposed to be the inner wall. These signals from the
inner wall are detected since the inner wall is not over-grown by
the outer shell and is seen protruding from the DWNTs in the
SEM images in both Fig. 8B and ESI, S6.f Meanwhile, the
outmost layer from the root of the NTs shows signal of Ni,
confirming the part grown as the outer shell consists of Ni. This
demonstrates the successful deposition of Cu,O-Ni DWNT via
the “Pore Widening” method.

4 Conclusions

In summary, we have demonstrated the versatility of “Pore
Widening” method in creating various coaxial multi-layered 1D
hetero-nanostructures. Dilute H;PO,, which has been used to
chemically remove the barrier layer during the fabrication of AAO
membrane, is advantageously used here to slowly etch away an
annular gap between the deposited core and the wall of AAO
nanochannel. The presence of this gap allows the deposition of
another layer of material as the sheath, forming coaxial 1D hetero-
nanostructure. Besides, it was shown that the size of the annular
gap, and thus the subsequent thickness of the shell, can be
controlled by carefully tuning the duration of pore widening. This
is of course limited by the thickness of the AAO nanochannel walls.

Expanding from the architectures demonstrated here, we
suggest that our “Pore Widening” method can be used to fabricate
coaxially multi-layered NWs and NTs with varied combinations of
materials. As in most AAO templated synthesis, the final core and
shell components must be inert to NaOH used to remove the
template. Thus, in addition to Au, Cu, Ni and PPy demonstrated
in this report, other possible materials include PANL'" poly(p-
phenylene vinylene),***” silver, SiO,,'® ZnS," Bi and Bi,0;."® The
additional limitation of “Pore Widening” method, of course, is
that the core or inner shell material must also be inert to dilute
H;PO,. We believe many polymeric materials are suitable in this
aspect, as well as most of the inert metals and elements. Hence,
we envisage that many interesting nanostructures can be gener-
ated using this “Pore Widening” approach which will be useful in
potential functional devices in various areas.
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