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A facile and economic approach has been developed for the
synthesis of coaxial nanocables with AuNi alloy nanowires
as inner solid cores and NiO as outer shells by infiltrating a
gold-coated anodic aluminum oxide (AAO) template, with
ring-shaped Al foil on its outer edge, with a mixed aqueous
solution of NiCl, and HAuCl, to form AuNi/Ni nanocables,
and subsequent immersion in an aqueous NaOH solution to
oxidize the Ni sheath during template removal. The forma-
tion of the AuNi/Ni nanocables in the channels of the AAO

template could be ascribed to the reduction of the Ni%* ion
complexes adhering on the AAO channel walls and the red-
ox reactions of two galvanic cells in which the surrounding
Al foil acts as the anode. The approach enables excellent
control over the shell thickness and the chemical composition
of the AuNi/NiO nanocable by tuning the composition of the
mixed solution. The AuNi/NiO nanocables have potentials in
nanodevices and nanosystems.

Introduction

One-dimensional hybrid nanoarchitectures, especially co-
axial nanocables consisting of a core/shell heterojunction in
the radial direction, have great potential in nanotechnolog-
ical applications, such as in sensors,!!?! transistors,!*# solar
cells,™! and power sources.[®! To date, various approaches
have been developed for nanocables, such as electrochemi-
cal deposition to prepare metal/metal, metal/semimetal, and
metal/oxide nanocables;” ! sol-gel methods for metal/silica
nanocables,'>'!l hydrothermal routes to Ag/C nano-
cables;[!>13] in situ oxidation reactions for Ag/AgCl nano-
cables;['1 vapor-liquid-solid processes to obtain metal/
semiconductor!!>1®1 and semiconductor/insulator nano-
cables, 171 and self-assembly processes for Au/polymer
nanocables.'®1°] However, in the above-mentioned meth-
ods, either electric power or capping agents are used, or
high-temperature reactions are involved. Therefore, ex-
ploiting low-cost and convenient synthetic approaches to
nanocables still remains a challenge.

In our previous work,?” we developed a facile, econ-
omic, and generic way to mono- and multisegment metallic
nanowires (NWs) of various pure metals and their alloys
with both linear and branched topologies, by merely infil-
trating Au-coated native porous anodic aluminum oxide
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(AAO) templates with ring-shaped Al foil on their outer
edge (to be abbreviated as “Au-coated-Al-surrounded AAO
templates”) with aqueous solutions of metal chloride salts.
As Ni** ions form chemical complexes with hydroxy groups
on the AAO channel walls,” if a mixed aqueous solution
containing Ni** ions is employed, Ni*>* ions would be ab-
sorbed on the channel walls of the AAO template, and
nanocables with Ni-related materials as outer shells could
be formed by such an approach. Here, by infiltrating the
Au-coated-Al-surrounded AAO template with a mixed
aqueous solution of NiCl, and HAuCly, followed by im-
mersing the as-infiltrated AAO template in an aqueous
NaOH solution, nanocables with AuNi alloy NWs as inner
solid cores and nickel monoxide (NiO) as outer sheaths (to
be abbreviated as “AuNi/NiO nanocables”) have been ob-
tained.

Results and Discussion

The infiltration was carried out in our previous set-up by
using a mixed aqueous solution of NiCl, and HAuCly
rather than aqueous solutions of one kind of metal chloride
salt or two metal chloride salts (not including NiCl,) pre-
viously used for metallic and alloy NWs.?% Subsequent im-
mersion of the above as-infiltrated AAO template in an
aqueous NaOH solution results in cable-like structures, as
shown in Figure la. The nanocables have uniform dia-
meters of 70-90 nm, in agreement with those of the nano-
channels inside the AAO template. The enlarged trans-
mission electron microscopy (TEM, JEM-2010) image of
a single nanocable (inset of Figure 1a) clearly displays the
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interfaces between the inner core and the outer shell of the
nanocable. A lattice-resolved TEM image of the core—shell
interface of the nanocable (Figure 1b) reveals that the inner
solid core and the outer shell are composed of AuNi alloy
and NiO, respectively. Energy-dispersive X-ray (EDX) ele-
mental line-scanning data (Figure l¢) and mapping (Fig-
ure 1d) exhibit that the elements O and Ni are present ac-
ross the whole nanocable, while elemental Au is only pres-
ent in the inner core part, further demonstrating the AuNi-
core/NiO-shell structure of the nanocable. The EDX mea-
surement (Figure le) also confirms that the nanocable is
composed of Au, Ni, and O.
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Figure 1. AuNi/NiO nanocables obtained by using a mixed aque-
ous solution with 2.4 M NiCl,. (a) TEM image of the nanocables,
the inset is an enlarged image of a single nanocable. (b) Lattice-
resolved image of the core-shell interface of the nanocable. (c)
EDX elemental line-scanning cross the nanocable shown in the in-
set of (a) (white for O, green for Ni, and red for Au). (d) EDX
elemental mappings of O, Ni, and Au. (e¢) EDX spectrum taken
from the nanocable shown in the inset of (a), where the Cu peaks
are from the TEM grid.

To understand the influence of the composition of the
mixed solution on the formation of the nanocables, dif-
ferent compositions were employed. Figure 2 shows the
morphological evolution of the AuNi/NiO nanocables in
mixed solutions with different NiCl, concentrations. From
the enlarged images (insets of Figures 2a—c), the shell thick-
ness (denoted as Ty,.;) and the core diameter (denoted as
D) of the nanocables can be measured, and a shell-thick-
ness/core-diameter ratio (7y,en/Deore) has been defined, as
shown in Table 1. When the mixed solution with 2.4 m
NiCl, is used, Ty,ep/Deore Of the nanocable (Figure 2a) is
about 0.53. When the concentration of NiCl, is reduced to
2 M, the Tyo/Deore decreases to about 0.2, indicating that
the nanocable has a thinner shell (Figure 2b). At a much
lower NiCl, concentration (1.6 M), the resultant nanocable
(Figure 2¢) has a much smaller 7j,/Deore Value of about
0.11. Taken together, the NiO outer shell thickness of the
nanocables decreases with the reduction of the NiCl, con-
centration in the mixed solution. EDX analyses have been
performed to investigate the detailed chemical composition
of the nanocables. The analysis results for the three kinds
4310
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of nanocables were obtained by measuring four arbitrary
points along each nanocable. We defined the ratio of the
atomic percentages of Ni to Au as “Ni/Au%” and calcu-
lated its average value from the four groups of data mea-
sured. From the calculated Ni/Au% for the three kinds of
nanocables (shown in Table 1), it can be concluded that the
lower the molar concentration of the NiCl, in the mixed
solution is, the smaller the Ni/Au% the nanocable has.
Thus, by controlling the composition of the mixed solu-
tions, the NiO outer shell thickness and the chemical com-
position of the AuNi/NiO nanocables can be tuned at will.

Figure 2. TEM images of the AuNi/NiO nanocables prepared in
mixed solutions with different NiCl, concentrations of (a) 2.4 M,
(b) 2™, and (c) 1.6 M. The insets are the enlarged images of the
nanocables taken from the areas marked with white rectangles.

Table 1. Ty, Deores Tsnenl! Deore and Ni/Au% of the three kinds of
nanocables.

Sample[a] ’Tshcll (nm) Dcorc (nm) ’Tshcll/Dcorc Ni/Au (%)
I 16.00 30.00 0.53 3.62
II 12.90 64.65 0.20 1.89
111 6.45 61.30 0.11 0.39

[a] Samples I, 11, and III are the nanocables shown in Figures 2a,
b, and c, respectively.
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X-ray diffraction (XRD) measurements have been per-
formed on the as-infiltrated AAO templates obtained in
mixed solutions with different NiCl, concentrations before
being immersed in aqueous NaOH solutions, as shown in
Figure S1. For the samples obtained in the mixed solution
with 2.4 M NiCl,, the XRD spectrum (Figure Sla) shows
the peaks of face-centered cubic (fcc) Ni without any peaks
related to pure Au. When the NiCl, concentrations in the
mixed solutions are decreased to 2 or 1.6 M, XRD spectra
of the resultant products (Figures SIb or c, respectively)
only exhibit the peaks of fcc Au. Combining these phenom-
ena with the results shown above, it can be deduced that a
high concentration of NiCl, in the mixed solution may lead
to Ni-rich AuNi solid solutions in the nanochannels of the
AAO template, whereas a lower concentration of NiCl, may
result in Au-rich AuNi solid solutions in the nanochannels
of the AAO template.

On the basis of the above results and the formation
mechanism of metallic NWs in our previous work,?% we
now propose a possible formation mechanism for the AuNi/
NiO nanocables, as shown in Figure 3a schematically. It is
well known that certain metal/metal-ion pairs are sponta-
neously oxidized and reduced in solution. For example,
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Figure 3. Schematics showing (a) the simple set-up for the infil-
tration process and (b) the formation process of the AuNi/NiO
nanocables with five different representative stages: stage 1, the for-
mation of Au and Ni atoms on the ring-shaped Al foil top surface
and Ni nuclei around the bottom channel wall; stage 2, the forma-
tion of the AuNi/Ni nanocables with longer cable shells than cores
and diffusion of the Au and Ni atoms from the Al foil surface into
the nanochannel; stage 3, continuous growth of the Ni sheath and
the growth of AuNi alloy NW from Au and Ni atoms coming from
both the top and the bottom galvanic cells; stage 4, the formation
of AuNi/Ni nanocables with the AuNi alloy cores almost as long
as the Ni sheaths in the nanochannel; stage 5, the formation of
AuNi/NiO nanocables during the removal of the AAO template in
an aqueous NaOH solution.
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when Zn [Zn**/Zn, -0.7626 V vs. SHE (standard hydrogen
electrode)] is exposed to a Cu?>* (Cu?*/Cu, +0.34V vs.
SHE) solution,?!l spontaneous oxidation of Zn to Zn>** and
reduction of Cu®>* to Cu occur, leading to a familiar gal-
vanic cell. In our experiments, once the mixed solution of
NiCl, and HAuCl, reaches the ring-shaped Al foil outside
the porous AAO, chloride ions in the solution etch away
the dull alumina layer on the pure Al foil.??! Thus, pure Al
is exposed to the mixed solution, leading to galvanic cells
on its surface due to the lower redox potential of pure Al
[AP*/Al, —1.67 V vs. SHE] than those of Ni** (Ni*>*/Ni,
—-0.257 V vs. SHE) and AuCl, ions (AuCl, / Au, + 1.002 V
vs. SHE).?!1 In these galvanic cells (the top one), some loca-
tions on the Al foil surface serve as the anode and some
other locations act as the cathode. At the anode, Al is oxid-
ized to AI’*, which subsequently enters into the solution
[Equation (1)].

Al > AP* + 3¢ (1)

At the cathode, AuCl,~ and Ni** ions are reduced to Au
and Ni atoms [Equations (2) and (3)], respectively.

AuCly + 3¢ — Au + 4Cl- 2)

Ni2* + 2¢~ — Ni 3)

As the radii of Au** and CI™ are 0.85X 107'° and 1.81 X
1019 m, respectively, the radius of the AuCl,~ ion, which is
assumed to be the sum of the Au** and CI radii, is 2.66 X
101 m. The radius of the Ni>" ion is 0.69 X 10°'°m. The
pore radii of the AAO templates are in the range 3.5-4.5 X
10~ m, which is two orders of magnitude larger than the
radii of the AuCl,~ and Ni>* ions. It has been reported that
the ratio of the diffusion coefficient for a molecule in the
nanotube (D) to its value in free solution (D) is related
to the ratio of the radius of the diffusing molecule (7,,1) to
the radius of the nanotube (rp.). For the extreme of r,;
<< Tube Dube/Dsoi = 1.1231 In our case, the radii of the
ions are much smaller than those of the pores of the AAO
templates. Thus, the diffusion coefficient for the ions in the
nanochannels is almost equivalent to that in solution, indi-
cating good diffusivity for the ions in the nanochannels.
When the nanochannels are infiltrated with the mixed solu-
tion containing AuCl,” and Ni?>* ions and these ions reach
the Au layer at the bottom of the nanochannels, another
galvanic cell (the bottom one) is immediately formed, with
the Al foil as anode and the Au layer (in good electrical
contact with the Al foil) as cathode. Chemical reactions at
the anode and the cathode are the same as those of the top
galvanic cell shown in Equations (1)—(3).

Figure 3b shows different representative stages for the
formation of the AuNi/NiO nanocables. At the initial stage
of the infiltration process, both Au and Ni atoms are
formed simultaneously on the ring-shaped Al foil by redox
reactions at the top galvanic cell. When the nanochannels
of the AAO template are further infiltrated with the mixed
solution, chemical complexation of some Ni*>* ions with hy-
droxy groups on the AAO channel walls occurs,[’ and Ni**
ion complexes containing two coordinate bonds may be
4311
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formed as a result of the combination of one Ni?* ion with
oxygen atoms of two hydroxy groups on the channel wall.
As Ni** jons have a smaller volume than AuCl, ions, they
reach the bottom of the nanochannels first, and most of
them preferentially form Ni** ion complexes on the bottom
channel walls. The Ni?>* ion complexes are then reduced to
Ni atoms by redox reaction at the bottom galvanic cell, and
Ni nuclei are formed around the bottom channel walls (Fig-
ure 3b, stage 1). With continuous reduction of Ni?* ion
complexes on the channel walls at the bottom galvanic cell,
Ni nuclei grow upwards along the nanochannel walls to
form the Ni nanotube as a cable shell. In addition to the
formation of Ni** ion complexes on the channel walls, a
small amount of the Ni** ions are reduced to Ni atoms on
the bottom Au layer. At the same time, AuCl, ions are also
reduced to Au atoms on the bottom Au layer when they
reach the bottom of the nanochannel. Au and Ni atoms
nucleate and grow upwards to form a AuNi alloy NW as a
cable core from the atoms continuously produced at the
bottom galvanic cell. The AuNi/Ni nanocables formed have
slightly longer cable sheaths than cores at this stage. Mean-
while, Au and Ni atoms formed on the ring-shaped Al foil
surface diffuse into and towards bottom of the nanochan-
nels, because of their concentration gradient (Figure 3D,
stage 2). At longer periods of infiltration, Au and Ni atoms
coming from the top galvanic cell reach the tip of the AuNi
alloy NW, and combine with the atoms on the NW tip com-
ing from the bottom galvanic cell, resulting in a longer
AuNi alloy NW. Continuous growth of the Ni nanotube
also leads to a much longer cable sheath (Figure 3b, stage
3). The AuNi alloy NWs grow faster and faster due to the
combination of Au and Ni atoms coming from the top gal-
vanic cell with those formed at the bottom galvanic cell.
Finally, AuNi/Ni nanocables with AuNi alloy cores almost
as long as the Ni sheaths are formed (Figure 3b, stage 4).
When the AAO template embedded with AuNi/Ni nano-
cables is immersed in a 3M aqueous NaOH solution at
room temperature, the Ni shells of the AuNi/Ni nanocables
are oxidized to NiO rather than to Ni(OH), by the reac-
tions 2Ni + O,— 2NiO and Ni +H,O — NiO + H, 1 after
the AuNi/Ni nanocables are released from the AAO chan-
nel walls. This is because Ni(OH), can only be formed in a
high-concentration NaOH solution at high temperature.**
The existence of Ni(OH), in the cable shell can also be ruled
out by further FTIR and Raman spectroscopic measure-
ments. From FTIR spectrum of the final nanocables (Fig-
ure S2), it can be observed that there is no absorption peaks
related to the O—H stretching vibration (3700-3100 cm™).
In the meanwhile, the Raman spectrum (Figure S3) exhibits
no characteristic bands of Ni (OH), [312, 448, and
3582 cm! for B-Ni(OH),,* 465 and 3640 cm™' for a-
Ni(OH),%l. As the Ni shells of the AuNi/Ni nanocables
are very thin (about tens of nanometers), they are easily
oxidized totally to NiO in aqueous NaOH solution. Thus,
nanocables of AuNi/NiO rather than AuNi/Ni/NiO are ob-
tained in the end (Figure 3b, stage 5).

NiO NWsP7l and NiO NW/metal junctions®®! exhibit re-
sistive switching behavior, demonstrating the feasibility for
4312

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

use in resistance memory devices; and NiO nano/micro-
structuresi?®3% are good candidates for high performance
electrochemical capacitors. Thus, our nanocables with NiO
as cable shells might have potential in resistance memory
devices and electrochemical capacitors.

Conclusions

We have developed a facile and economic approach to
AuNi/NiO nanocables, by infiltrating Au-coated-Al-sur-
rounded AAO templates with a mixed aqueous solution of
NiCl, and HAuCly, and subsequently immersing them in
an aqueous NaOH solution. Firstly, AuNi/Ni nanocables
are formed in the nanochannels of the AAO template after
the infiltration of the nanochannels with a mixed aqueous
solution of NiCl, and HAuCl,. The formation of the AuNi/
Ni nanocables is due to the reduction of Ni** ion complexes
adhering on the AAO channel walls to produce Ni shells
and the redox reactions of two galvanic cells with the sur-
rounding Al foil as anode, which lead to the formation of
AuNi inner cores. Then, the Ni outer shells of the AuNi/Ni
nanocables are totally oxidized to NiO during the removal
of the AAO channel walls in an aqueous NaOH solution.
As a result, nanocables of AuNi/NiO rather than AuNi/Ni/
NiO are formed in the end. The shell thickness and the
chemical composition of the resultant nanocables can be
tailored by tuning the composition of the mixed solution.
The approach could be extended to other metal-alloy/NiO
nanocables by using mixed aqueous solutions of NiCl, and
other water-soluble metal chloride salts.

Experimental Section

The Al-surrounded AAO templates (with pore diameters of 70—
90 nm) used in the experiments were prepared by a two-step anod-
ization process in oxalic acid solution.3! The fabrication process
of the AuNi/NiO nanocables is similar to that of metallic NWs in
our previous work.?” Firstly, a gold layer (100 nm) was sputtered
onto one planar surface side of the Al-surrounded AAO template
with two-end through pores. The outermost surface of the Al foil
surrounding the AAO template was stuck by insulating adhesive
tapes to make a very narrow ring-shaped part adjacent to the AAO
exposed. Subsequently, the Au-coated-Al-surrounded AAO tem-
plate mounted in a simple polymethyl methacrylate (PMMA)
holder (Figure 3a) was infiltrated with a mixed aqueous solution
(2 mL) of NiCl,6H,O (4 m) and HAuCl44H,O (20 mm) with dif-
ferent volume ratios for 3 h at room temperature. Finally, the as-
infiltrated AAO template was immersed in an aqueous NaOH solu-
tion (3 M) at room temperature and then washed repeatedly with
deionized water. In the experiments, mixed aqueous solutions with
three different volume ratios (1:0.67, 1:1, and 1:1.5) of NiCl,6H,O
(4 M) and HAuCl,*4H,0 (20 mm) were employed. The molar con-
centrations of NiCl, in these three mixed solutions are calculated
to be 2.4, 2, and 1.6 M, respectively.

Supporting Information (see footnote on the first page of this arti-
cle): XRD, FTIR, and Raman spectra.
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