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Electroless Synthesis of Pure Nickel Metal Nanotubes Using
Silicon Oxide Nanowires as Removable Templates
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We report here the first successful synthesis of pure Ni nanotubes by employing the electroless Ni deposition in conjunction with
removable amorphous SiO, (a-SiO,) nanowire templates technique. After the 3-aminopropyltrimethoxysilane (APTMS) function-
alization, activation, and hydrazine-modified electroless Ni plating processes, a uniform a-SiO,/pure Ni core-shell nanowire
structure is produced. By etching away the inner a-SiO, nanowire templates, hollow Ni nanotubes are readily obtained. The
observed results present the exciting prospect that with appropriate controls, the hydrazine-modified electroless deposition com-
bined with the APTMS-functionalized a-SiO, nanowire templates technique can be successfully implemented in forming a variety

of high-purity, hollow, metal nanotubes.
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As the device dimensions scale down to the nanometer region,
advanced nanoscale fabrication technology is expected to play a key
role in the applications of future nanodevices. Recently, studies of
one-dimensional (1D) metal nanostructures with hollow interiors
(i.e., nanotubes) have drawn much attention, because 1D metallic
nanotubes have already found potential applications in advanced
optoelectronics, catalysts, chemical sensors, and magnetic data
storages.l’ However, compared with the fabrication processes of 1D
nanowires, the syntheses of 1D nanotubes are relatively complex
and difficult due to the characteristic hollow-tube structures. There-
fore, many recent research efforts have been dedicated to the large-
scale syntheses of the 1D metal nanotubes.®1° Among these ap-
proaches, the electroless deposition of metal in conjunction with
removable nanoscale templates technique is one of the most prom-
ising schemes for synthesizing metallic nanotubes.

In these template synthesis methods, amorphous silicon oxide
(a-Si0O,) nanowires are perhaps the most promising materials that
can be used as the sacrificial templates because they possess a
smooth surface, high aspect ratio, and good thermal stability. In
addition, the a-SiO, nanowires can be easily removed. As for the
deposition of desired metal thin films onto the surfaces of the a-SiO,
nanowire templates, electroless plating is a low-cost, high-
throughput, and effective technique. Previous studies have reported
that electroless nickel film was widely used for many industrial ap-
plications due to its unique chemical, magnetic, and mechanical
properties.”'14 Recently, it has been demonstrated that by employ-
ing the templating methods and electroless ?lating techniques, 1D
nickel metal nanotubes can be synthesized,1 16 However, from the
chemical reducing agents, such as dimethylamine borane or sodium
hypophosphite, used in these studies, a dramatic amount of impuri-
ties (e.g., boron or phosphorus) were found to form in the electroless
Ni layers. For microelectronic applications, these impurities would
lead to an increase in the electrical resistivity of synthesized Ni films
as well as degradation in the reliabilities of lead-free solder
joints.”'19 Therefore, in order to reduce the above-mentioned draw-
backs, the routes for electroless synthesis of pure Ni plating on the
surface of sacrificial templates are demanded.

In the present study, a facile route for the large-scale synthesis of
high-purity hollow Ni nanotubes has been developed using the
hydrazine-modified electroless Ni deposition processes with
3-aminopropyltrimethoxysilane  (APTMS)-functionalized a-SiO,
nanowires serving as sacrificial templates. The results from an in-
vestigation on the surface morphology, crystallinity, chemical com-
position, and microstructures of the synthesized 1D nickel nano-
tubes are reported.
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Experimental

A facile technique using a gold catalyst layer and high-
temperature heat-treatment was utilized to synthesize the sacrificial
a-Si0, nanowire templates on silicon substrates in this study.
Single-crystal, p-type Si(001) wafers were cleaned chemically by a
standard procedure, followed by dipping in a dilute hydrofluoric
acid (HF) solution before loading into an electron-beam evaporation
chamber. Thin Au metal films, 4 nm in thickness, were then depos-
ited onto the cleaned Si(001) wafers in a vacuum at a base pressure
lower than 1 X 1077 Torr. The evaporated Au thin films served as
the catalyst layers. Large-area silicon oxide nanowires were grown
on the Au-catalyst-layer-coated Si substrates by thermal annealing in
a three-zone diffusion furnace at 1000°C for 60 min. The as-
synthesized a-SiO, nanowires were treated with a 5 mM toluene
solution of APTMS for 180 min at room temperature to functional-
ize the surface of the a-SiO, nanowires. After rinsing with deionized
(DI) water, the amine-group-functionalized a-SiO, nanowires were
activated by immersing the samples in an aqueous solution contain-
ing 0.3 g/L PdCl, and 6.25 mL/L HCI for 10 min. The prepared
a-Si0, nanowires were used as templates for the electroless deposi-
tion of pure Ni.

For the electroless plating processes, the activated a-SiO,
nanowire templates were immersed into the electroless nickel
plating baths at 60°C for 3 min. The electroless plating solution
was composed of 0.07M nickel acetate tetrahydrate
[Ni(CH;COO),-4H,0] as the Ni metal source and 0.2 M hydrazine
(N,H4-H,0) as the chemical reducing agent. The pH value of the
plating solution was adjusted to 9.0 + 0.1 by the addition of ammo-
nium hydroxide (NH4OH) solution. The Ni ions were reduced to Ni
and then deposited onto the surface of the a-SiO, nanowires to form
a continuous pure Ni nanoshell. The pure Ni-coated a-SiO, nano-
wire samples were thoroughly washed with DI water and dried with
compressed air. Subsequently, the a-SiO,/pure Ni core-shell nano-
wires were transferred to a dilute HF solution. The core a-SiO,
nanowire templates were etched away by a dilute HF rinse and the
pure hollow Ni metal nanotubes were then obtained.

The morphologies of as-synthesized a-SiO, templates, a-SiO,/Ni
core-shell nanowires, and resulting pure Ni metal nanotubes were
examined using scanning electron microscopy (SEM, Hitachi
S-3000H). Transmission electron microscopy (TEM, JEOL
JEM2000FXII) and selected-area electron diffraction (SAED) analy-
sis were carried out for microstructure determination and crystallog-
raphy characterization. High-resolution TEM (HRTEM, JEOL
JEM2100) and an energy-dispersion spectrometer (EDS) attached to
the HRTEM were utilized to analyze the atomic structures and the
chemical compositions of synthesized nanostructures, respectively.
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Figure 1. SEM images of the amorphous SiO, nanowire templates (a) before
and (b) after the modified electroless Ni deposition processes. The upper left
and right insets of (a) show the high-magnification TEM image and the
corresponding SAED pattern of the as-synthesized a-SiO, nanowires, respec-
tively. (The white arrow points to the fiducial marker.)

Results and Discussion

Figures 1a and b show SEM micrographs of the silicon oxide
nanowire templates before and after electroless Ni plating. From
Fig. 1a, it is clearly seen that dense SiO, nanowires have been
formed on the Au-coated Si(001) substrate after annealing at
1000°C. The length of the as-synthesized SiO, nanowires was in the
order of tens of micrometers. From TEM observation, the surfaces
of all SiO, nanowires were found to be smooth and clean. The
diameters for most of these SiO, nanowires were in the range of 30—
150 nm. From SAED analysis, no diffraction rings or spots were
detected in the diffraction pattern of the SiO, nanowires, suggesting
that the SiO, nanowires are amorphous. The corresponding high-
magnification TEM image and SAED pattern of the a-SiO, nano-
wires are shown in the left and right insets of Fig. 1a, respectively.
Prior to the electroless deposition process, the a-SiO, nanowires
were first functionalized with APTMS to generate an amine-moiety-
coated surface. Subsequently, the a-SiO, nanowires were activated
by immersing the samples into the PdCl, solution. The Pd was
chemiadsorbed onto the surfaces of APTMS-functionalized a-SiO,
nanowires. These surface-modified silicon oxide nanowires were
then used as the electroless Ni deposition templates. Figure 1b
shows the SEM micrograph of the same region shown in Fig. la
after electroless Ni deposition using hydrazine as the reducing agent.
Compare with the as-synthesized a-SiO, nanowires (Fig. la), it is
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Figure 2. (a) TEM image of the surface-modified a-SiO, nanowire after
electroless Ni deposition. The inset shows an a-SiO,/Ni coaxial nanowire
structure. (b) Corresponding EDS spectra and (c) EDS linescan profiles of
the a-SiO,/Ni core-shell nanostructures.

evident from Fig. 1b that the surface-modified a-SiO, nanowires
were coated with a thin Ni layer after the electroless deposition.
From TEM observation and EDS analysis, it is revealed that the
as-deposited nanowire structure was composed of an a-SiO, inner
core and a continuous Ni outer nanoshell. The corresponding TEM
micrograph and EDS spectra of the as-prepared a-SiO,/Ni core-shell
nanostructures are shown in Fig. 2a and b, respectively. The pres-
ence of Cu peaks in the EDS spectra can be attributed to the sup-
porting copper grid used for TEM analysis. Figure 2c displays the
EDS linescan profiles across the a-SiO,/Ni core-shell nanowire. The
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Figure 3. SEM image of the as-prepared hollow Ni nanotubes. The inset
shows the SEM image of the open end of a Ni nanotube.

composition distribution is further confirmed by monitoring the
change of X-ray signal from Ni, Si, and O atoms in the core-shell
nanostructure.

Both the APTMS-functionalization and activation are key steps
in the electroless deposition procedures. Electroless Ni deposition
does not occur for the a-SiO, nanowire templates without function-
alization and activation treatments. The possible deposition mecha-
nisms for the modified electroless deposition have been proposed in
previous studies. 820 Following the modified electroless Ni depo-
sition, the core-shell nanowire samples were immersed into a dilute
HF solution to remove the a-SiO, nanowire cores. The morphology
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Figure 4. (a) TEM image and (b) corresponding SAED pattern of the Ni
metal nanotubes. (c) HRTEM image taken at the edge of the Ni outer
nanoshell in a pure hollow Ni nanotube.
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Figure 5. (a) TEM image and (b) corresponding EDS spectra of a pure
hollow Ni nanotube. (c) EDS linescan profiles across a hollow Ni nanotube.

of the obtained tubular nanostructures is shown in Fig. 3. The shell
thickness was found to be relatively uniform over the entire length.
The inset of Fig. 3 shows the open end of a Ni nanotube. The
microstructures and crystallinities of the obtained hollow Ni nano-
tubes were further examined by TEM, SAED, and HRTEM analysis.
The TEM micrograph, as shown in Fig. 4a, revealed that the grain
size and shell thickness of the hollow Ni nanotubes were about 8—10
and 25-30 nm, respectively. From SAED analysis, diffraction rings
corresponding to the (111), (200), (220), and (311) diffractions of
the face-centered-cubic (fcc) Ni phase were detected in the SAED
pattern, indicating that the crystal structure of the prepared Ni nano-
tube was polycrystalline. An example is shown in Fig. 4b. Figure 4c
shows the high-resolution TEM micrograph of a Ni nanotube which
is a part magnification at the edge of the Ni outer shell. The mea-
sured lattice spacings of 0.203 and 0.175 nm are consistent with the
interplanar spacing values for the (111) and (200) planes of a pure
cubic Ni crystal, respectively.

Figures 5a and b show the TEM micrograph and the correspond-
ing EDS spectra of a hollow Ni nanotube. The EDS analysis clearly
demonstrated that the nanotubes were entirely composed of pure
nickel. No Si and O signals were detected in the nanotube samples.
Moreover, the distribution of the above-mentioned elements was
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examined by the EDS linescan profile analysis as shown in Fig. Sc.
The EDS linescan results further confirmed that the inner a-SiO,
nanowire cores were completely removed by HF etching and the
pure hollow Ni nanotubes were successfully synthesized.

Based on the SEM, TEM, and HRTEM observations and SAED
and EDS analysis, the experimental results have clearly demon-
strated that the a-SiO,/Ni core-shell nanowire structures and hollow
Ni nanotubes were successfully synthesized using the a-SiO, nano-
wires as sacrificial cores combining the APTMS and hydrazine-
modified electroless Ni deposition technique. The produced Ni
nanotubes have high purity, smooth surface, and high crystallinity.
The inner diameters of the Ni nanotubes are determined by the di-
ameters of a-SiO, nanowire cores, while the thickness of the outer
Ni nanoshell can be adjusted by tuning of the electroless deposition
conditions.

Conclusion

The present study has demonstrated that large quantities of pure
hollow Ni nanotubes were first successfully synthesized using the
electroless Ni deposition technique with APTMS-modified a-SiO,
nanowires serving as removable templates. SEM and TEM images
clearly reveal that the surface morphology of the synthesized Ni
nanotubes was continuous and smooth. The inner diameters of the
Ni nanotubes were about 30—-150 nm, depending on the diameter of
a-Si0, nanowire cores, and the thickness of outer Ni nanoshells was
in the range of 25-30 nm. In the absence of APTMS-
functionalization and activation treatments, the electroless Ni depo-
sition onto the surface of a-SiO, nanowire templates did not occur.
From SAED, EDS, and HRTEM analysis, it can be concluded that
the prepared nanotubes were entirely composed of pure nickel and
the crystal structure of the produced hollow Ni nanotube was poly-
crystalline.

The observed results present the exciting prospect that using
high-aspect-ratio a-SiO, nanowires as the removable templates, the
APTMS and hydrazine modified electroless deposition technique
promises to be applicable to the large-scale synthesis of a variety of
high-purity, hollow, metal nanotubes.
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