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ABSTRACT: Nickel nanowires of high purity and various
aspect ratios were synthesized by a wet chemical reduction
method without the assistance of surfactants, templates, and
external magnetic field. The observed unique optical absorption
features of nickel nanowires are highly dependent on the
nanowire dimensions. In order to tailor the physical and
chemical properties of the nanowires, we have incorporated
functionalities in the form of tellurium and zinc oxide coating on
them by overgrowth processes using simple wet chemical
reactions. The pristine and functional nanowires were charac-
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terized by different microscopic and spectroscopic techniques such as scanning electron microscopy (SEM), transmission electron
microscopy (TEM), confocal Raman microscopy, X-ray diffraction spectroscopy (XRD), and UV—visible spectroscopy. Our system
provides additional details into the growth of anisotropic Ni nanowires, especially in the absence of surfactants, templates, and
external magnetic field. We have also demonstrated surface-enhanced Raman scattering (SERS) activity of the Ni nanowires using

crystal violet as the probe molecule.

1. INTRODUCTION

Anisotropic nanostructures of metals are extensively studied
due to their size- and shape- dependent properties and interest-
ing growth mechanisms. Usually materials based on noble metals
are investigated in this context, although anisotropic nanostruc-
tures of other transition metals are also prepared. Spherical as
well as anisotropic magnetic nanoparticles are of great interest
due to potential applications like magnetic data storage,' mag-
netic fluids,” and biomedical pu oses,> etc. Nickel nanowires
(NWs), rods,* tubes,®’ flowers,” and triangles9 were synthe-
sized by different groups. Among these anisotropic structures,
NWs are studied extensively, presumably due to the ease of
synthesis. Catalytic activity of Ni NWs is utilized for the conver-
sion of methane to synthesis gas.'” Even though Ni NWs have
been used for various applications in biology, including cell and
protein separation,'' ' the biocompatibility and cytotoxicity of
Ni nanoparticles is still under investigation. Magnetic properties
of the Ni NWs have been extensively investigated by many
groups."* ""They are expected to be useful in high-density
magnetic data storage.

Advances in synthetic methods provide numerous possibilities
for obtaining novel functional materials with highly controlled
morphology and composition, useful for practical applications.
Two-component triblock magnetic nanorods composed of Au
and Ni were synthesized by templated methods and used for
efficient separation of protein mixtures.'®'® Spherical nanopar-
ticles and NWs of alloys like Ni/Fe,”® Co/Ni*"** and Ni/
y-Fe,03>® were prepared by template-assisted methods.
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Bimetallic core—shell nanorods like Ni@Co>* were prepared
by template-assisted methods. Uniform Cu@Ni nanorods of
well-defined composition were synthesized by a surfactant-
assisted one-pot wet-chemical method.*® Hybrid metal—semi-
conductor nanomaterials are expected to show novel electronic
properties. Te and ZnO nanostructures are widely studied
systems due to their interesting physical and chemical
properties.”® Tellurium is a p-type semiconductor that exhibits
good nonlinear optical response, photoconductivity, piezoelec-
tricity, and thermoelectric properties.”** ZnO is a direct wide
band gap semiconductor and its nanocrgrstals find applications in
optoelectronic devices and solar cells.”*®

Ni NWs have been synthesized mainly by well-known tem-
plate-assisted electrodeposition onto porous membranes.”” Wet
chemical szntheses of Ni NWs in solvents like water,”® aqueous
ethanol,**" ethylene glycol,>’ ™** and benzyl alcohol® have
been reported. A serious limitation of these wet-chemical meth-
ods is the need to control several parameters like concentration
of reagents, pH, surfactants, or external magnetic field to get
NWs in good yield. Furthermore, use of surfactants and other
chemicals decreases the purity of the material, which is necessary
for several practical applications. Here, we demonstrate the
synthesis of Ni NWs in high yield by a simple wet-chemical
method without the assistance of any templates, surfactants, and
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Figure 1. (A) Large-area SEM image of Ni NWs and (B) corresponding image of a single nanowire. (Inset) EDAX image due to Ni Lot of the single Ni

NW shown in the SEM image.

external magnetic field. This provides an interesting system for
the study of their growth mechanism where no surfactants or
capping agents are needed for directed growth. In addition to
these, we synthesized two types of functional NWs by over-
growing tellurium (Te) and zinc oxide (ZnO) on Ni NWs
surfaces by wet-chemistry. ZnO coating on the Ni NWs will
reduce their toxicity, which in turn may make them better suited
for biological applications. We expect that these two hybrid NWs
will exhibit novel magneto-optical characteristics due to the
effective coupling of their magnetic and optical properties. Such
magnetic material—semiconductor hybrid nanostructures are
expected to be useful for spintronics. Also, these are interesting
systems to study the growth of nanocrystals on preformed
nanostructures, about which very little is known. We observed
the surface-enhanced Raman spectroscopic (SERS) activity of
the pristine Ni NWs using crystal violet as the probe molecule.
Optical absorption of Ni NWs synthesized under various experi-
mental conditions was also studied, and it was found that these
features are highly dependent on the nanowire dimensions. Since
the magnetic properties of the Ni NWs were extensively inves-
tigated by many groups, we did not focus on that aspect.

2. EXPERIMENTAL SECTION

2.1. Materials. Nickel chloride, ethylene glycol, zinc acetate
dihydrate, and sodium hydroxide were purchased from SD Fine
Chemicals, India (AR grade). Hydrazine monohydrate was
purchased from Fisher Scientific (99—100%), and tellurium
dioxide was purchased from Alfa Aesar (99.9%). All chemicals
were used without further purification.

2.2. Synthesis of Nickel Nanowires. Ni NWs were synthe-
sized by the reduction of nickel chloride in ethylene glycol as
solvent with concentrated (99—100%) hydrazine hydrate solu-
tion as the reducing agent. In a typical procedure, 1 M aqueous
solution of nickel chloride was prepared and the required volume
of this solution was added to 7.5 mL of ethylene glycol in a glass
bottle of 20 mL capacity to get a 10 mM solution of Ni**. The
mixture was heated on a hot plate to 120 °C. About 0.5 mL of
hydrazine hydrate solution was added rapidly into the hot
solution at a stretch via a micropipet. No stirring was done
during the whole process. Immediately after the addition of
hydrazine, the whole solution turned black, forming a network
kind of appearance throughout the bottle, and within 1 min, black
Ni NWs were found floating over the liquid surface, leaving a

clear solution below. NWs were separated by a magnet and
washed thoroughly, first with distilled water and then with
ethanol to remove excess hydrazine and solvent.

We synthesized Ni NWs at different Ni** concentrations such
as 1.25,2.50, 5.00, 10.00, and 25.00 mM. Required volumes of the
standard nickel chloride solution (1 M) were added to 7.5 mL of
ethylene glycol, via a micropipet, to prepare Ni** solutions of the
above-mentioned concentrations. Slight changes in volume upon
the addition of 1 M Ni*" were disregarded in the calculation of
final concentrations. To each of these solutions was added
0.5 mL of hydrazine hydrate, and the syntheses were carried
out at 120 °C. A micropipet of 0.002 #L accuracy (Eppendorf)
was used for the addition of very small volumes. We also prepared
NWs with different amounts of hydrazine hydrate (100, 200, 300,
and 500 L) while keeping a Ni*" concentration of 10 mM (in
7.5 mL ethylene glycol) at 120 °C. To understand the influence
of temperature, NWs were prepared at 90, 120, and 160 °C (with
7.5 mL of 10 mM Ni*" in ethylene glycol and 0.5 mL of
hydrazine hydrate).

2.3. Synthesis of Tellurium-Coated Nickel Nanowires. The
overgrowth of tellurium on Ni NW surface was done by reducing
tellurium dioxide with hydrazine hydrate®”® in the presence of
Ni NWs dispersed in ethylene glycol. In a typical procedure, 7.8 mg
of TeO, and 1 mL of Ni NWs suspension in ethylene glycol
(from the suspension of 2.8 mg of Ni NWs in 10 mL of ethylene
glycol) were mixed in a 100 mL beaker, and 40 mL of water was
added to it. Hydrazine hydrate solution (10 mL) was added at a
stretch, and the mixture was sonicated for about 10 min.
Reduction of TeO, was indicated by the appearance of light
blue color to the solution. The clear solution was kept undis-
turbed for 1 h. Within 30 min after the addition of hydrazine,
NWs started to settle from the solution. The NWs were
separated from the free Te NWs formed in the bulk solution
by a magnet and were washed with water and ethanol to remove
excess reducing agents and other impurities.

2.4. Synthesis of Zinc Oxide-Coated Nickel Nanowires. In a
typical procedure, 1 mL of Ni NW suspension in ethylene glycol
(same as that used for Te coating) was added to S mL of SO mM
aqueous solution of zinc acetate, and the mixture was sonicated
for 2 min. The mixture was heated to about 90 °C on a hot plate.
To the hot solution, S mL of 0.2 M NaOH solution was added
dropwise within about 10 min, and this mixture was kept at 90 °C
for 1 h with occasional shaking. The product was separated by a
magnet and washed with water and ethanol thoroughly, to
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remove excess hydrazine and free ZnO particles formed in the
solution.

3. INSTRUMENTATION

Scanning electron microscopy (SEM) imaging and energy-
dispersive analysis of X-ray (EDAX) studies were done with a FEI
QUANTA-200 scanning electron microscope. For SEM mea-
surements, samples were drop-cast on an indium tin oxide-
(ITO-) coated conducting glass and dried. Transmission elec-
tron microscopy (TEM) was carried out on a JEOL 3011, 300 kV
instrument with an ultra-high-resolution (UHR) pole piece.
Samples for TEM were prepared by dropping the dispersion
on amorphous carbon films supported on a copper grid and
drying the grids in air. UV—visible spectra of all of the samples
were measured on a Perkin-Elmer Lambda 25 spectrometer by
dispersing them in ethylene glycol. Raman measurements were
done with a WiTec GmbH, Alpha-SNOM CRM 200 instrument
having a 532 nm laser as the excitation source. The material was
carefully transferred onto a cover glass, dried in air, and mounted
on the sample stage of the Raman spectrometer. The back-
scattered light was collected by a 100 X objective at an integration
time of S0 ms. A supernotch filter placed in the path of the signal
effectively cuts off the excitation radiation. The signal was then
dispersed by a 600 grooves/mm grating, and the dispersed light
was collected by a Peltier cooled charge-coupled device (CCD).
X-ray diffraction studies of the samples were done on a Bruker
AXS, D8 Discover diffractometer using Cu Kot radiation at 4 =
1.5418 A.

4. RESULTS AND DISCUSSION

Figure 1shows (A) large-area and (B) single Ni nanowire
images. The inset of Figure 1B shows the EDAX image of the
single Ni NW due to Ni La.. EDAX spectrum of the pristine Ni
NWs is given in the Supporting Information (Figure S1).
Dimensions and surface morphology of the wires could be
controlled by adjusting the parameters such as concentration
of the precursor, reducing agent, and temperature. It is interest-
ing to note that NWs were formed exclusively and no spherical
nanoparticles or other morphologies were obtained.

The NWs formed have good crystallinity, as revealed by XRD
analysis (see later). EDAX and XRD analyses show that the
presence of oxide layer on the nanowire surface was negligible.
NWs with smaller dimensions could be dispersed for longer time
in solvents like water and ethylene glycol, and dispersibility of the
NWs decreased with increasing dimensions. To give an example,
the NWs prepared with 1.25 mM Ni*" (at 120 °C in ethylene
glycol) were dispersed in ethylene glycol for about 2 h without
settling, but the same sample of NWs started settling out of the
aqueous dispersions after about 45 min. This is presumably due
to the higher viscosity of ethylene glycol compared to water.

We prepared Ni NWs by conducting the experiment with
1.25, 2.50, 5.00, 10.00, and 25.00 mM Ni*" solutions. Experi-
mental conditions and results are summarized in Table 1 of the
Supporting Information. The dimensions were reported from the
analysis of about 50 individual NWs. An increase in the Ni**
concentration resulted in an increase of both the diameter and
the length of the NWs. Increase in length was much more
apparent than increase in diameter. Average diameter of NWs
synthesized at Ni*" concentrations of 1.25, 5.00, and 10.00 mM
were 60 4,100 & S, and 130 &= 7 nm, respectively. Even though
a highly precise measurement of the length was not possible due

Figure 2. Large-area SEM images and corresponding images of single
NWs synthesized at Ni*" concentration of (A, B) 1.25 mM, (C, D)
5.00 mM, and (E, F) 10.00 mM.

to the nonlinearity of NWs, systematic changes were observed in
the lengths of NWs prepared under different conditions. Also,
lengths of a particular sample of NWs span a much wider range
than the diameter. Lengths of these NWs were in the ranges of
1.50—2.00, 3.00—3.50, and 5.00—6.00 um, respectively. SEM
images of the NWs prepared at Ni*" concentrations of 1.25, 5.00,
and 10.00 mM are shown in Figure 2.

We found that temperature plays an important role in
determining the dimensions and morphology of the NWs.
SEM images (Figure S2, Supporting Information) showed that
higher the reduction temperature, the smaller the length and
diameter of the NWs. Conditions and results of this set of
experiments are summarized in Table 2 of the Supporting
Information. Average diameters of the NWs synthesized at 90,
120, and 160 °C were 180 *+ 7, 130 %+ S, and 100 + 4 nm,
respectively. Lengths of these samples were in the ranges of
20.00—25.00, 5.00—6.00, and 0.50—1.50 um, respectively.
These data correspond to average dimensions of 50 individual
NWs. It is notable that temperature has a much greater influence
on the nanowire dimensions than the concentration of Ni*™. It is
obvious from the SEM images that as the temperature increases,
NWs appeared more like an assembly of nearly spherical particles
than a continuous wire having a uniform surface. This kind
of appearance was most prominent for the NWs prepared
at 160 °C.

High-resolution (HR) TEM images of the NWs synthesized
with 10 mM of Ni*" at 160 °C clearly show (Figure 3A,B) the
assembly of nearly spherical nickel nanoparticles. The observed
d-spacing of 2.01 A shown in Figure 3C corresponds to the (111)
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Figure 3. HRTEM images of (A) a collection of NWs and (B) magnified image of the tip of a single nanowire. (C) Lattice-resolved TEM image of a
single nanowire.

lattice planes of face-centered cubic (fcc) nickel. We observed a
significant change in the surface morphology of the Ni NWs
prepared with varying amounts of hydrazine hydrate. We pre-
pared NWs with 80, 200, and 500 uL of hydrazine hydrate
solution at 10 mM concentration of Ni** at 90 °C. When the
volume of hydrazine was 80 uL, the nanowire surface was
smooth. As the amount of hydrazine increased, the surface
becomes rough or nonuniform. This was obvious from the
SEM images given in the Supporting Information (Figure S3).
Although the size and shape dependence of the optical
properties of Au and Ag nanoparticles have been established
theoretically*** and experimentally,**® reports on other transi-
tion metals are limited. Even though Ni nanoparticles of different
morphologies were reported, very little is known about their
optical properties.*> NWs synthesized by this method exhibited
unique features in their UV —vis spectra. Solid material appeared
black, while a dilute dispersion in ethylene glycol, ethanol, or
water had a faint blue color. Figure 4 shows the UV—vis spectra
of Ni NWs prepared at various concentrations of Ni**
(Figure 4A) and hydrazine (Figure 4B) as well as those at
different temperatures (Figure 4C). Ni NWs synthesized at
various Ni*" concentrations showed a broad peak around
590—790 nm (Figure 4A). As the Ni** concentration is in-
creased, the peak is significantly red-shifted. Lengths of the NWs
prepared with Ni** concentrations of 1.25, 5.00, and 10.00 mM
were 1.5—2.0,3.0—3.5, and 5.0—6.0 1m, and diameters were 60 £
4,100 £ S, and 130 £ 7 nm, respectively. Extinction peaks of
these samples were found at around 592, 670, and 790 nm,
respectively, which suggests a red shift in peak maximum with
aspect ratio. Interestingly, when the nickel concentration was
increased to 25 mM, the peak position was shifted beyond
1100 nm. NWs prepared with increasing amounts of hydrazine
also showed systematic variations in the UV—vis spectrum as
shown in Figure 4B. As the amount of hydrazine was increased,
peak positions were shifted toward the lower-wavelength region.
NWs synthesized at 90, 120, and 160 °C, shown in Figure S2
in the Supporting Information, exhibited dramatic variation in
the UV—vis features as shown in Figure 4C. Lengths of the NWs
synthesized at 90, 120, and 160 °C were in the range of 20.0—
25.0, 5.0—6.0, and 0.5— 1.5 um, and their diameters were 180 £
7,130 & S, and 100 & 4 nm, respectively. NWs synthesized at
160 °C showed a broad and intense peak at around 625 nm. The

extinction peak of NWs prepared at 120 °C was shifted to around
820 nm. NWs prepared at 90 °C had the largest average length
and diameter, and the peak was shifted to the near-IR region.

The observed UV—vis features of Ni NWs can be due to both
surface plasmon resonance (SPR) and scattering processes.
Systematic changes observed in the UV—vis features of Ni
NWs as a function of their dimensions may be an indication of
the corresponding changes in their SPR. Theoretical
calculations*' ~* show that spherical nickel nanoparticles exhibit
one SPR feature in their UV—vis spectrum that can be distin-
guished from their interband transitions.** Size and shape
dependence of SPR features of Ni nanopartcles are not studied
in detail both theoretically and experimentally. Therefore, we do
not assign the observed UV—vis feature to transverse and
longitudinal plasmon modes. Calculations by Geddes and co-
workers*® showed that the extinction spectra of spherical Ni
nanoparticles are dominated by the scattering component in the
visible—near-IR region. Their calculation predicted a red shift in
the extinction spectra of spherical Ni nanoparticles with increas-
ing diameter. As explained earlier, a red shift was observed with
increasing dimensions of Ni NWs synthesized by our method.

Nickel possesses an isotropic fcc crystal structure, and thus the
formation of one-dimensional NWs is not expected without
templates. As revealed by SEM and TEM, the surface of the NWs
is not smooth and uniform and appeared as an assembly of nearly
spherical particles. This prompted us to check whether the NWs
are formed by assembly of smaller particles that might have
formed during the early stages of growth. As mentioned in the
Experimental Section, the reduction was completed and the
NWs were found floating over the liquid surface within a few
seconds after the addition of hydrazine. Moreover, during this
period of time, the reaction mixture became highly nonuniform,
resulting in a network-like appearance in the reaction mixture.
This indicates that the nanowire formation is rapid. Due to this,
we could not isolate any spherical nanoparticles as intermediates
by a time-dependent extraction of the reaction mixture. Also, the
supernatant of the reaction mixture was very clear and nanopar-
ticles of any kind were not detected in it.

The roles of surfactant, templates, and magnetic field on Ni NW
formation have been reported earlier.”* >® Here, we found that the
surfactant and magnetic field have negligible role in the formation of
Ni NWs and they were formed even in the absence of surfactants
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Figure 4. Extinction spectra of Ni NWs synthesized at different
concentrations of (A) Ni*" and (B) hydrazine and (C) at different
temperatures.

and magnetic fields. We noted that the relative intensity, position,
and width of the XRD peaks of the Ni NWs prepared with
surfactants”®** were almost the same as those obtained in our case,
that is, without any surfactants and magnetic fields. It should also be
noted that the solvent and the reducing agent used in our experi-
ments and some of the reports® >° are the same.

Even though we could not isolate any spherical nanoparticles
as intermediates in our case, SEM and TEM data suggest that
wires are formed by the assembly of nearly spherical

nanoparticles. The particle assembly was visible in all our samples
prepared at various Ni*" concentrations and at different tem-
peratures. TEM images (Figure 3A,B) of NWs prepared at
160 °C clearly show the assembly of nearly spherical particles.
This kind of morphology becomes more clearly observable as the
temperature of the reaction increases.

We suggest that the growth involves a two-step process:
formation of the nearly spherical nanoparticles and their assem-
bly to form wires. Oriented attachment (OA) can be a reason for
the assembly of particles that might have formed initially. In the
present case, small Ni nanocrystals might have been formed
initially and they would have self-organized by sharing a common
crystallographic orientation to reduce the surface enerﬁgies of
certain lattice planes, resulting in the formation of NWs.*® Here,
primary nanocrystals serve as the building blocks. Oriented
attachment has been proven to generate irregularities in crystal
structures as observed in our case."” Even though the OA
mechanism was observed mostly in the presence of surfactants,
studies on the hydrothermal synthesis of SnO, nanocrystals*®
and of CeO, nanorods* clearly show that this mechanism can occur
in the absence of surfactants or capping agents. Further investiga-
tions are needed to understand the exact growth process, especially
whether fresh nanoparticles are nucleated directly on a growing NW
or grown particles assemble onto the growing NW.

Incorporation of multiple functionalities to the nanoparticles
is one way to tailor their physical and chemical properties.*°
Here, we synthesized two types of functional NWs by incorpora-
tion of Te and ZnO on the nickel nanowire surfaces by a simple
overgrowth reaction. Very rich growth of tellurium occurred on
the nanowire surface. SEM images (Figure SA,B) of the product
clearly show the growth of thorn-like structures of tellurium on
the nickel nanowire surface, which can be attributed to the
inherently high tendency of tellurium for anisotropic crystal
growth. Also, as can be seen from the SEM and TEM images,
the nickel nanowire surface is nonuniform and contains several
dips or troughs that can act as the nucleation sites for thorn-like
overgrowth of tellurium. Ni K- and Te L-based EDAX images
show distinct features (Figure SC,D). The EDAX spectrum of
Ni—Te NWs (Figure S4, Supporting Information) also confirms
the presence of tellurium.

We used a solution-based method to make ZnO-coated Ni
(Ni—ZnO) NWs using zinc acetate as the precursor. Figure 6
shows (A) the large-area image and (B) an image of a single Ni-
ZnO nanowire. Figure 6 also depicts EDAX images of Ni—ZnO
NWs, showing the intensities of (C) Ni L and (D) Zn L. The
EDAX spectrum given in the Supporting Information (Figure
SS) and X-ray diffraction analysis (Figure 7) also confirm the
presence of zinc oxide on the NW surface. As in the case of Ni—
Te NWs, surface roughness seems to be responsible for the
nonuniform growth of ZnO particles on nanowire surface. We
also tried ethylene glycol as the solvent since NWs can be
dispersed for a longer time in ethylene glycol than in water and
it will provide higher temperature, which favors the formation of
ZnO coating. But we did not get ZnO coating with ethylene
glycol, which may be due to the fact that ethylene glycol favors
the nucleation and growth of small ZnO particles in the bulk
liquid medium itself and not on the nanowire surfaces.

X-ray diffraction analysis of the pristine as well as the func-
tional NWs has been done and the results are shown in Figure 7.
The peaks at 26 values of 44.12°, 51.45°, and 75.84° of pristine
Ni NW may be assigned to (111), (200), and (220) planes,
respectively, of face-centered cubic nickel (JCPDS card 04-
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Figure 5. (A) Large-area SEM image of Ni—Te NWs and (B) corresponding image of a single nanowire. Also depicted are EDAX images of a single

Ni—Te nanowire (shown in panel B), based on (C) Ni K and (D) Te L.

Figure 6. (A) Large-area SEM image of Ni—ZnO NWs and (B) corresponding image of a single nanowire. Also depicted are EDAX images of a single

Ni—ZnO nanowire (shown in panel B), based on (C) Ni L and (D) Zn L.

—Ni NW
—Ni-Te NW
==Ni-Zn0 NW

15.0k-

9.0k' (101)

(200)

Intensity (a. u.

Figure 7. XRD patterns of pristine, tellurium-coated, and ZnO-coated
Ni NWs.

0850). No other peaks were obtained, which proves that the
product is pure and has no significant oxide. In the case of Ni—Te
NWs, the peaks at 26 values of 27.06°, 37.83°, and 40.08° were
assigned to (101), (102), and (110) planes, respectively, of
tellurium (JCPDS card 36-1452). The XRD pattern of Ni—
ZnO NWs showed peaks at 31.40°, 33.94°, 35.74°, 56.24°, and
62.53°, corresponding to (100), (002), (101), (110), and (103)
planes of ZnO (JCPDS card 79-0208).

Since ZnO has distinct Raman features, we could see the
presence of ZnO coating by measuring the Raman spectra of the

composite NWs. Also, we have created Raman images by
collecting the spectral intensities in the ranges of 200—2500
(Figure 8A), 400—500 (Figure 8B), and 1000—1200 cm !
(Figure 8C). During the synthesis of Ni—ZnO nanowire, it is
expected to form a thin layer of NiO on the nickel nanowire
surface. Even though the NiO layer was not characterized in the
XRD analysis, Raman spectra (Figure 8D) showed the features of
NiO. The observed intensity in Figure 8A corresponds to the
combined intensity of different phonon modes of both ZnO and
NiO. Figure 8A (inset) is the optical image of the tellurium NWs
used for Raman imaging. Figure 8B shows the intensity of E,
(high) mode of the ZnO occurring at 428 cm™ ' (marked as 1 in
Figure 8D).*' The peak at around 550 cm ' in the Raman
spectrum is due to the longitudinal optical (LO) phonon mode
of NiO. The observed intensity in Figure 8C is due to the
combination phonon mode (2LO) of NiO occurring at
1102 cm ™" (marked as 2 in Figure 8D).>

It has been shown that highly anisotropic nanostructures are
suitable candidates for SERS applications.> The enormous
enhancements in the Raman signals of molecules in SERS
has practical utility only in metals like Ag, Au, and Cu because
their surface plasmons can be easily excited by visible or near-
infrared (NIR) radiation.”*Au and Ag nanoparticles have been
extensively used for SERS-based sensing of biomolecules.>>*
Since the Ni NWs are highly anisotropic in nature and have
rough surfaces, we studied the SERS activity of these NWs
using crystal violet (CV) as an analyte. For that, we collected
the Raman spectra of adsorbed CV molecules at different
concentrations (Figure 9).

We could get Raman features of CV adsorbed on Ni NWs
even at a concentration of 10> M, which was not observed in the

4488 dx.doi.org/10.1021/jp110498x |J. Phys. Chem. C 2011, 115, 4483-4490



The Journal of Physical Chemistry C

3554 1

Intensity (a. u.)

350

2

500
Wavenumber (cm

Figure 8. Raman images of the Ni—ZnO nanowire created by collecting the spectral intensities between (A) 200 and 2500 cm ™", (B) 400 and 500 cm ™,
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and (C) 1000 and 1200 cm™". (D) Raman spectrum of the Ni—ZnO NWs. (E) Three-dimensional view of the Raman image shown in panel A.
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Figure 9. Raman spectra of CV of various concentrations adsorbed on
Ni NWs.

case of a bare glass plate. Even though the signal intensity was
poor, we observed the Raman features of adsorbed CV on Ni
nanowire at a concentration of 10 ° M (Figure 9). From this it is
clear that Ni NWs gives significant signal intensity up to a
concentration of 10 ° M in the case of CV. The enhancement
factor has been estimated by the method given in ref 55b, and the
value was about 1.7 x 10* for the 1593 cm ' feature.
Experimental®® as well as theoretical®” studies show that nickel
nanowire arrays exhibit SERS activity and an enhancement factor
of 10*—10° can be obtained. Theoretical calculations show that a
lightning-rod effect in the electromagnetic mechanism can en-
hance the SERS activity of Ni NWs.>

5. CONCLUSIONS

In conclusion, we synthesized Ni NWs of high purity in good
yield using a simple wet-chemical reduction route without the
assistance of any surfactants, template, or external magnetic field.
We think that oriented attachment of nanoparticles is respon-
sible for the nanowire formation, but the exact growth mecha-
nism could not be observed by time-dependent sampling of the
nanostructures. Optical absorption features of Ni NWs have
been studied as a function of nanowire dimensions. By use of Ni
NWs as template, tellurium- and zinc oxide-coated Ni NWs have
been prepared by simple wet-chemical overgrowth processes. The
pristine as well as functional NWs are expected to be useful candi-
dates for practical applications. We demonstrated the SERS activity
of pristine Ni NWs using crystal violet as the probe molecule.
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© Supporting Information. Five figures, showing EDAX
spectra of pristine, Ni—Te, and Ni—ZnO NWs and SEM images
of Ni NWs synthesized at different temperatures and with
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