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Abstract

Single-crystal cubic NiO nanorods with diameters of 30-80 nm and lengths of up to tens of micrometers were
synthesized by using a simple precursor thermal decomposition in NaCl flux with NiCOj; as the precursor, which was
prepared by one-step, solid-state reaction of NiCl, - 6H,O and Na,CO; at ambient temperature. The crystallinity,
purity, morphology, and structure features of the as prepared NiO nanorods were investigated by powder X-ray dif-
fraction (XRD), transmission electron microscopy (TEM), selected area electron diffraction (SAED), high-resolution
transmission electron microscopy (HRTEM), and Raman spectrum. © 2002 Elsevier Science B.V. All rights reserved.

Over the past few years, attention has been fo-
cused on the research field of one-dimensional
nanostructural materials, such as nanorods or
nanowires, because of their potential applications
in nanodevices [1-3]. In order to obtain one-di-
mensional nanostructural materials of the desired
materials, various preparation methods have been
developed including arc discharge [4], laser abla-
tion [5,6], template [7,8], solution [9-11], and other
methods [12-14]. However, to the best of our
knowledge, special conditions, tedious procedures
or complex apparatus may be required for these
methods. Here we report simple precursor thermal
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decomposition route for preparing NiO nanorods.
This method requires neither complex apparatus
and sophisticated techniques, nor metal catalysts
and/or templates as usually needed in other
methods.

NiO has received a considerable amount of at-
tention over the last few years due to its applica-
tions in diverse fields, such as smart windows,
active optical fibers [15], catalysis [16], electro-
chromic films [17], fuel cell electrodes [18,19], gas
sensors [20,21], antiferromagnetic layers [22], p-
type transparent conducting films [23], and others
[24,25]. In the early studies, there are a few meth-
ods for preparing NiO. The most widespread one
used is based on the calcination of almost any
nickel compound in air at about 1273 K, and
physical and chemical vapor deposition tech-
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niques. However, only NiO particles or films can
be prepared by these methods.

NiO nanorods were synthesized as follows: 8 g
of NiCl, - 6H,0 and 2 g of Na,CO; were ground
for 5 min each before mixing together. After 15
min of grinding, the product was washed several
times with distilled water to remove unreacted re-
actants and by-product, and then dried in an oven
at 333 K for 5 h.

The above prepared NiCO; precursor (0.2 g)
was mixed with 1 g of NaCl and 3 ml of nonyl
pheyl ether (9) (NP-9) with an agate mortar, and
then the mixture was ground for 5 min. The mixed
sample was heated in a porcelain crucible that was
placed in the middle of an alumina tube with a
horizontal tube electric furnace at 1173 K for 2 h,
the heat treatment sample was cooled gradually to
room temperature in air, washed several times with
distilled water to remove NaCl flux, filtered, and
dried in an oven at 373 K for 3 h.

The purity and crystallinity of the as-synthe-
sized NiO nanorods were examined by using
powder X-ray diffraction (XRD). Fig. 1 shows the
diffraction pattern collected on these nanorods. All
diffraction peaks can be perfectly indexed to the
crystalline NiO, not only in peak position, but also
in their relative intensity. The peaks can be readily
indexed as (111),(200),(220), (311),(222), and
(400) crystal plans of the crystalline cubic struc-
ture NiO, respectively. The NiO lattice constant
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Fig. 1. The XRD pattern of the as-prepared NiO nanorods.

calculated from the XRD data is a = 4.1730 A,
which is in good agreement with the reported data
(JCPDS 4-835).

The morphology of the nanorods was observed
by transmission electron microscope (TEM, JEM-
200 CX, 200 kV) as shown in Fig. 2. It can be seen
that NiO crystals display rod-like shape with di-
ameters of 30-80 nm, and lengths of up to tens of
micrometers, and no spherical droplets can be seen
at tips of these nanorods. This observation sug-
gests that the nanorods may not grow by vapor-
liquid-solid (VLS) [l1] or solution-liquid-solid
(SLS) [12] mechanism proposed for the nanorods
growth by a catalytic-assisted technique [13,14], in
which a metal liquid droplet is located at the
growth front of the wire and acts as the catalytic
active site. Selected area diffraction (SAED) pat-
tern taken from a single nanorod with a diameter
of 40 nm can be indexed on a cubic cell with lattice
parameters of a =4.1769 A, consistent with the
above X-ray result. The SAED pattern also con-
firms that the nanorod is a single crystal cubic
NiO.

Fig. 3 shows a high-resolution TEM (HRTEM,
JEOL-2010, 200 kV) image of a single nanorod
with a diameter of 40 nm. The HRTEM image
shows that the nanorod is structurally uniform,
and the clear lattice fringes illustrate that the
nanorod is a single crystalline. The interplanar
spacing is about 0.149 nm, which corresponds to
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Fig. 2. TEM images of NiO nanorods. Inset is a SAED image
from a single nanorod.
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Fig. 3. An HRTEM image of a 40 nm NiO nanorod.

the (220) plane of the cubic crystalline NiO, in-
dicating the growth plane of the nanorods is along
the (220) planes.

Fig. 4 shows the Raman spectra (LABRAM-
HR Confocal Laser MicroRaman spectrometer,
514.5 nm, 250 mW) of the as-synthesized NiO
nanorods. It can be seen that there are four Ra-
man peaks at 420, 546, 712, and 1092 cm™!, re-
spectively. Compared to the predicted data of
cubic NiO single crystal [26], we can assigned the
peaks at 420 and 546 cm™' to the first-order
transverse optical (TO) and longitudinal optical
(LO) phonon modes of NiO, respectively. The re-
maining peaks at 712 and 1092 cm™! can be as-
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Fig. 4. The Raman spectra of as-synthesized NiO nanorods.

signed as combination of 2TO and 2LO,
respectively, and are all shifted down in frequency
about 68 cm~!. Since k¥ = 0 phonons in the para-
magnetic (cubic) phase transform as I',, no first-
order Raman scattering is expected. Therefore the
observed first-order Raman peaks near the 420
(TO) and 546 cm~! (LO) must derive from parity-
breaking imperfections [26]. This conclusion is
confirmed by the enhancement of the first-order
Raman scattering in the black NiO, where the
nickel vacancy concentration is high. The combi-
nation Raman scattering trends to vanish at the I’
point but is usually strong elsewhere in the Brill-
ouin zone. This explains why the combination
peaks are all shifted down in frequency, since both
LO and TO branches are expected to be depressed
in frequency away from the zone center.

In summary, a simple thermal decomposition
route has been developed to synthesize single
crystalline NiO nanorods with NiCO; as the pre-
cursor. The as-synthesized nanorods have diame-
ters of 30-80 nm, and lengths of up to tens of
micrometers. The natures of the NiO nanorods
have been investigated by XRD, TEM, HRTEM,
and Raman spectra. The growth mechanism of
nanorods, the roles of NP-9 and NaCl in the for-
mation of NiO nanorods will be investigated in
further.
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