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Abstract

Titanium nitride nanorods have been successfully synthesized by low temperature solid-state metathesis of titanium (III) chloride
and sodium azide without using any organic solvent. The conditions required for the synthesis of these nanorods have been
optimized. It was found that the temperature and time of reaction had a significant effect on the product morphology. Thermal
treatment at 360 °C, for 3 days gave the nanorods of the aspect ratio ~10 (i.e. diameter ~50 nm and length ~ 500 nm), whereas the
thermal treatment at 400 °C for 3 days gave the nanorods of the aspect ratio ~50 (i.e. diameter ~50nm and length ~2-3 um).
Scanning and transmission electron microscopies clearly showed the rod-type morphology. Further evidence for the phase purity
and crystallinity of titanium nitride nanorods was given by X-ray diffraction, field emission high-resolution electron microscopy and

X-ray photoelectron spectroscopy analyses.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Titanium nitride is a technologically important
material that has many applications such as hard
coating for cutting tools [1], as a diffusion barrier for
micro-electronic devices [2], as an optical coating [3] and
as a gold-colored surface for jewelry [4], because of its
excellent chemical stability, good wear resistance, high
electrical conductivity and high melting point (2950 °C).

Conventionally, TiN powder has been made by
gas—solid reactions of titanium (IV) chloride (TiCly)
with ammonia and reactions of metal powders or metal
hydride with nitrogen, a mixture of nitrogen and
hydrogen or ammonia, at elevated temperatures [5,6].
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Most of these reactions require a very high processing
temperature above 1000 °C, which is difficult to control
and results in grain growth, and agglomeration of the
powder. Furthermore, low-energy chemical molecule
precursor route, solid-state metathesis (SSM) routes,
and solid-liquid metathesis route have been demon-
strated for synthesis of TiN powders [7-10]. Material
preparation methods have important effects on the
structures and properties of materials. Recently, various
solution chemical synthesis methods have been utilized
to synthesize advanced nanostructure materials. These
methods allow a good control over morphology of
nanostructured materials [11,12]. Qian and co-workers
[13,14] adopted a low-temperature benzene-thermal
route for synthesis of nanocrystalline gallium nitride
and titanium nitride particles with an average grain size
of 50nm. Hector et al. [8] prepared various transition
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metal nitrides by SSM. Considerable efforts also have
been devoted to synthesize one dimensional nitride
nanostructure materials that have potential technologi-
cal importance such as GaN [15,16], BN [17], and AIN
[18], etc. These materials of the low-dimension are
known to have unique electronic, optical and mechan-
ical properties [19,20].

In this communication, we report for the first time
low-temperature, solvent-free synthesis of single crystal-
line TiN nanorods. Titanium nitride nanorods obtained
by the metathesis reaction of sodium azide (NaN3) and
titanium (III) chloride (TiCl;) in the autoclave at
360400 °C under nitrogen atmosphere for 3 days
without any solvent. As we do not use any solvent like
benzene, contamination due to benzene carbonization is
avoided. Furthermore, the dimensions of the nanorods
could be tuned by simple variation of preparation
conditions such as reaction temperature and time.

2. Experimental

Titanium (III) chloride (99.999%), sodium azide
(99.99 + %) powders were obtained from Aldrich and
used without any further purification. Titanium (III)
chloride and sodium azide are highly corrosive and
explosive materials therefore they should be handled
very carefully. All the operations were carried out in a
glove box filled with nitrogen in the absence of air or
moisture (<5ppm). In a typical synthesis, 3.08 g of
titanium (III) chloride and 3.9 g of sodium azide were
mixed together in a mortar pester in absence of any
solvent. The mixture is transferred into a Parr autoclave
(300cm®). An autoclave was then sealed and taken out
of glove box, flushed and filled with nitrogen, heated
electrically at 360—-400 °C for 3 days without disturbing.
It was then cooled down to room temperature and
nitrogen pressure was released. The product was
collected and washed several times with 0.1 M hydro-
chloric acid to remove the side product NaCl. Finally,
brown—black powder was dried under vacuum at 70 °C
for 12 h.

The product was characterized by powder X-ray
diffraction (XRD MAC Science M18XHF diffract-
ometer) using CuKo radiation (1= 1.5418 A). The
morphology of nanostructures were determined by
transmission electron microscopy (TEM, Philips CM-
20) using an accelerating voltage of 200kV and with
field emission high resolution transmission electron
microscopy (FE-HREM, Jeol 2100F). The field emission
scanning electronmicroscopy (FE-SEM, FEI XL30S)
analysis was carried out to see the overall morphology.
The composition of TiN nanostructure was determined
by X-ray photoelectron spectroscopy (XPS, VG Scien-
tific  ESCALAB 220iXL). The spectrometer was
equipped with a hemi-spherical analyzer and all XPS

data presented here were acquired using MgKao X-ray
(1253.6eV). Sputter cleaning was done with a differen-
tially pumped Ar" sputter gun. The nanorod composi-
tions were estimated from the relative area intensities of
different high-resolution peaks after normalizing with
respective relative sensitivity factors in the software
package. The as-obtained TiN nanorods were sputter
etched in situ with Ar " to remove the oxide layer which
is formed due to oxidation at room temperature.

CAUTION! These reactions are extremely exothermic
and produce large quantities of nitrogen. A large reactor
should be used to minimize the risk of pressure
explosions.

o~

200 nm

(a)

200 nm
(b)

Fig. 1. TEM images of titanium nitride nanorods, (a) nanorods with
the aspect ratio ~10 (diameter ~50 nm and length ~500 nm) obtained
by thermal treatment at 360 °C for 3 days. (b) Nanorods with the
aspect ratio ~50 (diameter ~50 nm and length ~2-3 um) obtained by
thermal treatment at 400 °C for 3 days.
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3. Results and discussion

Representative  transmission  electronmicroscope
(TEM) images of the titanium nitride nanorods are
shown in Fig. 1. These images clearly reveal that the
product is nanorods with diameter of ~50nm and
length of 2-3 um (as in Fig. 1B). It was found that the
product morphology depended upon synthesis condi-
tions. The influence of reaction temperature on the
formation of nanorods was investigated. Thermal
treatment at 360 °C for 3 days gives the nanorods of
the aspect ratio ~10 (i.e. diameter ~50nm and length
~ 500nm) as shown in Fig. 1A, whereas the thermal
treatment at 400 °C for 3 days gives extended nanorods
of the aspect ratio ~50 (i.e. diameter ~50 nm and length
~2-3um) as in Fig. 1B.

The length of nanorods could be varied further from
few to tens of micrometer and it depended upon the time
and temperature of synthesis reaction. Hence, one can
even obtain nanowires with aspect ratios greater than 50
with the same reaction at 400 °C and for a longer time
(say 4-5 days). Fig. 2 represents the X-ray diffraction
pattern of as-obtained titanium nitride nanorods. The
sharp peaks of the XRD pattern shows that the material
is of high purity and almost single crystalline in nature.
The unit cell parameter (cubic) for TiN nanorods has
been determined to be a =4.24 A which is in good
agreement with the literature value (JCPDS 38-1420).

Fig. 3 shows SEM images of as-prepared TiN
nanorods. From Fig. 3A, it is evident that the TiN
product mainly consists of straight and crystalline rod-
like structures, with length ~500nm —1pum and
diameter ~50nm. Fig. 3B shows the nanorods with
aspect ratio ~50, i.e. length ~2-3um and diameter
~50 nm. These results are consistent with those of TEM.
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Fig. 2. X-ray diffraction pattern of titanium nitride nanorods obtained
by the thermal treatment at 400 °C for 3 days. Sharp peaks show the
phase purity and single-crystallinity of the titanium nitride nanorods.
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Fig. 3. Scanning Electron Microscopy (SEM) images of titanium
nitride nanorods, (a) nanorods with the aspect ratio ~10 (diameter
~50nm and length ~500 nm) obtained by thermal treatment at 360 °C
for 3 days. (b) Nanorods with the aspect ratio ~50 (diameter ~50 nm
and length ~2-3 um) obtained by thermal treatment at 400 °C for 3
days.

Although there is some degree of aggregation and
clumping the majority of nanorods exhibits well-defined
individual morphologies.

Further evidence for the formation of single-crystal-
line titanium nitride nanorods could be found in HREM
images shown in Fig. 4. These HREM images clearly
show the tip of nanorod and the lattice fringes which are
consistent throughout the crystal. The spacing between
adjacent lattice planes is 0.21 nm, corresponding to (200)
plane of NaCl type titanium nitride, which indicates that
the preferred growth direction of nanorods is perpendi-
cular to [200].

To investigate the electronic state of N and Ti in
nanorods, we carried out the XPS analysis. Fig. 5
represents the XPS spectra of the titanium nitride
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Fig. 4. Field emission high resolution electron microscopy (FE-
HREM) images of titanium nitride nanorods, (a) a tip of a nanorod,
and (b) lattice image that shows a spacing of 0.21 nm between adjacent
lattice planes which corresponds to (200) plane of NaCl type titanium
nitride. The preferential growth direction is perpendicular to [200].

nanorods. The binding energy of N ls peak shown in
Fig. 5A for titanium nitride nanorods matches very well
with the literature value of 397.0eV [21]. The broad
shoulder toward high binding energies represents the
presences of nitrogen species which is not directly
associated with titanium. Similarly, the binding energies
of Ti 2p doublet lines shown in Fig. 5B for TiN
nanorods were determined to be 455+0.2e¢V and
46140.2¢V, which are in agreement with the published
literature values for titanium nitride [21]. Furthermore,
the quantification of peak areas gave the Ti:N atomic
ratio 1:1. Hence we can conclude that our titanium
nanorods are phase-pure and no TiO, impurity is
present in the sample.

The synthesis of various refractory ceramics via SSM
reaction has been reviewed by Gillan et al. [22]. The
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Fig. 5. An X-ray photoelectron spectrum of titanium nanorods.
(A) N 1s spectra shows the peak at 397.0eV. (B) Peaks at ~455 and
~461¢eV of Ti 2p3,, doublet matches with the literature values.

reaction between sodium azide and metal chlorides are
exothermic as assessed by Hess’ law. Although the
reaction of TiCl; and NaNj to form TiN is thermo-
dynamically spontaneous (AGF°® = —354.7 kcal/mol)
[23], it is well known that the TiN could not be obtained
at a temperature <330°C (thermal decomposition
temperature of reactant) [22-24]. Hence we investigated
the whole process to find the optimum condition for the
formation of nanorods as described above.

The thermal decomposition of NaN; proceeds ac-
cording to the equation, 2NaNj; — 3N, +2Na. A
previous report on the details of the reaction indicates
that nitrogen atoms can be generated from this
decomposition process [25]. Adopting the same idea,
another report [13] proposed a reaction mechanism that
could be represented as Scheme 1, in the synthesis of
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2 NaN, — 2N, + 2N + 2Na + energy
TiCl, +3Na — Ti + 3NaCl + energy
Ti+N—TiN

Scheme 1. Formation mechanism of titanium nitride.

Fig. 6. SEM images of TiN powder (A) before heating with NaCl salt,
and (B) after heating with NaCl salt at 360 °C, 600 psi N, pressure for
3 days.

spherical titanium nitride nanocrystals in benzene
solvothermal process. We presume essentially the same
mechanism could dictate the formation of titanium
nitride nanorods discussed in the present study.

The reason for the formation of nanorods is not
understood at the moment. Yamane and co-workers
reported the GaN crystal growth in molten Na-flux
[26,27]. They obtained GaN prisms and platelets in the
range of 0.2-1 mm size. Likewise, one can consider the

possibility of TiN crystal growth in molten Na formed
in the first step of the Scheme 1. However, it is expected
that formed Na is consumed immediately by the facile
second reaction to form NaCl byproduct. NaCl would
be in solid state under the synthesis conditions and
would not contribute to the crystal growth of TiN.
Indeed, when we heated a commercial TiN powder
(Aldrich) with a morphology shown in Fig. 6A together
with NaCl (TiN : NaCl = 1:1 in moles) under the same
reaction condition (360 °C, 600 psi, for 3 days), we could
not find any nanorods formed in this process as shown
Fig. 6B.

Since TiN has a cubic structure, there is no intrinsic
preferred orientation of crystal growth. Increase in
aspect ratio (maintaining the same diameter)
with synthesis time and temperature suggests that a
kinetic factor might be responsible for the unidirectional
growth. Thus, after the formation of nanocrystals,
they may grow in one direction as we provide
more time maintaining the constant temperature
and pressure conditions. In presence of solvent like
benzene, solvothermal synthesis yielded nanocrystalline
TiN particles of spherical shape as reported earlier [13].
Thus, solvent may exert an important influence
on the geometry of the obtained product as also
demonstrated in the synthesis of alumina nanotubes
[28]. In any case, as we do not use any solvent like
benzene, contamination due to benzene carbonization is
avoided.

4. Conclusions

Single-crystalline titanium nitride nanorods have been
successfully synthesized by low temperature SSM of
titanium (III) chloride and sodium azide without using
any organic solvent. The synthesis temperature and time
could be varied for the synthesis of TiN nanorods with
different aspect ratios. The SEM and TEM images
clearly show the rod type morphology. Further evidence
for the phase purity and crystallinity of titanium nitride
nanorods was given by an X-ray diffraction, FE-TEM
images and an X-ray photoelectron spectroscopy
analysis. The present method allows the fabrication of
single-crystalline TiN nanorods with tunable dimensions
under mild conditions.
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