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Anatase TiO2 nanorods with high crystallinity were synthesized using ammonia solution (28%) as
a solvent by through the hydrothermal method. The X-ray diffraction pattern confirmed the prod-
uct’s anatase phase and high crystallinity, and the transmission electron microscope (TEM) image
demonstrated the unique morphologies of the two ends of the TiO2 nanorods (two tringle-horn
shapes and one round-horn shape), whose lengths and widths were within the ranges of 200–
300 and 60–110 nm, respectively. The high-resolution TEM image clearly displayed the crystal
lattices of the (101) planes lying along the direction of the lengthes of the TiO2 nanorods. The
energy dispersive X-ray spectrum of a TiO2 nanorod revealed the presence of about 4 atm% nitro-
gen element as a trace in the anatase TiO2 nanorod. The Raman spectrum of the TiO2 nanorods
also showed the typical bands of anatase TiO2 and very weak peaks resulting from the TiN first-
order defect-induced Raman scattering. The UV-vis diffuse-reflectance spectra showed a slight red
shift (about 3 nm) of the anatase TiO2 nanorods compared with P25, which probably resulted from
the trace of TiN on the surfaces of the anatase TiO2 nanorods. A three-stage-process mechanism
model is proposed for the formation of the nanorods: Rhombus crystallites bounded by four {101}
faces are first formed through anisotropic growth, then longer rhombus crystallites are grown via
oriented attachment, finally, nanorods with a unique morphology are self-assembled by Van Der
Waals forces.
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1. INTRODUCTION

One-dimensional (1D) TiO2 nanostructures (nanorods,
nanotubes, and nanowires) have received extensive
attention1–17 because their unique morphologies have sev-
eral important features that depend on both their sizes
and shapes. These 1D TiO2 nanostructures are produced
through a variety of methods, including the surfactant-
assisted method,1–3 the template assisted method,4�5

hydrothermal synthesis,6�7 solvothermal synthesis,8 the
electrochemical method,9–12 the freeze-drying method,13

and other methods.14 The preparation of nanocrystalline
anatase TiO2 with the desired shapes is of great importance
for the existing or potential technological applications such
as photocatalysis,2�18 solar-energy conversion,19 sensors,20

Li-ion batteries,7�21 and photovoltaic devices.22–24 TiO2

has many advantages, such as photocatalysis efficiency,

∗Author to whom correspondence should be addressed.

low cost, chemical inertness, and photostability, it mainly
appears in three crystalline polymorphic phases: anatase,
rutile, and brookite. Among these phases, anatase TiO2

exhibits the highest photocatalytic activity, making it
the most effective and widely used photocatalyst. The
photoactivity of TiO2 is strongly dependent on its crys-
talline structure, on the crystallite size, and on the syn-
thesis method used.25 The optimal crystallite size was
reported to be in the range of 8–10 nm for spheri-
cal nanoparticles. The smaller crystallites favor surface
recombination, and the larger crystallites exhibit lower
efficiencies.26 For nanorods, the surface-to-volume ratio is
higher than that found in nanospheres, which a high den-
sity of active sites available for surface reaction as well as
a high interfacial charge carrier transfer rate. Morever, it
is expected to reduce the electron–hole recombination rate
through the increased delocalization of the charge carrier
moving freely throughout the length of the crystal.
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It seems that concentrated base solvents are essen-
tial for the fabrication of 1D TiO2 nanomaterials using
the hydrothermal method. Kasuga et al.27 first reported
the synthesis of a TiO2 nanotube using 10 M NaOH
solution as a solvent, through the hydrothermal method.
After the report, many research groups28–33 synthesized
TiO2-based nanotubes using the same methods. They all
used 10 M NaOH or KOH aqueous solutions as sol-
vents and obtained similar results. Sodium or potassium
titanate nanotubes, however, were often obtained instead of
pure TiO2 nanotubes owing to the difficulty of completely
removing Na or K ions from the products. There have
been a number of reports1–4�6–8�14 regarding the synthesiz-
ing of anatase TiO2 nanorods. Here a new approach for the
synthesis of anatase TiO2 nanorods with high crystallinity
is proposed for the first time, using ammonia solution as
a solvent instead of alkaline metal hydroxide solutions,
which are well known that the base plays a key role in the
synthesis of 1D TiO2 nanostructures. Ammonia solution is
also a well-known strong base, and it is expected that 1D
TiO2 nanostructures will be obtained if ammonia solution
will be used as the solvent. As expected, the synthesized
products were confirmed to be anatase TiO2 nanorods
with high crystallinity. A three-stage-process mechanism
model was proposed for the synthesized TiO2 nanords with
unique morphologies.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of Anatase TiO2 Nanorods

In a typical synthesis, 1.5 mL titanium butoxide
(Ti(O(CH2�3CH3�4, 97+%, Aldrich) was mixed with
30 mL ammonia solution (NH3, 28%, Junsei) in a Teflon
container, after which the container was moved into an
autoclave and was heated in a furnace at 180 �C for 38 h.
After cooling to room temperature, the final precipitate
was filtered and washed several times with de-ionized
water and absolute ethyl alcohol (C2H5OH, 99.9%, Hay-
man), respectively. The product was then freely dried at
room temperature. The synthesis procedure was repeated
several times, and reproducible results were obtained.

2.2. Characterization

The crystal structure of the synthesized products were iden-
tified using powder X-ray diffraction (XRD) with a Philips
X’Pert-MPD system with a Cu K� radiation source (� =
0�154056 nm). The size and shape of the products were
determined based on transmission electron microscopy
(TEM) images. TEM samples were prepared on a corbon-
coated 400-mesh copper grid. TEM measurements were
carried out on a HITACHI H-7500 (low-resolution) and
a JEOL JEM2010 (high-resolution) transmission electron
microscope (TEM). Energy-dispersive X-ray (EDX) spec-
troscopy for the elemental analysis and the selected-area

electron diffraction (SAED) pattern of the sample was
conducted on a JEOL JEM2010 TEM operated under an
acceleration voltage of 200 kV. The UV-visible diffuse-
reflectance spectra were measured using a Cary 3 spec-
trophotometer (Varian). The Raman spectra were recorded
on a FRA 106/S Raman spectrometer (Bruker, Germany),
and Nd/YAG laser (1064 nm) was used as an exciting light
source.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the product. The
discernible peaks can be indexed to the (101), (103),
(004), (112), (200), (105), (211), (204), (116), (220) and
(215) planes of a tetragonal unit cell, which correspond to
those of the titanium dioxide structure (JCPDS card no.
83-2243). The product was determined to be in the pure
anatase phase. It can be easily seen in the XRD pattern that
the diffraction intensity and shape of the (101) peak are
very strong and narrow, and that all the characteristic peaks
pertaining to the anatase phase are clearly separated, which
are different from the previous reports,1–4 indicating that
almost all the products are anatase-phase TiO2 with very
high crystallinity. This is further confirmed by the high-
resolution TEM (HRTEM) images below. Cozzoli et al.1

synthesized anatase TiO2 nanorods using the surfactant-
assisted method, at a low temperature (80 �C). The XRD
profile of the TiO2 sample clearly exhibited an extreme
peak intensity and a narrow width for the (004) reflex and
a comparatively lower diffraction intensity for the (200)
reflex, supporting the preferential growth of TiO2 along the
[001] direction. Jun et al.3 reported similar XRD patterns
of a higher-intensity (004) peak compared to the (200)
peak. In the present study, however, the intensity of the
(200) peak is slightly larger than that of the (004) peak
in the XRD pattern. Therefore, no information supporting
the preferential growth of TiO2 along any direction can be
found in the XRD pattern.

Fig. 1. XRD pattern of the anatase TiO2 nanorods.
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Fig. 2. TEM image of the anatase TiO2 nanorod.

Figure 2 clearly shows the TEM image of the TiO2

nanorods. Interestingly, the two ends of the TiO2 nanorods
show different shapes: one shows two triangle-horn shapes
(one big, one small) and another shows a nearly round-
horn shape. Such unique morphologies of the two ends
of the TiO2 nanorods can also be seen in the other TEM
images. Based on the TEM images, the lengths of the
four individual TiO2 nanorods were 138, 185, 188, and
266 nm, respectively, their widths of were 32, 48, 57, and
67 nm, respectively, and their aspect ratios were 4.3, 3.8,
3.3, and 4.0. There was almost no change in the width
of any of the TiO2 nanorods along the length direction,
except for the zone near the nanorod with round-horn-
shaped ends, and the edges of the TiO2 nanorods were
shown to be very sharp. The scanning electron microscopy
(SEM) image of the product (not shown) shows in a large
scale the morphologies of many of the TiO2 nanorods,
whose lengths and widths were within the ranges of 200–
300 and 60–110 nm, respectively.
An HRTEM image of a nearly-round-horn-shaped end

of an anatase TiO2 nanorod is shown in Figure 3. Crystal

Fig. 3. HRTEM image of an anatase TiO2 nanorod.

lattices can be very clearly seen on the entire surface area
of the TiO2 nanorod. The observed lattice distance of the
TiO2 nanorod was 3.3 Å, which is close to the d-spacing
of the (101) peak (d = 3�5 Å) in the XRD pattern. Similar
values can be found in these author’s previous work34 and
in other reports.1 It can be clearly seen in Figure 3 that
the (101) planes of the anatase TiO2 nanorod are parallel
to the length direction of the TiO2 nanorod, which is dif-
ferent from other reports.1–4 This is why the information
supporting the preferential growth of the TiO2 nanorod
along any direction can not be found in the XRD pattern
mentioned above. The inset in Figure 3 shows the SAED
pattern along a (010) zone axis from the nanorod. The
pattern demonstrates that the anatase nanorods are single-
crystalline. A similar SAED pattern can be found in the
report.35 A much larger HRTEM image (not shown) of the
two triangle-horn shapes of the ends of an anatase TiO2

nanorod also shows very clear crystal lattices of the (101)
planes, where the growth direction of the TiO2 nanorod is
also parallel to those of the (101) planes. It can be easily
seen in the XRD pattern and in the HRTEM image that
the grown TiO2 nanorods were in the single-crystalline
anatase phase and had high crystallinity and predominant
(101) faces.
The unique morphologies of the ends of the nanorods

triggered these authors’ interest in the formation mecha-
nism of nanorods, an explanation of which is given herein.
It is proposed that there are three stages in the growth
of nanorods: (1) the formation of rhombus single primary
crystallites; (2) two or three (or more) rhombus single pri-
mary crystallites joining into larger single crystals via ori-
ented attachment; and (3) the self-assembling of the larger
single crystals via Van Der Waals forces.
A schematic diagram of the formation mechanism

of nanorods is shown in Figure 4. In the first stage,
fast hydrolysis, which is required for anisotropic crystal
growth,1 occurred after the addition of Ti(OBu)4 to the
NH3 solution, as indicated by the appearance of a white
cloud in the reaction solution. In this process, the reac-
tion is kinetically driven by an extremely high monomer
concentration in the early growth stages. The role of NH3

is probably the promotion of fast crystallization in the
hydrothermal conditions,1 leading to the faster anisotropic
growth of the TiO2 crystal structure. For anatase TiO2,
the surface energy of the (001) faces is approximately

Fig. 4. Schematic diagram of the formation mechanism of nanorods.

J. Nanosci. Nanotechnol. 11, 6007–6012, 2011 6009



Delivered by Publishing Technology to: McMaster University
IP: 119.1.226.215 On: Tue, 13 Oct 2015 12:50:10

Copyright: American Scientific Publishers

R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Hydrothermal Synthesis of Anatase TiO2 Nanorods with High Crystallinity Using Ammonia Solution as a Solvent Zhang et al.

1.4 times that of the (101) faces.36 Thus, the initial crys-
tal morphology will be determined by the slowest-growing
faces due to the shrinking of the fastest-growing faces.
Therefore, the anisotropic alloy grown monomers of the
Ti-O-Ti networks further transform into small rhombus
crystallites bounded by four (101) faces, and the amor-
phous TiO2 nanorods are almost consumed in this stage,
which was indirectly confirmed by the XRD pattern (stage
1 in Fig. 4.). These crystallites can be seen as building
blocks for further particle growth. In the second stage,
two (or more) small rhombus crystallites grow into larger
single crystals via oriented attachment, forming longer
rhombus crystallites that can be seen as small nanorods
(stage 2 in Fig. 4.). Similar results can be found in the
related literatures.3�37 This stage involves particle growth
by joining small rhombus crystallites at specific dimen-
sionally similar crystallographic surfaces. The Brownian
motion of the small rhombus crystallites in the solution
plays an important role in this stage. In the third and last
stage, these larger single crystals begin to further grow into
final products by self-assembling via Van Der Waals forces
while stage 2 continues to progress (stage 3 in Fig. 4.). In
this stage, the particle growth is mainly governed thermo-
dynamically to lower the overall surface energy. It can be
easily seen in the mechanism that there will be other types
of nanorod morphologies in the products, as can be seen
in the other TEM images (not shown).
Figure 5 shows the UV-vis diffuse-reflectance absorp-

tion spectra of the anatase TiO2 nanorods and P25, for
comparison. Both the anatase TiO2 nanorods and P25 show
the typical characteristics of anatase TiO2,

38 with a slightly
red shift (about 3 nm) of the TiO2 nanorods compared to
the P25, which rose sharply at ∼380 nm. It was reported
that the UV-vis absorption spectrum can also depend sig-
nificantly on the nanomaterial synthesis method that is
used, and on the surface environment.5 As a result, the
intepretation of the origin of the red shift is not straight-
forward. Such red shift has been attributed to the quantum

Fig. 5. UV-visible diffusereflectance spectra: (a) anatase TiO2 nanorods
and (b) TiO2 (P25).

Fig. 6. Energy-dispersive X-ray spectrum of an anatase TiO2 nanorod.

confinement effect of the crystal size in the nanometer
scale.39�40 Martin et al.41 observed this type of red shift for
pure TiO2 with increasing particle sizes. Hoffmann et al.42

used a molecular orbital (MO) description to explain the
optical properties of semiconductor particles during their
growth from molecular to bulk sizes and the red shift
was considered to correspond to a decrease in the band
gap energy during the transition from quantum-to bulk-
sized particles. For TiO2 with larger than 10 nm particle
sizes, however, such red shift resulting from a decrease in
the band gap energy was reported to be undetectable.42�43

P25 (Degussa, Germany) is a well-known commercial
TiO2 photocatalyst in the anatase (80 atm%) and rutile
(20 atm%) phases, and with mean crystallite sizes of
∼30 nm. Thus, although the crystallite size of synthe-
sized TiO2 nanorods is larger than that of P25, such dif-
ference can not be considered as the reason for the red
shift shown in the UV-vis diffuse-reflectance spectra of
the TiO2 nanorods compared to P25. The EDX spectrum
of the TiO2 nanorod in Figure 6 reveals the presence of
about 4 atm% nitrogen as a trace in the anatase TiO2

nanorod. The Raman spectrum of the TiO2 nanorods in

Fig. 7. Raman spectrum of the anatase TiO2 nanorods.

6010 J. Nanosci. Nanotechnol. 11, 6007–6012, 2011
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Figure 7 displays the typical bands of anatase TiO2 at
144, 198, 397, 517, and 638 cm−1,7 and the very weak
peaks at 248, 321, and 794 cm−1 resulting from TiN first-
order defect-induced Raman scattering.44 It is well-known
that the Raman technique is a very sensitive tool, and is
thus widely used in the field of nanomaterials. The very
weak intensities from TiN further support the amount of
nitrogen element (as low as 4 atm%) obtained via EDX
measurement. The existence of a small amount of TiN on
the surfaces of the anatase TiO2 nanorods may be one
of the reasons for the red shift as a factor of the surface
environment.

4. CONCLUSIONS

In summary, a simple new approach for synthesizing
anatase TiO2 nanorods with high crystallinity using ammo-
nia solution (28%) as a solvent, using the hydrothermal
method, was demonstrated. The XRD pattern confirmed
the anatase phase of the product, and the TEM image
showed the unique morphologies of the two triangle-
and round-horn-shaped ends of the TiO2 nanorods. The
HRTEM image clearly displayed the crystal lattices of the
(101) planes lying along the direction of the length of
the TiO2 nanorod. The UV-vis diffuse-reflectance spec-
tra showed a slight red shift (about 3 nm) of the
anatase TiO2 nanorods compared with P25, which prob-
ably resulted from the trace of TiN on the surfaces of
the anatase TiO2 nanorods. The synthesized nanorods were
formed in a three stage process: (1) rhombus crystal-
lites bounded by four (101) faces were formed through
anisotropic growth; (2) longer rhombus crystallites were
grown via oriented attachment,; and (3) the final nanorods
were self-assembled by Van Der Waals forces. The study
results modify the previously investigated hydroxide syn-
thesis routes. The factors influencing the formation of
nanorods are currently under investigation, and the elu-
cidation of the formation mechanism of nanorods is
under way.
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