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Highly-active anatase TiO2 nanorods have been successfully synthesized via a simple two-step method,
hydrothermal treatment of anatase/rutile titanium dioxide nanoparticle powder in a composite-hydroxide
eutectic system of 1:1 M KOH/NaOH, followed by acid post-treatment. The morphology and crystalline
structure of the obtained nanorods were characterized using XRD, TEM, SEM/EDX and BET surface area
analyzer. The obtained TiO2 nanorods have a good crystallinity and a size distribution (about 4–16 nm); with
the dimensions of 200–300 nm length and of 30–50 nm diameter. Compared with its precursor anatase/
rutile TiO2 nanoparticles and the titanate nanotubes, the pure anatase TiO2 nanorods have a large specific
surface area with a mesoporous structure. The photocatalytic performance of the prepared nanorods was
tested in the degradation of the commercial Cibacrown Red (FN-R) textile dye, under UV irradiation. Single-
crystalline anatase TiO2 nanorods are more efficient for the dye removal.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the past three decades, the application of semiconductor hetero-
geneous photocatalysts especially TiO2 in the photodegradation of toxic
organic pollutants has been extensively investigated [1–3]. It is known
that synthetic dyes released from their manufacturing and application
processes, even at a low concentration (a few tens to a hundred parts per
million), cancause seriouswaterpollution [4–6]. Thesedyes are generally
refractory (non-biodegradable) and cannot be removed from water via
routine wastewater treatment process. Therefore, removal of the dyes
from water is an important environmental issue [7–9]. In the field of
environmental photocatalysis, most of the studies have been done with
spherical TiO2 nanoparticles, in which higher photocatalytic efficiency is
observed with the large surface-to-volume ratio by decreasing the
particle size [10]. However, in a practical photocatalytic process, the
separation of thesefinely powdered photocatalysts fromphotoreactors is
difficult. Continuing efforts have been made to find a kind of low-cost,
highly-active and easily recycled TiO2-based photocatalysts [11,12].
Titanate nanofibers with large aspect ratio can be separated easily from
the solution,which can overcome the disadvantages of the spherical TiO2

catalysts [13–15]. However, the photocatalytic activity is relatively low
due to their poor crystallinity and less active surface sites. Consequently,
the improvement of the photocatalytic activities as well as cycling use of
photocatalysts is an important task in the development of TiO2 nanorod
photocatalysts. Among variousmethods [16–19], hydrothermal synthesis
has become one of the powerful and promising strategy for preparing 1D
TiO2 nanorod structures. This approach involves generation of alkali
titanate nanofibers by hydrothermal reaction in alkali solution, exchan-

ging alkali ions with protons to form the H-titanates, and then thermal
dehydration reactions in air at high temperature [20,21] or hydrothermal
reactions [22] of the H-titanate fibers to produce TiO2 nanofibers with
different crystallographic phases such as brookite, monoclinic, anatase,
and rutile. However, the requirement of good crystallinity is still a major
problem in hydrothermal synthesis of anatase TiO2 nanowires with large
aspect ratio.

This paper reports on the large-scale synthesis of novel and pure
anatase TiO2 nanorods with large aspect ratio, employing a simple and
low-cost modified hydrothermal method in a binary eutectic mixture
of potassium hydroxide and sodium hydroxide at 200 °C which played
a role not only as the solvent but also as the reactant for decreasing the
reaction temperature. The photoactivity of the prepared titania
samples was assessed by the photocatalytic degradation of a
commercial Cibacrown Red (FN-R) textile dye in an aqueous slurry
under UVA irradiation of 365 nm wavelength.

2. Experimental

2.1. Synthesis of the anatase TiO2 nanorods

All the chemicals were of analytical grade and usedwithout further
purification.

The TiO2 nanorods were prepared following a modified hydrother-
malmethod of the first experimental report by Kasuga et al. [23,24]. In a
typical procedure, 1 g of the as-prepared TiO2 prepared by sol–gel
templatemethod as described in the literature [25,26], was added into a
50 mL Teflon vessel containing an amount of hydroxides (NaOH/
KOH=1:1) eutectic aqueous solution. The hydrothermal reaction was
carried out at 200 °C for 36 h, and then naturally cooled to room
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temperature, producing white Na2Ti6O13–xH2O and K2Ti6O13–xH2O
precipitates. These white precipitates were isolated from the solution
by centrifugation and sequentially washed with de-ionized water for
several times and dried at 70 °C for 10 h. For ion-exchange, the sodium
and potassium titanate nanofibers were immerged into a 0.1 M HNO3

solution for6h,washedwithde-ionizedwater for several timesuntil the
pHvalue of the solutionwas about 7, and thendried at 70 °C for 10 h. The
obtained H-titanate nanotubes were added into a 100 mL Teflon vessel
then filled with dilute HNO3 by 80% of the total volume andmaintained
at180 °C for 24h. Finally, theproductswere isolated from the solutionby
centrifugation and sequentially washed with de-ionized water for
several times, and dried at 70 °C for 10 h. Thefinal stepwas to calcine the
obtained sample at 450 °C for 30 min.

2.2. Structure and morphology characterization

The crystal structure of the titania nanorods and its precur-
sor titania nanoparticles and titanate nanotubes were characterized
by X-ray diffraction (XRD, D/max-Brucker D8, USA) with Cu Ka
radiation (k=1.54178A°) operating at 40.0 kV and 40.00 mA.
Morphology and microstructure of the synthesized materials were
investigated by Field-Emission Environmental FESEM (Philips XL30,
Japan) with EDX detector unit and transmission electron microscopy
(TEM, Jeol JEM-1230 USA). Brunauer–Emmett–Teller (BET) (Quanta-
chrome Instruments, NOVA series, USA) analysis was performed to
determine the specific surface area (m2/g) and pore volume of the
powders at 77.35 K. The Brunauer–Emmett–Teller (BET) specific surface
area (SBET) was determined by a multipoint BET method using the

adsorption data in the relative pressure (P/P0) range of 0.05–0.25.
Desorption isotherm was used to determine the pore size distribution
using the Barrett–Joyner–Halenda (BJH) method [27]. The nitrogen
adsorption volume at the relative pressure (P/P0) of 0.976 was used to
determine the pore volume and the average pore size.

2.3. Photocatalytic activity measurements

The photocatalytic activity of the as-synthesized TiO2 nanorods
was tested on the degradation of commercial reactive azo dye,
Cibacron Red FN-R bi-reactive vinylsulphone fluorotriazine dye
(CI Reactive Red 238, empirical formula C29H15O13S4ClFN7Na4,
944.2 g mol−1). It was purchased from CIBA and used as received
without further purification (80% purity approximately). Its chemical
structure was not disclosed by the manufacturer. The measurement of
photocatalytic activity of the mesoporous TiO2 nanorods was
performed in homemade air-cooled photoreactor “Phocat 120.0,
manufactured by SabryCorp”, equipped with fifteen 8W UVA lambs.
The photocatalysis experiments were carried out in 250 mL Pyrex
beaker containing about 100 mL of 30 mg/L of FN-R aqueous solution
and about 0.1 g of the catalyst. Themixtures were stirred about 15min
in the dark to reach adsorption–desorption equilibriumwith catalysts
in the reactor prior to UV light irradiation, then the solutions were
exposed to the UVA light irradiation. Aliquots from the solution were
taken at different time intervals to be measured on an Ocean USB fiber
optic UV–Vis spectrophotometer, USA. Decolorization rate kinetics
and chemical oxygen demand (COD) removal percentage (HANNA

Fig. 1. (a, b) SEM and TEM images of the starting TiO2 nanoparticles prepared by sol–gel method; (c, d) TEM images of the titanate nanotubes obtained after alkaline hydrothermal
treatment and the TiO2 nanorods obtained after acid washing and sintering at 430 °C for 30 min.
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C99, Italy) were used to follow the photocatalytic degradation of the
FN-R dye.

3. Results and discussion

3.1. Morphology and crystal properties

The morphological and structural development of the as-synthe-
sized TiO2 nanorods was investigated by TEM and SEM–EDX analysis.
The transmission electron microscopy images (Fig. 1b–d) show the
progress of the preparation method of the titania nanorods, starting
from TiO2 nanoparticles prepared by sol–gel method described above,
its morphology demonstrated by SEM and TEMmicrographs in Fig. 1a
and b, followed by hydrothermal treatment in eutectic alkaline
mixture of NaOH/KOH to produce titanate nanotubes (Fig. 1c).
These nanotubes were subjected to further acid hydrothermal
treatment in diluted HNO3 and then sintering at 450 °C for 30 min
resulting to the formation of TiO2 nanorods as shown in Fig. 1d. A high
magnification TEM image of the nanorods is shown in the inset of
Fig. 1d, indicating that the diameter of the obtained nanorods was in
the range of 30–50 nm and the length from 100 to 300 nm. SEM–EDX
analysis clearly demonstrated the absence of sodium and potassium
ions in the obtained nanorods (not shown here). This confirms the
purity of the obtained titania nanorods.

Further structural characterizations of the as-prepared TiO2 nanor-
odswere performedusingX-ray diffraction (XRD, CuKa radiation). Fig. 2
shows the change in the crystal structure from the starting anatase/
rutile nanoparticles (Fig. 1a) to the one dimensional titanate structures
(Na2Ti6O13 (JCPDS 37-0951) and K2Ti6O13 (JCPDS 40-0403)) (Fig. 1b)
produced by the alkaline hydrothermal method and then finally to the
single-crystalline TiO2 nanorods after acid washing and sintering. The
crystallographic diffraction peaks of the as-prepared titania nanorods
(Fig. 2c) are consistent with the standard powder diffraction pattern of
single-crystalline anatase-TiO2 (JCPDS no. 21-1272) [28]. Moreover, the
peaks are rather sharp,which indicated the obtained TiO2 nanorods had
relatively high crystallinity and attributed to pure anatase [29].

Fig. 2. XRD patterns of (a) the precursor anatase/rutile TiO2 nanoparticles; (b) titanate nanotubes obtained after alkaline hydrothermal treatment; and (c) titania nanorods obtained
after acid washing and sintering at 450 °C for 30 min. Peaks are labeled as T (titanate), A (anatase phase) and R (rutile phase) structures.

Table 1
Structures and photocatalytic properties of the titania nanorods compared to its
precursor titania and titanate nanostructures.

Sample
type

aPorosity% S (BET)
m2/g−1

Crystallite size
(nm)

bPmax

(nm)

ck (min−1)

TiO2-NP 43.18 20.16 46.80 68.01 2×10−4

TNT 30.51 77.39 75.40 112.82 0.033
TiO2-NR 54.54 85.06 18.20 192.03 0.098

a Pmax is the pore size at maximum frequency (the data taken from the BET result).
b Porosity of the samples was calculated by following the equation: porosity (P)=Vp/

(ρ−1+Vp), Vp: the specific cumulative pore volume (cm3/g), ρ−1: the inverse of the
density of anatase TiO2 (ρ−1=0.257 cm3/g).

c k is the photodegradation rate constant.
Fig. 3. Nitrogen adsorption–desorption isotherms of anatase TiO2 nanorods. The inset
shows BJH pore size distributions.
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The average size t of crystallites of the samples was calculated from
the peak half-width B, using the Scherrer equation [30],

t =
kλ

B cosθ
ð1Þ

where k is a shape factor of the particle (the value of k is 1 if the spherical
shape is assumed), λ and θ are thewavelength and the incident angle of
the X-rays, respectively. The peak width was measured at half of the
maximum intensity (see Table 1).

3.2. SBET and pore structures

The nitrogen adsorption–desorption isotherm of the anatase TiO2

nanorods is presented in Fig. 3. The as-prepared titania nanorods show
the type IV isotherm with type H3 hysteresis loop according to BDDT
classification [28], indicating the presence ofmesopores (4–16 nm). The
plot of the pore size distribution (inset in Fig. 3) was determined by
using the Barrett–Joyner–Halenda (BJH) method from the desorption
branch of the isotherm. The average pore diameter and BET surface area
of the TiO2 nanorods are 6.2 nm and 85m2/g, respectively (see Table 1).

3.3. Photocatalytic activity

The photocatalytic activity of the as-synthesized anatase TiO2

nanorods was tested on the photocatalytic degradation of Cibacrown
Red (FN-R) reactive dye solution under UV irradiation as a test
reaction. Fig. 4 shows that the single-crystalline anatase nanorods
exhibit a much higher activity than both the titania nanoparticles and
titanate nanotubes. To quantitatively evaluate the photocatalytic
activities of catalysts, we studied the kinetics of FN-R photodegrada-
tions over the above samples. In aqueous dye solution, the
photocatalytic decomposition reaction with suspended TiO2 approxi-
mately obey the first-order kinetics and the photocatalytic reaction
can be simply described by dC/dt=kC, where C is the concentration
of FN-R, and k denotes the overall degradation rate constant. The
photocatalytic activity has been defined as the overall degradation
rate constant of the catalysts [11]. By plotting ln(C/Co) as a function of
time through regression, we obtained for each sample the k (min−1)
constant from the slopes of the simulated straight lines, as listed in
Table 1. Surface area is one of the vital factors in determining the
photocatalytic activity of the catalysts. In Table 1, we can see that the

photodegradation rate kinetic of the different titania nanostructures is
compactable with their surface area. Furthermore, the photocatalytic
activity of the TiO2 nanorods was quantitatively evaluated by
monitoring the COD removal during the photodegradation experi-
ments. As it was found that the COD values decrease to 1.2 ppm by
TiO2 nanorods within 180 min of irradiation. These results are
consistent with the kinetic data of the decolorization rates.

4. Conclusions

Highly-active single-crystalline TiO2 nanorods have been prepared
via a simple two-step hydrothermal method. The TEM images and
XRD analysis demonstrate the single-crystalline nature of the
nanorods, and the pore size distribution demonstrates the mesopor-
osity characteristic of the nanorods. The porous single-crystalline TiO2

nanorods have high BET-specific area, 85.2 m2/g. Compared with its
precursor nanostructures; (anatase/rutile) TiO2 nanoparticle and
titanate nanotubes, the pure anataseTiO2 nanorods showed an
obvious increase in the specific surface area and pore volume. This
leads to an obvious enhancement of the photocatalytic efficiency of
the nanorods for the degradation of the commercial FN-R textile dye.
This kind of TiO2 nanorod structured materials promises high potential
and significant large-scale applications in environmental photocatalysis.
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Fig. 4. Photocatalytic activity of TiO2 nanorods for degradation of FN-R dye, compared
with the titania nanoparticles and titanate nanotubes.
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