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Titanate nanofibers were synthesized via the hydrothermal method (120 °C for 72 h) using natural
ilmenite mineral (FeTiO3) as the starting material. The samples were characterized by X-ray diffraction
(XRD), X-ray fluorescent (XRF), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and Brunauer-Emmett-Teller (BET) for specific surface area. The nanofibers were 20-90 nm in
diameter and 2-7 pm in length. The as-synthesized nanofibers calcined at 300-400 °C showed TiO; (B)
whereas the nanofibers calcined at 500 °C revealed a mixture of two phases of TiO, (B) and anatase. The
nanofibers calcined at high temperature of 600-1000 °C showed a mixture of tri-crystalline of anatase,
rutile, and Fe,0s. The rutile phase increased with increasing calcination temperature. The nanofibers
calcined at 300-700 °C maintained their structure while the morphology of the nanofibers calcined at
800-1000 °C transformed into submicron rod-like structure. This increase of calcination temperature led
to the phase transformation from thermodynamically metastable anatase to the most stable form of
rutile phase. The crystallite size of prepared samples increased with increasing calcination temperature.
Interestingly, with increasing calcination temperature, the absorption edge of the prepared samples
shows an obvious shift to visible light region due to the change of crystallite phase and increased
crystallite size. Therefore, the band gap energy of the prepared samples became narrower with
increasing calcination temperature. Furthermore, the photocatalytic activity of the nanofibers calcined
at 400 °C for 2 h was found to be not merely higher than those of the commercially available TiO,
nanoparticles powders (P-25, JRC-01, and JRC-03) but also the highest of all the samples in this study.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past three decades, nanostructured materials derived
from TiO, have been regarded as the most suitable semiconductor
in such applications as photocatalyst of water splitting [1-5] and
degradation of organic contaminants in water treatment [6-13].
The rate of the photocatalytic reaction is controllable at various
steps in the process: light absorption, transport of photogenerated
charges (electron (e”) and hole (h*)) onto the photocatalyst
surface, and recombination of e~ and h* on the photocatalyst
surface [14). Therefore, the crystalline structure and surface
morphology of a photocatalyst, such as the particle shape and size,
are significant parameters in photocatalytic reactions [15-17]. In
addition, TiO, derived materials possess a number of good points,
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such as high photovoltaic effect, medium dielectric permittivity,
high chemical stability, and low toxicity [18]. Thus, TiO, derived
materials were introduced into a number of applications, e.g.,
catalysts [19], gas sensors [20], and dye-sensitized solar cells
[21.22].

TiO, exists in various crystalline structures, i.e., anatase (band
gap energy 3.2 eV), rutile (band gap energy 3.0 eV), brookite, and
monoclinic of TiO, (B) [18,23]. Several methods were employed in
the preparation of the TiO,-derived nanomaterials, examples of
which were inert gas condensation [24] sol-gel method [25,26]
electrospinning [27,28], and hydrothermal [29-38]. In our previ-
ous works, the hydrothermal method was selected to synthesize
nanofibers from leucoxene mineral because it was simple, low-
cost, and environmentally friendly [38,39].

The nanofibers in this study were prepared by the simple
hydrothermal method using inexpensive natural ilmenite mineral
(~0.5-0.7 dollar/kg) as the starting material. The calcined nano-
fibers were treated with the calcination process. The chemical
composition, crystalline structures, morphology, and BET specific
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surface areas of the prepared samples and calcined nanofibers
were investigated and reported. Besides, the effects of calcination
temperature on structural and photocatalyst properties of the
nanofibers prepared from natural ilmenite mineral by the
hydrothermal method were discussed.

2. Experimental procedure
2.1. Preparation of nanofibers

The nanofibers were prepared by the hydrothermal method in
which natural ilmenite mineral (Sakorn Minerals Co., Ltd.,
Thailand) was used as the starting material. 5g of ilmenite
mineral and 10 M NaOH aqueous solution (200 ml) were placed
inside a Teflon-lined stainless autoclave. The autoclave was heated
and stirred at 120 °C for 72 h. Afterward, the mixture was cooled
down to room temperature and was washed with 0.1 M HCI
aqueous solution and DI water a number of times. Then, the
precipitated sample was dried at 100 °C for 12 h.

2.2. Characterization

‘ The chemical composition of the ilmenite mineral and that of

the as-synthesized sample were evaluated by X-ray fluorescence
(XRF, Philips, PW-2404, 4 kW). The microstructures of the ilmenite
mineral, the as-synthesized nanofibers and the calcined nanofibers
were investigated by scanning electron microscopy (SEM; JEOL,
JEM-6510) and transmission electron microscopy (TEM; JEOL, JEM-
2010). The X-ray diffraction (XRD) patterns of the as-synthesized
samples were obtained with PANalytical diffractometer (X'Pert
PRO MPD model pw 3040/60) using Cu Ka (A =0.154 nm)
irradiation at a scan rate (26) of 0.02°s~! and a 26 range of 5-
80° operated at 40 kV and 30 mA. The BET specific surface areas of
the samples were measured using nitrogen adsorption (Quanta-
chrome Instruments, Autosorb-1).

2.3. Photocatalytic activity measurement

The photocatalytic activity was measured through the forma-
tion rate of I3~ due to the oxidation photoreaction of I to I, in
excess 1~ conditions [15]. A reaction system was set up by adding
50 mg of a sample powder into 10 ml of 0.2 M of potassium iodide
(KI) aqueous solution; the mixture was then stirred and irradiated
at room temperature with UV light with maximum emission of

pproximately 365 nm. Following the irradiation for 15, 30,45, and
60 min, the suspension was withdrawn and centrifuged. After the
clear supernatant was diluted 10 times, the concentration of
liberated 15~ ions was determined by the absorbance at 288 nm
using an UV-Vis spectrophotometer (Shimadzu UV 2450). The molar
extinction coefficient was found to be 4.0 x 10* (cm mol/l)~';
no I3~ formation was observed when the experiments were
performed in the dark or in the absence of the TiO, samples. Three
different commercially available TiO, nanoparticle powders, i.e.,
P-25 (Nippon Aerosil Co., Ltd., Japan), JRC-01, and JRC-03 (The
Catalysis Society of Japan) were tested for use as reference.

3. Results and discussion
3.1. As-synthesized nanofibers

After the reaction in the hydrothermal process, the as-
synthesized nanopowders become brown (Fig. 2(b)) while the
starting ilmenite mineral is black (Fig. 2(a)). The findings indicated
that a large fraction of Fe impurities could be eliminated by the
NaOH (aq.) hydrothermal treatment and neutralization/washing
processes [34]. The chemical composition of ilmenite mineral and

that of the as-synthesized sample were evaluated by XRF.
Following the hydrothermal process, the percentage of impurities
(Fe,03, Al;03, Si0,, MnO) decreased while that of TiO, increased
from 66.99 to 76.21 wt%. The results were consistent with those of
leucoxene mineral and nanofibers from leucoxene mineral in our
previous works [38,39], but the as-synthesized nanofibers showed
a higher percentage of Fe,03 than the nanofibers prepared from
leucoxene mineral. The aforementioned could be due to solubility
of the impurities in NaOH and HCl aqueous solutions during
preparation process [14,15]. Recent studies indicated Fe doping
significantly enhanced the optical response of visible light owing to
the reduced band gap energy [16], probably contributing to the
brown color of the as-synthesized sample in this research. The
nanofibers doped with Fe could be an alternative material with
high potential for use as photocatalyst in hydrogen generation,
dye-sensitized solar cell (DSSC), and decomposition of organic
dyes.

Fig. 1(a) shows the XRD patterns of the prepared samples
compared with the starting ilmenite mineral. The XRD pattern of
the starting ilmenite mineral emerged in rutile phase, while the
structure of the as-synthesized nanofibers revealed the hydrogen
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Fig. 1. XRD patterns of the starting natural ilmenite mineral, the as-synthesized
nanofibers, and the calcined nanofibers for 2 h at (a) 100-500 °C and (b) 600~
1000 °C; A: anatase TiO,, B: TiO; (B), H: hydrogen titanate, and R: rutile TiO,.
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Fig. 2. SEM images of (a) the starting ilmenite mineral and (b) the as-synthesized
nanofibers.

titanate H,TiOzx41, €.8., trititanate (H,Ti307) [18,31]. The results
were similar to those of leucoxene mineral and nanofibers from
leucoxene mineral in our previous works [38,39]. The difference
points between nanofibers using ilmenite mineral as the starting
materials for this study and nanofibers using leucoxene mineral as
the starting materials for previous work [38] were discussed.
Interestingly, the chemical composition of nanofibers using
leucoxene mineral as the starting materials consist of Fe O3
similar to this study. However, nanofibers using leucoxene mineral
as the starting materials showed less the percentage of Fe,05 than
nanofibers using ilmenite mineral as the starting materials that is
2.26% and 21.80%, respectively [38,40]. This difference may be
result in the photocatalytic activity [41,42].

The diffraction peaks of other impurities, such as NaCl and rutile
phase of the starting natural ilmenite mineral, were not observed.
This was due to the fact that Na content in the nanofibers could be
minimized by repeated ion-exchanging treatment with HCI
leaching and water washing [34,36,43]. Nevertheless, compared
with the titanate nanotubes, the nanofibers tended to contain more
residual Na ions under the same ion-exchanging conditions due to
the geometry of the nanofibers, i.e., more solid and thicker
structure, and alkali-metal hexatitanates (A;TigO;3, A= Na, K, Rb)
tended to be in the form of stable solid fibrous structure and was
not easily removed with the aqueous HCl treatment at room
temperature [34].

Fig. 2 shows the SEM images of the starting ilmenite mineral
and as-synthesized sample. The starting ilmenite mineral is in

Fig. 3. TEM image of the as-synthesized nanofibers at 150,000x magnification.

granule form of 150-200 pwm in diameter (Fig. 2(a)). The as-
synthesized nanofibers possess the fiber-like morphology with the
lengths and diameters of 2-7 pum and 20-90 nm, respectively
(Fig. 2(b)). Furthermore, most of the nanofibers tend to stick
together in bundles, thus causing some of the nanofibers to appear
thicker than others. TEM experiment was conducted to prove that
nanofibers were solid (not hollow). The TEM image of the as-
synthesized nanofibers was illustrated in Fig. 3, which showed the
as-synthesized sample to be solid (not hollow), indicating the
structure of nanofiber.

Interestingly, the BET specific surface area of the as-synthesized
nanofibers was about 50 m?/g, while the BET specific surface area
of the starting natural rutile sand was about 0 m?/g. Increased
surface areas are generally accomplished by the synthesis of small
particles with high surface to volume ratios or by the manufacture
of nanostructured materials from bulk substrates.

3.2. Nanofibers with calcination treatment (300-500 °C)

Fig. 1(a) also shows the XRD patterns of the prepared samples
calcined for 2 h at 300, 400, and 500 °C. After calcination at the
temperature range of 300-400 °C, the calcined samples demon-
strated TiO, (B). The nanofibers were dehydrated and re-
crystallized into the metastable form of TiO, (B) [5.33-38].
Moreover, the peak intensity corresponding to the TiO, (B)
decreased as the calcination temperature increased. At 500 °C,
the calcined nanofibers revealed a bi-crystalline mixture consist-
ing of TiO; (B) and anatase TiO,. Recent research studies found a bi-
crystalline mixture consisting of TiO, (B) and anatase TiO,
nanostructured not merely showed similar formation in the
temperature ranges of 100-500 °C [37], 300-600 °C [44] or 400-
600 °C [45] but promoted great H, evolution from neat ethanol as
well [5,38,46].

Fig. 4 shows the SEM images of the as-obtained nanofibers
calcined for 2 h at 300, 400, and 500 °C. From the SEM images, the
nanofibers calcined for 2h at 300-500°C maintained their
nanofiber morphology [31]. In many research studies, the
nanotube structure was frequently investigated due to its high
surface area; however, titanate nanotubes with free-alkali ions

R
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Fig. 4. SEM images of the calcined nanofibers for 2 h at (a) 300 °C, (b) 400 °C, and (c)
500 °C.

were typically unstable at high temperatures (at ~500 °C) and
converted into anatase particles [33-35,37]. To maintain the 1-D
nanostructure at higher temperatures (typically at 500-800 °C),
solid nanowires or nanofibers are more preferable.

3.3. Nanofibers with calcination treatment (600-1000 °C)

The XRD patterns of the prepared samples calcined at 600, 700,
800, 900, and 1000 °C for 2 h are shown in Fig. 1(b). The prepared

Table 1
Effect of temperature on physicochemical properties of the prepared samples.
Materials CalcinationAw Anatase (101) Crystalline size
temperature over rutile (110)  (nm)?
() ratio (A:R)
Anatase  Rutile
(101) (110)
Nanofibers from  As-synthesized - - -
ilmenite 300 - - -
400 - ; - -
500 - - -
600 73:37 21 12
700 49:51 29 19
800 28:72 33 41
900 32:68 49 142
1000 22:78 142 142

? Calculated by using Sherrer formula.

samples consisted of a mixture of anatase, rutile phase of TiO; [4,5],
and Fe,05. At 600-700 °C, the crystalline of anatase phase of TiO,
became unstable, TiO, (B) disappeared, and the transformation
from anatase phase TiO, to rutile phase TiO, began at this
temperature range [30,47]. Consequently, the calcination temper-
ature rose, increase in rutile phase TiO, was observed, especially at
the 800-1000 °C, at which the rutile phase TiO, was dominant
while the anatase phase TiO, was almost non-existent. Further-
more, recent papers reported that doping Fe into TiO, enabled the
photon absorbing zone of TiO, to extend from UV toward visible
light as well as reduced TiO, band gap energy from 3.2 to 2.67 eV
[48,49].

The phase content between anatase and rutile was estimate
from the equation: FR = 1/{1 +0.79[IA(1 0 1)/IR(1 1 0)]} suggested
by Spurr and Myers [50]. The effects of calcination temperatures on
phase content and crystalline size of prepared samples are shown
in Table 1. This observation shows that with increasing calcination
temperature from 600 to 1000 °C, the trend of anatase ratio
gradually decreased, meanwhile the rutile ratio became stronger.
This result indicates that the increase of calcination temperature
led to the phase transformation from thermodynamically meta-
stable anatase to the most stable form of rutile phase [51-53]. This
phenomenon relates to an enhancement of crystallization of rutile
phase. Typically, phase transformation is supplemented with
crystal growth [51].

From the XRD spectra, the crystallite sizes can be calculated by
the Debye-Scherrer formula D=K\A/Bcosf, where D is the
crystallite diameter in nm, K is the shape constant (0.90), A is
the wavelength of X-ray (1.541874 A), B is the peak width (in rad)
at half-maximum height and h is the Bragg angle. As the calcination
temperature is raised, XRD reflections corresponding to both the
anatase and rutile phase become narrower, which indicates the
increase of crystallite size [51,53]. The crystallite size was shownin
Table 1. The crystallite size of samples calcined at lower
temperature (below 800 °C) increased slightly from about 21 to
33 nm for anatase phase and 12 to 41 nm for rutile phase. At higher
temperature (1000 °C) caused rapid increase of crystallite size up
to about 142 nm for both the anatase and rutile. This result is
similar to study by Gorska et al. [54].

Fig. 5 depicts the SEM images of the prepared samples
calcined at 600, 700, 800, 900, and 1000 °C for 2 h. The nanofibers
calcined at 600-700°C for 2h maintained their nanofiber
morphology (Fig. 5(a) and (b)). Typically, the TiO,-derived
nanotubes after heat-treatment at 400 °C (anatase phase) were
destroyed and transformed into nanoparticles [33,55]. However,
in this work, the prepared samples calcined at high temperatures
of 600-700°C for 2 h were stable. Therefore, the prepared
samples can be utilized in various applications operated at high
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Fig. 5. SEM images of the calcined nanofibers for 2 h at (a) 600 °C, (b) 700 °C, (c) 800 °C, (d) 900 °C, and (e) 1000 °C.

temperatures. In addition, the prepared samples calcined at 800-
1000 °C for 2 h showed submicron particle structure of rutile
TiO, (Fig. 5(c)-(e)) Recent papers reported that the submicron
particle structure of rutile TiO5, caused by increasing calcination
temperature, decreased the BET specific surface area of the
nanofibers [5,33,35,38].

Other studies reported the influence of phase composition and
BET specific surface area of TiO, nanostructured on the photo-
catalyst properties. Indeed, it was found that the photocatalyst
properties of anatase phase of TiO, were better than those of rutile
[4,5,38]. However, the band gap of rutile (3.0 eV) was lower than
that of anatase (3.2 eV); as such, rutile should be more easily
photo-excited. The high recombination possibility of photo-
generated electrons and holes was the major limiting factor for
the indigent photocatalytic activity of rutile [5,38]. Generally,
phase composition, specific surface area, pore size distribution,
particle morphology, particle aggregation; and impurities can play
a crucial role in determining the efficiency of specific applications
[56]. Thus, the calcination process is required to control the
crystalline structure of TiO, nanofibers.

3.4. UV-Vis diffuse reflectance spectrum

The UV-Vis absorption spectra of the samples were recorded
using a UV-Vis spectroscopy (UV-2401, Shimadzu). The band gap
energy (E;) was estimated from absorption edge from equation as
shown in Eq. (1) by Oregan and Gratzel [57].

B=% M
where h is the Planks constant = 6.623 x 1034] s, C the speed of
light = 3.0 x 10® m/s and A is the cut off wavelength (m).

The influence of temperature on the light absorption charac-
teristic of prepared samples investigated from the as-synthesized
and nanofibers calcined at 400, 700, and 1000 °C for 2 h and shown
in Fig. 6. A significant increase at wavelengths shorter than 400 nm
could be explained to absorption of light caused by the excitation
of electrons from the valence band to the conduction band of TiO,
[51,58]. A shift to visible light region of the absorption of the
prepared samples was observed for the as-synthesized and
nanofibers calcined at 400, 700, and 1000 °C for 2 h. The differences
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Fig. 6. UV-Vis spectra of the as-synthesized nanofibers and the calcined nanofibers
for 2 h at various temperatures.

in absorption were described to the change of crystallite size and
phase structure [51,53]. The absorption edges shifted toward
longer wavelengths were attributed to the existence of iron (Fe) in
the prepared samples, the excitation of 3d electron of Fe** ion to
the TiO, conduction band (charge transfer transition) may be
extended of absorption of the prepared samples from UV toward
visible light [41,58,59]. This correlates with the appearance of the
brown coloration of the prepared samples.

The band gap energy of the as-synthesized and nanofibers
calcined at 400, 700, and 1000 °C for 2 h estimated from Eq. (1) was
about 3.80, 2.62, 2.32, and 2.12 eV, respectively. Recently paper,
reported the Fe,03/TiO, composite showed narrower band gap
energy was about 2.20-2.63 eV [42]. The difference in band gap
energy is due to the result of the change of crystallite size and
phase composition in the prepared samples [51,54]. This data
showed that the band gap of prepared samples became narrower
with increasing calcination temperature. This result due to
following factor, the first reason, an increase in crystallite size
leading to the decrease of band gap energy, which was in
correspond with recently work reported by Xiao et al. [60] and
the second, after calcination at 400, 700, and 1000 °C for 2 h, lower
value of band gap energy for samples was observed, due to phase
transformation from anatase to rutile [51,53,54]. However, the
band gap energy of the as-synthesized showed larger gap may be
cause by titanate structure of this sample [61].

A: Nanofibers from ilmenite mineral
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Fig. 7. Photocatalytic activity (I3~ concentration) of the as-synthesized nanofibers,
the calcined nanofibers for 2h at various temperatures, commercial TiO;
nanoparticles (P-25, JRC-01, and JRC-03), and nanofibers from leucoxene mineral.

3.5. Photocatalytic activity

Fig. 7 shows the photocatalytic activity of the as-synthesized
nanofibers, nanofibers calcined at various temperatures for 2 h,
and commercial grade TiO, nanoparticles, i.e., P-25, JRC-01, and
JRC-03. The photocatalytic activities of all the samples calculated
as the concentration of I3~ in 10 ml of 0.2 M KI solution per unit
mass. After UV irradiation for 60 min, the nanofibers calcined at
400 °C for 2 h showed the highest photocatalytic activity in which
I3~ concentration was approximately 2.50 x 10~* M, whereas the
nanofibers calcined at 1000°C for 2h showed the lowest
photocatalytic activity with I3~ concentration of roughly
0.29 x 10~* M. The nanofibers calcined at 400 °C for 2 h exhibited
higher photocatalytic activity (2.50 x 107*M) than the as-
synthesized nanofibers, the nanofibers calcined at 700 °C, the
as-synthesized nanofibers from leucoxene mineral, and commer-
cial grade TiO, nanoparticles, i.e., P-25, JRC-01, and JRC-03, each of
which respectively yielded I3~ concentration of 0.60 x 104,
050 x 1074, 059x10~% 1.50x10~% 060x10% and
0.30 x 10~* M. The results indicated that the calcination process
significantly influenced the photocatalytic activity of the TiO,
nanofibers, which could be attributed to: (1) the nanofibers
calcined at 400 °C for 2 h showed TiO, (B), which promoted the
photocatalytic activity [38]. The BET specific surface areas of the
nanofibers calcined at low temperatures tended to be larger than
those of the nanofibers calcined at high temperatures, and the
larger BET specific surface area improved the photocatalytic
activity [36,38,62-70]; (2) the hydrogen titanate structure of the
as-synthesized nanofibers from ilmenite and leucoxene (previ-
ous work) [38] mineral had a larger band gap of approximately
3.80 eV corresponding to recently work, resulting in decreases in
both photoreaction and photocatalytic activity of the as-
synthesized sample [61,71-73]; (3) the nanofibers calcined at
700 and 1000 °C for 2h showed not just a mixture of tri-
crystalline phase of anatase, rutile, and Fe,05 but also submicron
particle structure. Generally, the rutile phase has high recombi-
nation rates of photogenerated e~ and h*, leading to a decrease of
photocatalytic activity [4,36,38,65]. Recent research studies
reported that the submicron particle morphology decreased
the specific surface areas and thereby the photocatalytic activity
[36,38,62-68]. Thus, the photocatalytic activity decreased as the
calcination temperature increased. In addition, although, nano-
fibers calcined at 700 and 1000 °C for 2 h showed the absorption
higher than the nanofibers calcined at 400 °C for 2 h, but the
narrower band gap energy is a result of the recombination of
electron and hole that may be result in the decrease of the
photocatatytic activity [74]. Furthermore, nanofibers calcined at
400°C for 2h showed greater photocatalytic activity than
nanofibers calcined at 700 and 1000 °C for 2 h due to the overall
increase in light absorbance [41].

4. Conclusion

The as-synthesized nanofibers (typically 2-7 pm in length and
20-90 nm in diameter) were prepared by simple hydrothermal
processing using natural ilmenite mineral (rutile phase) as the
starting material. The as-synthesized nanofibers were light brown-
colored powder. The nanofibers calcined at 300-400 °C showed
TiO, (B) whereas the nanofibers calcined at 500 °C revealed a
mixture of TiO, (B) and anatase. The nanofibers calcined at high
temperatures of 600-1000 °C showed a mixture of tri-crystalline of
anatase, rutile, and Fe,0s. The rutile phase rose with increasing
calcination temperature. Moreover, the nanofibers calcined at
300-700 °C maintained nanofiber structure while the morphology
of nanofibers calcined at 800-1000 °C transformed into nanopar-
ticles and submicron particles.
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The transformation of anatase to rutile phase and the increase
of crystallite size of prepared samples were observed with
increasing calcination temperature. The absorption spectra of
the as-synthesized and nanofibers calcined at 400, 700, and
1000 °C for 2 h shift to visible light region. The band gap energy of
the as-synthesized and nanofibers calcined at 400, 700, and
1000°C for 2h was about 3.80, 2.62, 232, and 2.12eV,
respectively, indicating that the reduce of band gap energy of

_prepared samples was achieved with increasing calcination
temperature. The photocatalytic activity of the nanofibers calcined
at 400 °C for 2 h was not just higher than those of the commercial
TiO, nanoparticles (P-25, JRC-01, and JRC-03) and nanofibers from
leucoxene (previous work) but also the highest of all the samples.
Therefore, the Fe-doped nanofibers have been increasingly applied
to various applications, examples of which are in exciting low-
energy visible wavelengths, photocatalyst of hydrogen generation,
dye-sensitized solar cells, and decomposition of water pollution.
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