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Abstract

A series of iron-doped anatase TiO, nanotubes (Fe/TiO, NTs) catalysts with iron concentrations ranging from 0.88 to 7.00 wt% were
prepared by an ultrasonic-assisted sol-hydrothermal process. The structures and the properties of the fabricated Fe/TiO, NTs were
characterized in detail and photocatalytic activity was examined using a reactive brilliant red X-3B aqueous solution as pollutant under
visible light. The lengths of the NTs were determined to range from 20 nm to 100 nm. The incorporation of the iron ions (Fe* ™) into the
TiO; nanotubes shifted the photon absorbing zone from the ultraviolet (UV) to the visible wavelengths, reducing the band gap energy
from 3.2 to 2.75 eV. The photocatalytic activity of the Fe/TiO, NTs was 2—4 times higher than the values measured for the pure TiO,

nanotubes.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, titanium dioxide (TiO,) has attracted consid-
erable attention as a viable inorganic photocatalyst due to
its unique biological and chemical properties as well as its
cost-effectiveness [1-3]. TiO, has recently played an
increased role in environmental treatment areas, such as
air purification and wastewater treatment [4,5]. Despite
these advantages as a photocatalyst, the wide band gap of
TiO, (3.2 eV for the anatase phase and 3.0 eV for the rutile
phase) requires the use of an ultraviolet (UV) excitation
source, limiting its broad use in technological applications.
When using natural sunlight as the TiO, excitation source,
only ~5% of the incident radiation is used in the
photocatalytic process [6,7]. To expand the applications
for TiO, and to efficiently use solar light, processes to
prepare TiO, nanotubes doped with suitable transition
metallic or nonmetallic elements have been developed.
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Both non-metal elements, such as nitrogen [8], carbon [9],
sulfur [10,11], boron [12], fluorine [13], and iodine [14], as
well as metal elements, such as iron [15], cobalt [16], silver
[17], and manganese [18], have been used to dope TiO,
powders or nanotubes. These modifications have increased
the photocatalytic activity of TiO, in the visible light range,
as the combination probability of the photoinduced
electron—hole pairs is minimized by doping with these
elements. Among the various dopants, considerable research
has focused on preparing Fe-doped TiO,, as the radius of
Fe’™ (0.64 A) is similar to that of Ti** (0.68 A) [19-25]. Fe-
doped TiO, nanotubes have been reported to exhibit
effective photocatalytic activity for organic pollutants
degradation under visible light irradiation, as the Fe*™ ions
act as shallow charge traps in the TiO, lattice [24].

To prepare the Fe/TiO, NTs, various methods, such as a
sol-gel method [26], a template-based method [27], an
electrochemical anodic oxidation of a pure titanium sheet
[28], and a hydrothermal method [29] have been used.
Recently, a sonochemical processing method was proved
to be useful in generating novel materials with unusual
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properties [30]. The acoustic cavitation effect derived from
ultrasonic waves can result in the formation, growth and
implosive collapse of sonochemical bubbles in a liquid,
generating a high-temperature and high-pressure environ-
ment. These conditions can affect the morphology, the
crystallinity and the photocatalytic activity of the TiO,
nanotubes.

In this work, Fe/TiO, NTs were synthesized by an
ultrasonic-assisted sol-hydrothermal method using tetra-
butyl titanate (C;sH3604Ti) as the precursors with
FeCl;- 6H,O as the dopant. The photocatalytic activity
of the NTs under visible light irradiation was evaluated by
measuring the degradation of a reactive brilliant red X-3B
aqueous solution. To determine the relationship between
the Fe content and the photocatalytic activity under visible
light, XRD, BET, TEM, XPS, and UV-vis diffuse reflec-
tance spectrum analyses were performed. This study may
provide both useful information and an effective process
for the preparation of TiO, nanotubes modified with either
metallic or nonmetallic elements.

2. Experimental
2.1. Chemicals

The chemicals included hydrochloric acid (Zhejiang
Quzhou Giant Reagent Co., Ltd.), absolute ethanol
(Anhui Ante Biochemistry Co., Ltd.), nitrate (Zhejiang
Star Chemical Reagent Co., Ltd.), sodium hydroxide
(Hangzhou Xiaoshan Chemical Reagent Factory), tetra-
butyl titanate (C,¢H3¢04T1, Shanghai Star Chemical Co.,
Ltd. U.S.) and ferric chloride (National Pharmaceutical
Group Chemical Reagent Co., Ltd.). All reagents were AR
grade. Deionized water was used for all experiments.

2.2. Preparation of Fe/TiO, NTs

Fe/TiO, NTs were prepared by an ultrasonic-assisted
sol-hydrothermal method. C;¢H3¢04Ti was used as the
titanium source, and an aqueous solution of ferric chloride
(FeCl; - 6H,0O) was used as the Fe source. Under constant
stirring, 20 mL of tetrabutyl titanate was added to 80 mL
absolute ethanol. After 20 min, 30 mL of nitrate and a
0.04 mol/L ferric chloride solution was added dropwise
into the solution. After hydrolyzing the mixture at room
temperature for 2 h under vigorous stirring, a transparent
sol was obtained. The sol was then mixed with a 10 M
NaOH solution and subjected to an ultrasonic-
hydrothermal treatment. The treated sol was dispersed
for 20 min with ultrasonic waves in a sealed Teflon-lined
autoclave, followed by a treatment in an oven to allow for
the reaction at the high temperature of 150 °C for 24 h.
After the hydrothermal reaction, the product was cooled to
room temperature. The precipitate was separated and
rinsed thoroughly with both 0.1 mol/L HCI and distilled
water until the pH value of the solution reached 7. The
resulting product was dried at 80 °C. Using a heating rate

of 5°C/min in a chamber furnace (CWF 1100, CARBO-
LITE), the crystalline powder was calcined at 400 °C for
2 h. The nominal atomic ratios of Fe to Ti (Rg.) were 0,
0.88, 1.75, 3.25, and 7 atomic% (at%) for the samples
labeled Ry, Rggs, Ri75, R325, and Ry, respectively.

2.3. Characterizations of the samples

The X-ray power diffraction (XRD) patterns were
recorded with a D/max 2550 Pc automatic polycrystalline
diffractometer (Cu Ka radiation, Rigaku-D/MAX-2500/
PC, Japan) operating at 40 keV and 100 mA over the range
20 <260 < 90° with a scanning rate of 0.02°/s. The surface
areas (Sget) of the samples were analyzed by a multi-point
Brunauer—-Emmett—Teller (BET) method using nitrogen
adsorption/desorption  isotherm  measurements  at
—196 °C on an ASAP 2010 nitrogen adsorption apparatus
(Micromeritics Instruments, USA). Desorption isotherms
were used to determine the pore size distribution using the
Barret-Joyner—-Halender (BJH) method [31,32]. Transmis-
sion electron microscopy (TEM) measurements using
energy-dispersive X-ray spectrometry (EDX) were con-
ducted with a Tecnai G2 F30 S-Twin electron microscope
(Tecnai G2 F30 S-Twin, Holland) using a 300 kV accel-
erating voltage with a 0.20 nm point resolution. The X-ray
photoelectron spectroscopy (XPS) measurements were
performed on a PHI 5000C ESCA system with a Mg Ka
source operating at 14.0kV and 25 mA. The binding
energies were referenced to the C 1s peak at 284.4 eV of
the surface adventitious carbon. In addition, UV-vis
spectra were obtained at room temperature with a UV-
vis spectrophotometer (UV-2550, Shimadzu, Japan) using
BaSOy, as the reflectance standard for wavelengths between
240 nm and 800 nm.

2.4. Measurement of photocatalytic activity

Using visible light, the photocatalytic degradation activ-
ity of Fe/TiO, NTs was investigated using a simulated
wastewater with reactive brilliant red X-3B solutions
(20 mg/L). A glass reactor equipped with a xenon light
source, which has a spectrum very close to that of sunlight,
was used in these experiments.

The catalyst (100 mg of the NTs) was added to the
reactive red X-3B simulated wastewater in the reactor
equipped with the xenon light (Beijing Perfect Light
Corporation, Beijing, China). To produce an adsorption
and desorption equilibrium, the mixture was first stirred
for 20 min (without any light irradiation), followed by
irradiation with visible light. A small amount of the
mixture was removed every 20 min and centrifuged. The
separated limpid solution was used for an absorbance
determination with a UV-vis spectrophotometer (TU-
1810, Beijing, China). The photocatalytic activity of the
samples was determined by analyzing the decrease in the
X-3B concentration during the 2 h process.
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3. Results and discussion
3.1. Crystal structure

XRD was used to identify and determine the phase
structure, the crystallite size and the relative crystallinity of
the samples. Fig. 1 presents the XRD patterns of the Ry and
R 75 NTs samples calcined at 400 °C. Both samples show
peaks at the 20 values of 25.4°, 37.6°, 48.3°, 54.2° and 62.7°,
corresponding to the anatase (101), (004), (200), (211) and
(204) crystal planes, respectively. The diffraction peaks belong-
ing to the anatase phase in the R; 75 NTs were greater than the
corresponding peaks in the Ry NTs. These results suggest that
the Fe’™ ions used as dopants can accelerate the crystal-
lization of the anatase phase and the growth of the crystallites,
as previously reported [33,34]. Fig. 2 shows the XRD patterns
of the NTs with various concentrations of the dopant Fe.
Within the detection limit of this technique, all samples
exhibited only the characteristic peaks of an anatase phase,
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Fig. 2. XRD patterns of the Fe/TiO, NTs prepared at different Rp.
values.

indicating that the Fe’" ions had entered into the titanate
nanotube crystalline lattices rather than presented on the
surface of the titanate nanotubes. Further observations
demonstrated that the XRD peak intensities associated with
the anatase structure increased with increasing Ry, for values
below 3%. For values of Fe reaching 7%, the diffraction
peaks of the anatase phase can become weaker and slightly
wider, suggesting a decrease in the crystallinity with the
formation of smaller TiO, crystallites [35]. Even at the highest
Fe concentrations, no crystalline phases containing Fe could
be observed, indicating that the iron ions may be highly
dispersed into the TiO,. The XRD method was not sensitive
enough to detect minor changes in the TiO, structure. As both
Fe’* (0.64 A) and Ti** (0.68 A) have similar ionic radius
values, a Fe-TiO, solid solution may be formed from the
Fe’™ substitution for Ti** within the crystal or at the
interstices [36,37]. The small differences between the atomic
size of the Fe and Ti ions may induce a deformation into the
crystal lattice of TiO,. As observed with the XRD results, for
values of Ry, higher than 1.75%, the Fe substitution decreased
the crystallization of TiO,, as reflected by a weaker diffraction
intensity of the XRD pattern, and slightly restrained the
growth of the TiO, crystallite.

3.2. BET surface area and pore distribution determination

Fig. 3 shows a representative plot of a nitrogen adsorption—
desorption isotherm with pore size distribution curves (inset)
for the R 75 NTs. The other NTs, which are not shown here,
have similar isotherms and pore size distribution. The samples
exhibited type IV isotherms with a type H3 hysteresis loop at
relative pressures ranging from 0.6 to 1.0, indicating the
presence of mesoporous structures [38]. The figure inset
contains the pore size distribution of the R; ;5 NTs. The pore
size distribution (inset) indicated a wide distribution range
from 5 nm to over 50 nm. The pore volume of the pure and
Fe/TiO, NTs prepared at Rp.=0.88, 1.75, 3.25 and 7 were
determined to be 1.11, 0.8, 095, 0.63 and 040 cm3/g,
respectively (see Table 1). As also shown in Table 1, the
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Fig. 3. Nitrogen adsorption—desorption isotherms and the corresponding
pore size distribution curves (inset) of the R; 75 NTs.
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samples had relatively large surface areas. For Rp. values
greater than 1.75, the surface area, the pore volume and the
average pore size decreased with increasing Rp., with the
suppression of the crystallite growth. Nevertheless, decreased
mesopore volumes were observed upon iron doping. High
specific surface areas and pore volumes were obtained for iron
content values of approximately 1.75, consistent with the
results from the XRD measurements.

3.3. Morphology of the Fe/TiO, NTs

Fig. 4 shows the TEM images and the EDX of R; 75
NTs prepared by an ultrasonic-assisted sol-hydrothermal

Table 1
Summary of the physicochemical properties of the NTs.
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method and calcined at 400 °C (see Section 2). As observed
in the low-resolution TEM image in Fig. 4a, significant
quantities of short nanotubes with lengths of several tens
of nanometers were present. These nanotubes were created
from the cavitations during the ultrasonic process that
accelerate the sol particles to high velocities, leading to
inter-particle collisions. Ultrasonic processes can generate
high energy collisions, inducing the effective fusion and
crystallization of the amorphous particles. As shown in
Fig. 4b, the nanotube structure can be observed in the
high-resolution images of the Fe/TiO, NTs, indicating that
the prepared nanotubes are hollow and open-ended, and
both of these features are beneficial in photocatalysis. The
diameters of the nanotubes were nearly uniform with

Samples Phase® Band gap (eV) Surface area (m*/g) Pore volume (cm®/g nm) Average pore size (nm)
Pure-NTs A 3.19 484.4 1.11 9.24

RO.88 A 3.02 325 0.80 9.69

R1.75 A 2.95 370 0.95 10.1

R3.25 A 293 314 0.63 8.3

R7 A 2.75 263 0.40 5.9
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Fig. 4. TEM images of the Fe/TiO, NTs. (a) Low-magnification TEM images, (b) high-magnification TEM images, and (c) an EDX spectrum taken from

the nanotubes shown in part b.
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lengths of approximately 60 nm. The nanotube structures
had outer diameters of approximately 8 nm.

Fig. 4c reveals the EDX spectrum obtained for the R; 75
NTs that are shown in Fig. 4b. These spectra indicated
that some doped Fe'" ions were substituted into the
octahedrally coordinated Ti** sites. Both Si and Cu were
found in the EDX pattern, originating from the probe and
the thin copper layer evaporated on the sample for the
TEM characterization, respectively. Although sodium can
be difficult to remove completely [39,40], no obvious
sodium was detected in the samples.

3.4. XPS analysis

To analyze the chemical compositions of the prepared
Fe-TiO, nanotubes and to identify the chemical status of
the Fe element in the samples, the Fe/TiO, NTs were
analyzed by XPS. Fig. Sa shows the XPS survey spectra of
the Fe/TiO, NTs. The sharp peaks for Ti 2p, O 1s, Fe 2p,
and C Is are easily observed. The C 1s peak is at 282 eV.
The residual carbon may be from the organic precursors
and the adventitious hydrocarbon from the XPS instru-
ment. To investigate the chemical states of both titanium
and ferrum, high-resolution XPS spectra of both Ti 2p and
Fe 2p were analyzed. As shown in Fig. 5b, both Ti 2p,,,
and Ti 2ps;, spin-orbital splitting photoelectrons were
located at 456.0 and 463.8 eV, indicating the presence of
Ti**. An XPS scan of the Fe 2p core level is shown in
Fig. 5c. Even with the low levels of doping, the Fe signal
was observed. The binding energies located at approxi-
mately 708.6 ev and 721.5 ev were assigned to Fe’™ 2p3p

and Fe**™ 2p, 5, respectively. The Fe elements in the
samples existed mainly in the +3 oxidation state (Fe'™).
As the radii of Fe** (0.64 A) and Ti** (0.68 A) are similar,
Fe ™ could be incorporated into the TiO, lattice to form
the Ti-O-Fe bonds present in the Fe-TiO, nanotubes
treated by calcination at 400 °C [41,42]. The concentration
of the Fe dopant in the R; 75 NTs analyzed by XPS was
2.6%. The initial nominal atomic ratio of R 75 was 1.75%,
suggesting that the Fe dopant had a much higher concen-
tration at the exterior than in the interior of the TiO,. This
phenomenon may have resulted from the hydrothermal
doping treatment process. In the hydrothermal process,
most Fe® T ions can strongly absorb onto the surface of the
TiO, gel due to the high surface area of the gel. The Fe® ™
ions can diffuse gradually into the bulk of the TiO, grains
by a substitution of the Ti*" ions in the crystallization of
the TiO, during the hydrothermal treatment process. As a
result, the Fe’* content decreases in the direction of the
diffusion, that is, from the exterior to the interior [43].

3.5. UV-vis absorption spectra

The UV-vis diffuse reflectance spectra of the NTs with
different Fe contents are shown in Fig. 6. The Fe/TiO, NTs
demonstrated an appreciable shift with a strong absorption in
the visible light region. The intensity of the visible absorba-
nce of the NTs increased with increasing Fe content. Two
components contributed to the enhanced absorptions in
the visible region. The first component was from the excitation
of the 3d electrons of Fe*™ to the TiO, conduction band
(charge transfer transition) giving rise to a band centered at

80000

60000 -

40000

20000

Relative intensity (a.u.)

Cls
3s
3p

|

1200 lDUID BDIU

600 400 200 0

Binding energy (eV)

o

30000 F
25000
20000
15000
10000 |
5000 ¢

Relative intensity(a.u.)

470 465 460 455
Binding energy (eV)

Cc
12500

Fe™ .,
12000 .
Fe  2p

11500

11000

10500

10000

730 725 720 715 710 705 700
Binding energy (eV)

Fig. 5. XPS spectra of 1R ;5 NTs: (a) survey, (b) Ti 2p peaks, and (c) Fe 2p peaks.
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Fig. 6. UV-vis diffuse reflectance spectra of NTs prepared at the different
values of Rpe.

approximately 400 nm. A band centered at approximately
500 nm was particularly apparent for the samples with the
highest iron contents. This band may be attributed to the d—d
transition of Fe’* (*T,,—?A,, °T),) or the charge transfer
transition between the interacting iron ions (Fe’ ™ +Fe’+ —
Fe*™ 4+ Fe?*) [44]. These results suggest that the iron ions are
indeed incorporated into the lattice of the TiO,, altering both
crystal and electronic structures. The band gaps of the samples
can be calculated from the intercept of the UV-vis spectra
using the equation, E,=1240/4. The results are shown in
Table 1. The band gap energies decreased with increasing Fe
dopant concentrations, suggesting that the doped iron ions can
be incorporated at a level near the valence band of the TiO»,
thus reducing the band gap [35].

3.6. Photocatalytic activities

Reactive brilliant X-3B was used as a model target
pollutant to investigate the photocatalytic activity of the
Fe-NTs upon visible light irradiation. Fig. 7 shows the
degradation rate of X-3B in the presence of the Fe/TiO,
NTs, pure NTs (undoped nanotubes) and P25 under visible
light irradiation. The degradation rate of X-3B for P25 at
120 min was only 10%. The Fe/TiO, NTs had higher
photocatalytic activities than did the pure NTs and P25.
Three of the Fe/TiO, NTs R 75, Rj gg and Rj s, had higher
photocatalytic activities than did R;. The highest degrada-
tion rate for the Fe/TiO, NTs reached 96.5% within
120 min for the sample with the Fe dopant at 1.75%. The
Fe*™ ions may have acted as traps to capture the photo-
induced electrons and holes, thus inhibiting the recombina-
tion of the photoinduced electrons and holes and leading to
an increase in the concentration of the photogenerated
charge carrier. The photocatalytic activity of the Fe/TiO,
NTs decreased for Fe dopant values at either high (7%) or
low (0.88%) levels. The small amount of Fe’* ions may
have been insufficient to form the electronic accumulation
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Fig. 7. Effect of the X-3B photodegradation using the NTs with various
Fe doping concentrations.

center required for photocatalysis. For high concentrations
of the iron dopant, a portion of the transition metal ions
will become the combination center for the electrons and
the holes. Of course, the crystallinity, the surface area, and
the morphology can greatly influence the photocatalytic
activity of the titania, which is widely believed to be phase-
dependent. However, the influence of the phases was
neglected in our experiments, as both the pure NTs and
the Fe/TiO, NTs were in the anatase phase, which
eliminates the variance in the photocatalytic activity that
originate from the differences in the crystal phases.

For the Fe/TiO, NTs, the photocatalytic process generated
using visible light may proceed using the following multi-step
process. For the TiO, solutions irradiated with light, the
conduction band electrons (e—) and the valence band holes
(h+) are generated at the surface for the light energy values
equaling or exceeding the band gap energy [45]. The holes
can react with either the surface hydroxyl ions or water to
produce hydroxyl radicals (- OH). The electrons react with
the adsorbed molecular oxygen to yield superoxide anion
radicals (-O5 ) [46] that act as oxidizing agents, thus
providing an additional source of the hydroxyl radicals.
The hydroxyl radicals are strong oxidants that can react
with the X-3B molecules, leading to the destruction of the X-
3B. The detailed reaction steps of this degradation process
are shown as follows: [47]

TiO, + hv(visiblelight) - h ™ (VB)4+¢~(CB)
H,O(adsorbed)+h* (VB)— - OH(adsorbed)+H™
X—3B(adsorbed)+ (-OH, -O, ™) - Mineralizedproducts

4. Conclusions

TiO, nanotubes doped with upto 7 wt% Fe were pre-
pared by an ultrasonic-assisted sol-hydrothermal method
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using tetrabutyl titanate as the precursor and FeCls - 6H,O
as the dopant. The results demonstrate that the Fe’* ions
caused changes in the phase composition, altering several
properties of the catalyst, including the particle size and
surface area as well as the photocatalytic activity. All of
the Fe/TiO, NTs had higher photocatalytic activity than
did the Degussa P25 and pure NTs, and the optimal
doping concentration was determined to be Rp.=1.75.
Using visible light, the degradation rate of the X-3B for
R 75 reached 96.5% within 120 min. Doping with Fe
shifted the absorption edge of the NTs into the visible
light range, thus reducing the band gap. The degradation
rate of the reactive brilliant red X-3B using the Fe/TiO,
NTs under visible light irradiation had a 2- to 4-fold
increase over the pure NTs.
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