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Abstract: The nanotubes with an anatase structure were hydrothermally synthesized using the Fe-doped anatase nanopowder
precursors that were annealed in air and reductive atmospheres. The microstructure and physicochemical properties of the nanotubes
were comparably investigated. Results show that the reductive pre-annealing yields more surface-chemisorbed oxygen by
introducing lower valance Fe?* and Ti®* ions. The specific surface area, methylene blue adsorption and photoabsorption threshold of
the nanotubes are greatly enhanced by the reductive annealing when comparing with annealing in air. 1 mol% Fe doping and
reductive annealing yield the highest adsorption, photocatalytic efficiency and durability for degradation of MB solution; extreme Fe
doping decreases the photocatalytic efficiency. The Fe content of the nanotubes is decreased by the hydrothermal synthesis,
especially in the case of annealing in air. Moreover, the action mechanism of the Fe doping and reductive annealing was discussed.
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Nanostructured titania has been widely used in
photocatalytic degradation of organic pollutants. The
preparation, microstructure and photocatalytic behavior of
titania nanostructures, especially the one-dimensional
nanotubes, have been paid great attention to due to their
superior physicochemical properties, such as large disparity,
high surface activity and the fast charge transition when
compared with titania nanoparticles. Hydrothermal method
is generally adopted to synthesize titania nanotubes that
have a diameter of 10 nm approximately and exhibit an
anatase phase or anatase+rutile biphase . Photocatalytic
activity follows the order of nanotubes > nanorods >
nanobelts > P25 nanoparticles™. However, the titania
crystals have restricted photoadsorption ability because of
their larger band gap (3.2 eV for anatase and 3.0 eV for
rutile). lon-doping is frequently adopted to decrease the
band-gap by generating donors or acceptors in the band that
favor to separate photo-generated electrons and holes and
inhibit their rapid recombination ! and Fe doping is the
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most attractive among them because it produces great
changes in microstructure and physicochemical behaviors
of the nanostructured titania™®*?. However, the optimized
Fe content varies with the applied preparation method,
morphology and phase composition of titania structures and
the sacrificial organics. For example, by doping with 0.5
mol% Fe, the TiO, nanorods possessed a photocatalytic
activity more than two-times of the Degussa P25 ™, the
TiO, microspheres doped with 0.5 mol% Fe had a high
surface area, well-crystallized anatase phase and the best
photocatalytic degradation of phenol™. 0.5 wt% Fe doped
TiO, hollow nanospheres show the highest photocatalytic
activity that exceeds that of the undoped TiO, for
degradations of 2, 4, 6-trichlorophenol and red X-3B dye
respectively ™1 1.0 mol% Fe-doped dual-phase TiO,
containing 20.64 wt% of rutile phase induced a red shift of
absorption edge and yielded the best degradation efficiency
for methyl orange™”. 1.5 mol% Fe doping also produced
the best photocatalytic activity™®. Moreover, Fe doping
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increased the surface area and pore volume of sol-gel
derived titania nanopowders; a doping with 3.0 mol% Fe
exhibited a significantly high surface area and pore
volume™. On the contrary, the surface area of titania
nanotubes was decreased while the adsorption amount for
arsenic was increased by Fe-doping™, indicating a
significant change in surface activity of the nanotubes. A
substantial photodegradation efficiency of the titania thin
film can also be achieved at very high doping levels, such
as 20 mol% Fe*™1. However, the studies on Fe-doped
titania nanotubes have been paid less attention to.

Moreover, self-doping is a novel method that introduces
low-valance Ti*" species and oxygen vacancies in bulk and
surface of the TiO, structures. They decreased the band gap
of the crystals, maximized the photoabsorption activity and
improved the photocatalytic behavior®%!,  Another
alternative approach to promote photoabsorption and
photocatalytic reactions is generation of the disorders in
surface of the TiO, nanocrystals by a hydrogenation
treatment, which created much narrow band gap, provided
trapping sites for photogenerated carriers, promoted
electron transfer and prevented their rapid recombination by
yielding mid-gap (band tail) states ?®. The Ti*" sites and
oxygen vacancies can be produced by high-temperature
annealing, oxygen-lack annealing and the substitution of
lower-valance ions such as Fe*/Fe*" for Ti** "% For
example, 15 mol% of Fe ions can be completely dissolved
into titania lattices by annealing in a reductive atmosphere,
which resulted in presence of the lower-valance Fe?* and
Ti** ions and much more oxygen vacancies . However,
the crystals containing Ti** ions and oxygen vacancies may
be unstable, especially in an oxidation environment %32,
Therefore, synthesis of the stable TiO, photocatalysts with
the self-dopants is significant in practice.

Based on advantages of the one-dimension, Fe-doping
and self-doping, the Fe-doped titania nanotubes with an
anatase phase were prepared using a reductive annealing of
the precursory anatase nanopowders and a hydrothermal
synthesis; the characters of microstructure and
physicochemical behaviors of the nanotubes were
comparatively investigated to try to find the coupling effect
of Fe-doping and the reduction treatment on them.

1 Experiment

Analytical reagents of tetrabutyl titanate (Ti(OC4Hg)s),
ferric nitrate (Fe((NOz); 9H,0) and absolute alcohol
(C,HsOH) were used as starting materials. 100 mL of
tetrabutyl titanate was injected into 400 mL of absolute
alcohol to form a base solution under stirring for 30 min,
which was then divided into four equal parts. Different
amounts of ferrous nitrate were individually dissolved into
the solutions to form Fe-doped titania sols with different
Fe/Ti ratios (mol%) (0.0, 1.0, 2.0 and 3.0). The sols were

vigorously stirred for 30 min and aged for 24 h. By heating
the aged sols in stirring to 60 €€ and drying at 100 <€ for 24
h, the titania gels were obtained. The dried gels were
annealed at 400 <€ for 2 h in air atmosphere in a tube-type
furnace and cooled to room temperature. To conduct a
reductive annealing, CO-Ar hybrid gas was introduced to
the furnace with a volume ratio of 1: 2 and a flux of 150
mL/min. Before the test started, the furnace was degased by
flowing pure Ar for 10 min. These conditions employed was
due to that an anatase phase with good crystallinity and
small crystals was formed under these conditions **. The
annealed products were ground and screened into powders
with a granularity of 74~63 pm (ASTM E11-58T).

The anatase powders (0.3 g) were placed into a stainless
steel reaction kettle filled with a NaOH solution (10 mol/L)
to 80% of the total volume. The autoclave was heated to 120
€ and kept for 16 h followed by cooling to room
temperature. The obtained samples were alternatively washed
in stirring with dilute HCI solution and deionized water until
they were neutral. The washed samples were dried at 90 €
for 12 h to obtain the nanotubes.

The Fe doping, reductive annealing and hydrothermal
reaction resulted in changes in color of the products. When
annealed in air atmosphere, the powders presented yellowish
(undoped), yellow and deep yellow with an increase of Fe
content due to the presence of Ti** and Fe®* ions; when
annealed in reduction atmosphere, the undoped powders
presented gray color and the Fe-doped powders presented
black color, due to the low-valance Ti** and Fe** ions and the
0% vacancies ®* 1 with the hydrothermal reaction,
annealing in air made all of the nanotubes present offwhite
color, which may be due to titanate inclusions remaining; the
reductive annealing made the nanotubes present deep gray
color, which indicates that the low-valance Ti** and Fe* ions
still existed in the nanotubes even though they underwent a
long-term of hydrothermal treatment and a repeated washing
in the acid solution.

0.15 g of the nanotubes were placed in a methylene blue
(MB, CysH15CIN3S, 3H,0) solution (3 mg/150 mL) with
stirring. After a dark treatment of 30 min, the concentrations
of the solutions were inspected as references to determine
degradation ratio of the MB solutions in upcoming
photocatalytic reaction. The dark-treated solutions were
irradiated for 60 min by an ultraviolet lamp with a weaker
power (50 W, 356 nm). The absorbance of the solutions
cleaned by centrifugal separation was inspected every 10 min
using UV-Vis spectrophotometry (UV-3101PC). The
degradation ratio can be obtained by following calculation
formulae.

A=0.019+0.197C 1)

n=C,IC, )
where, A is the absorbance, C is the concentration of MB in
solution, C, is the original concentration (reference) and C, is
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the concentration in time; # is the degradation ratio.

To examine degradation durability of the nanotubes, a
recycle test were conducted. The concentration of the
exhausted solutions was repeatedly increased to the starting
concentration (3 mg/150 mL) and irradiated for 60 min to
inspect the changes in absorbance.

The phase composition was analyzed using an X-ray
diffractometer (XRD) (D/MAX-2500/PC, Rigaku) with Cu Ka
radiation at 40 kV/40 mA and a scanning speed of 1°/min. The
morphology of the nanotubes was observed using a
transmission electron microscope (TEM) (FEI Tecnai F20).
The valance of Fe and Ti ions was determined by an X-ray
photoelectron spectrometer (XPS) (Kratos-Amicus, Shimadzu),
using Mg Ka as the radial source. The binding energy was
corrected by the C 1s level. The specific surface area of the
nanotubes was inspected using the Brauner-Emmett-Teller
analysis (BET, QuadraSorb Station 1). The photoabsorption
was inspected using the UV-Vis spectrophotometry. The Fe
and Na contents in the nanotube samples were determined

using an inductively coupled plasma-atomic emission

spectrometer (ICP-AES, OPTIMA 7000 DV).

2 Results

2.1  Phase composition and morphology of the
nanotubes

All of the nanotubes are mainly composed of anatase
TiO, (PDF#21-12723) as shown in Fig.1; very little
Na,TigO,3 (PDF#37-0951) phases are present in undoped
and 1 mol% Fe-doped samples. Ferro oxides are not found
in the Fe-doped samples. It is well known that the precursor
titania nanocrystals are first transformed into lamellar
structure in an alkali solution during hydrothermal reaction
and the titanites of Na,TigO,3 and/or Na,Ti;O; as
byproducts are companied™ "1, With an increase of
reaction time, the lamellar structures are curled into short
tubular structures and further grow into long nanotubes by
wrapping a (101) or (100) plane along the [010], [100] or
[110] direction®3**% Most of the titanites can be also
transformed into H-titanites and ultimate TiO, nanotubes
due to an exchange of H* with Na" by repeated washing in
an acidic solution and heating at relatively low
temperatures. However, very little Na,TigO,5 titanites still
remain in the products (Fig.1). Fe doping and the reduction
treatment decreases the amounts of the titanites, which is
confirmed by trace of Na in the ICP-AES results (Table 1).
In addition, the Fe contents of the nanotubes are found to be
decreased, especially in the case of annealing in air when
comparing with the as-received batches. This is ascribed to
the limited solubility of Fe®*" in anatase lattice, lamellar
titanites and the tubular H,Ti;O-; the extra Fe®* ions in form
of Fe,03 in their surface are removed in NaOH and HCI
solutions™“?. On contrary, the reductive annealing makes
the Fe ions completely dissolve into titania lattice by
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Fig.1 XRD patterns of Fe-doped titania nanotubes in different
pre-annealing atmospheres: (a) air and (b) reduction

Table 1 Contents of Fe and Na in the Fe-doped nanotubes

(mol%o)

Nominal content of Reductive
. Fe Na

Fe annealing
0.0 No - 0.23
Yes - 0.16
1.0 No 0.89 0.19
' Yes 0.96 0.16
20 No 1.37 0.13
Yes 1.82 0.10
3.0 No 2.16 0.14
) Yes 2.65 0.12

substitutions of Fe?* (LS) for Ti*" and the Fe®* (LS) and
Fe** (HS) for Ti** B¥%: only the small amounts of Fe** ions
in their surface are removed by washing in NaOH
immersion and HCI.

The nanotubes are 10 nm in diameter and more than 50
nm in length approximately as shown in Fig.2; Fe doping
and the reductive annealing have less influence on size and
morphology of the nanotubes, which is due to that the
lamellar and tubular structures and the anatase lattice are
not greatly influenced by the treatments. This proves that
the perfect nanotubes with good crystallinity and
high-content of anatase phase are obtained.
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Fig.2 TEM morphologies of the nanotubes: (a) undoping and annealing in air; (b) undoping and reductive annealing; (c) 1 mol%
Fe-doping and annealing in air; (d) 1 mol% Fe-doping and redtive annealing

The BET test shows an increased specific surface area of
the nanotubes, slightly by Fe doping and greatly by
reductive annealing (Fig.3). 2 mol% Fe doping yields little
higher specific surface area (246.6 m%g) in the case of
annealing in air; while the reductive annealing largely
enhances the specific surface area and 1 mol% Fe doping
yields the highest value of 268.4 m*/g.

2.2 lonic valance and oxygen vacancy

The elements of the nanotube samples are shown in Fig.4
by XPS measurement. From the separated patterns of Ti 2p,
Fe 2p and O 1s peaks appear for the typical undoped and 3
mol% Fe-doped nanotubes (Fig.5). It can be noticed that
only high-valance Ti** and Fe*" ions exist in the samples
annealed in air (Fig.5a and Fig.5c); while the reductive
annealing introduces low-valance Ti** and Fe?* ions (Fig.5b
and Fig.5d). The O 1s peak is resolved into two individual
peaks, which respectively ascribe to surface-chemisorbed
oxygen (O,) and lattice oxygen (Og) (Fig.5e and Fig.5f).
Table 2 shows the relative percentage of the ions for
themselves. The Fe-doping and reductive annealing resulted
in an increase in surface-chemisorbed oxygen and a
decrease in lattice oxygen; the reductive annealing has a
stronger effect than Fe-doping. On the other hand, the
decrease in lattice oxygen indicates an increase in oxygen
vacancy concentration. The variations in ionic valance,
relative content, oxygen form and oxygen vacancy
concentration are responsible of photoabsorption and
photocatalytic ability.

2.3 Photoabsorption, MB adsorption and photocatalytic
behaviors of the nanotubes vacancy
2.3.1 Photoabsorption

The wavelength of photoabsorption edge is increased
(red shift) by Fe-doping (Fig.6a) and greatly by reduction
treatment (Fig.6b). When annealed in air, the wavelength is
385 nm for undoped sample and 414~439 nm for
1mol%~3mol% Fe doped samples; with the reductive
treatment, the wavelength arrives at 541 and 592 nm
(maximum) for undoped and 1 mol% Fe doped samples,
respectively. In addition, the curves are shifted up by the Fe
doping and reduction treatment, indicating a simultaneous
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Fig.3 Specific surface area of Fe-doped nanotubes in different
pre-annealing atmospheres
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Fig.4 XPS spectra of the nanotube sample: (a)undoping and
anneaing in air; (b)undoping and reductive annealing; (c)
3 mol% Fe-doping and annealing in air; (d)3 mol%
Fe-doping and reductive annealing

improvement in photoabsorption flux of the titania
nanotubes.
2.3.2 MB adsorption

Fig.7 shows the variations of MB concentration in
solutions in 30 min of dark treatment; the adsorption ratio
of the nanotube samples can be obtained from these results.
When annealed in air, the Fe doping yields about 70% of
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Fig.5 XPS spectra of Ti 2p peaks annealing in air (2) and reductive annealing (b); Fe 2p peaks annealing in air (c); reductive annealing (d);
O 1s peaks annealing in air (e); reductive annealing (f) for the 3 mol% Fe-doped nanotube sample

Table 2 Relative contents of ions in the Fe-doped noontide

samples
Fe dopant/  Reductive Relative content/%
mol%  annealing  Ti* Ti** Fe** Fe** 0,5 OF
0 No 100 0 - - 69 931
Yes 876 124 - - 19.3 80.7
3 No 100 0 100 0 155 845
Yes 55.7 443 33.7 66.3 26.7 73.3

adsorption of MB, which is higher than that of the undoped
case (nearly 60%) (Fig.7a). 1 mol% Fe doping and the
reductive treatment yields the highest adsorption of nearly
90% (Fig.7b). The adsorption behavior can also be confirmed
by the SEM results as shown in Fig.8. The surface of the
nanotubes is completely covered by the MB in the case of 1
mol% Fe doping and reductive treatment (Fig.8d), indicating
enhancement of the adsorption ability.
2.3.3 Photocatalytic behaviors of the nanotubes

The degradation efficiency is enhanced by Fe-doping and
the reduction treatment (Fig.9). When annealed in air,
1mol%-~2 mol% Fe doping yields about 85% of degradation,
which is higher than that of the undoped case (nearly 70%);
1 mol% Fe doping and the reduction treatment yields the
highest degradation efficiency of over 95% and the fastest
degradation rate in such a weak UV irradiation (50 W).
Fig.10 shows the durability of degradation of nanotube
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Fig.6 UV-vis curves of the Fe-doped nanotubes: (a) annealing in
air and (b) reductive annealing
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Fig.7  Variations of the MB concentrations in solutions:
(a) annealing in air and (b) reductive annealing

samples in recycle. Undoping and the annealing in air
makes the degradation activity lose at first. 1 mol%
Fe-doping and the reduction treatment produces the highest
durability in degradation of the MB solution.

3 Discussion

The photocatalytic degradation of MB solution
experiences two steps; first is the adsorption of MB on
surface of the titania nanotubes; second is the
oxidization-reduction reactions of MB on them under UV
irradiation. As an excellent photocatalyst, it should possess
high chemical activity, dispersity, specific surface area and
the structural stability, which are greatly dependent on the
microstructures of nanotubes that can be modified by ionic
doping and preparation conditions such as the present
Fe-doping and reductive pre-annealing.

3.1 Adsorption and photocatalytic behaviors of
titania crystals

Titania generally has three states including an amorphous
and two crystalline phases, anatase and rutile that are n-type
semiconductors and have an orthogonal structure consisting
of [TiOg] octahedrons®’. The nanostructured anatase are
regarded as a highly-active photocatalyst when comparing
with rutile and amorphous states!**l.

The titania crystals can adsorb organics such as MB
molecules by means of physical and chemical routes. The
physical adsorption is a result of attractions of the titania
crystals to MB molecules through the so-called “Vanderwaals

Fig.8 Surface morphologies of the nanotube samples after 30 min of dark treatment in MB solution: (a) undoping and annealing in air;
(b) undoping and reductive annealing; (c) 1 mol% Fe-doping and annealing in air; (d) 1 mol% Fe-doping and reductive annealing

Forces”; in this case the surface area of titania crystals is an
essential factor. The chemical adsorption is mainly associated
with chemical bonds between titania and MB adsorptive
because the surface of titania can be charged or formed
covalent and coordination bonds with adsorptivel*>“!,

When irradiated by definite lights that have higher
photon energy than forbidden band of titania, electrons are
stimulated to conduction band and holes are created in
valance band; thus, the photo-induced electrons and holes
are generated and immigrate to surface of the crystals in
an electronic field. The photo-induced holes have a strong
oxidization ability due to their higher forbidden width (3.2
V), which can oxidize OH™ and H,0 that adsorb on surface

of the titania into free radicals with much stronger
oxidizability, such as OH, 0,5 HO, and H,0,. These
radicals can oxidize the adsorbed organics such as MB
into small molecules of CO, and H,O. Moreover, the holes
can directly decompose the organic pollutants that do not
absorb lights into CO, and H,0 by capturing the electrons

(reduction) of the organics!™® " *" *8l Therefore, the

organic pollutants can be degraded by the photocatalytic

reactions.

3.2 Effect of Fe-doping and reduction treatment on
microstructure, photochemical behaviors of the
nanotubes

Fe ions can be incorporated into titania lattice by their
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Fig.9 Methylene blue degradation curves of the Fe-doped titania
nanotubes: (a) annealing in air and (b) reductive annealing
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Fig.10 Durability of the nanotubes for degradation of MB
solution: (a)undoping and annealing in air; (b)2 mol%
Fe-doping and annealing in air; (c)undoping and
reductive annealing; (d)1 mol% Fe-doping and reductive

annealing

substitutions for Ti*" sites of [TiOg] octahedrons, which
simultaneously introduce oxygen vacancies (Vo2*) to keep
its electronic neutral. Fe** has two coordination states in the
lattice, six O?* ions and the five O* ions and one V?*. The
Fe®* ion can be a capture center for the hole because of its
little stronger electronegativity than Ti**; the Fe*" ion with
oxygen vacancy can be a capture center for electron

because of its stronger attraction to electrons than Ti*"*’].

The capture centers make conduction band overlap with d
orbital of Fe** as the Fe** energy level is just below the
conduction band and the Fe*'/Fe*" energy level is slightly
above the valence band of TiO, ™. Thus, the Fe** doping
narrows the band gap, extends the photoabsorption edge
into visible-light range, separates the electrons and holes
and restricts their recombination; however, extra doping in
turn promotes their recombination and weakens the
photocatalytic behaviors %,

The introduced oxygen vacancies also change the
microstructure of anatase crystals. An oxygen vacancy
Vo?* produces an F centre by trapping an electron pair,
one of which tends to integrate with neighboring Ti** ion
to generate Ti** and F* centers; thus, the shallow and
deep trapping states are formed. As the shallow-trapping
states are built up below conduction band, the
photoelectrons are easy to be excited to the conduction
band of TiO,*®]. This mid-gap state creates a continuum
of extending and overlapping with the conduction band
edge instead of discrete donor states near the conduction
band edge ?* %) As the TiO, has a higher dielectronic
constant, these defects can stably exist in the crystals*’*%.
Thus, the oxygen vacancies trap photoelectrons, absorb
light energy and produce more disorders in the lattice,
which narrow the band gap, enhance visible light
absorption and inhibit the combination of electron-hole
pairs. In addition, the energy distribution of oxygen
vacancies differs from that of a single defect in the
crystals; these intrinsic defects unbalance strain and
stress fields in the lattice and help to improve the
hydrophilics and photocatalytic activity!*®!.

A reduction treatment introduces low-valance Fe®* and
Ti** ions and more surface-adsorbed oxygen and oxygen
vacancies (Table 2), which provide enough oxidization
activity due to releasing of the lattice oxygen™. The
surface-adsorbed oxygen and oxygen vacancies (V,°")
can attract the ions of N* and CI" in MB chains (Fig.11),
respectively, to form strong chemical adsorptions, which
sufficiently stimulate the oxidization ability; thus, the
photocatalytic degradation is greatly improved.

N
N
HaC * CHs
N N
N S
| |
CHs cl CH3

Fig.11 Molecular formula of methylene blue
(C16H18C|N3SZ -3H20)
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Substitution of one Fe** ion for Ti** yields one oxygen
vacancy (Vo>*), which is more efficient than the
substitution of Fe*" for Ti** in creating oxygen vacancies.
The Fe® ion has similar effects as Fe®" does as it can
transform into Fe** ion by releasing an electron or capturing
a hole. Moreover, the combination of electron-hole pairs
can be delayed and the stability of defects can be improved
because Fe’* ions make the titania lattice looser and the
dielectronic constant increase. This indicates that the Fe**
ions have additional effects on improvement of the
photocatalytic behaviors.

Moreover, the Fe-doping and reduction treatment
effectively change the physical characters of the
one-dimensional nanotubes, such as good crystallinity of
anatase, larger dispersity, specific surface area and the fast
charge transfer rate between the surface of nanotubes and
the electrolyte, which have positive effects on the
photocatalytic ~ degradation®**?*#4. The  degradation
durability also ascribes to its adsorption and photocatalytic
reactions, as well as the structure stability. As regard to the
stability of the nanotubes containing oxygen vacancies and
the low-valance ions, it can be explained in term of the
thermodynamics™®. The completely ordered arrangement of
atoms represents the lowest energy state which is only
stable at 0 K. When T> 0 K, the disorder will increase and
the defects are introduced, which increase the energy of the
crystal (defect-containing). On the other hand, the disorder
makes the entropy increase simultaneously. However, the
increase of entropy is gradually decreased with an increase
of disorders, which result in a trend of first decreasing and
then increase for total free energy of the defect-containing
crystals. Therefore, the anatase crystals containing a small
amount of the defects are quite stale ?* %2 |n addition,
the higher dielectronic constant of TiO, crystals is another
reason why the defects stably exist in the crystals as
mentioned above.

3.3 Coupling effect of the Fe-doping and reduction
treatment on microstructure of titania crystals

Under in the present conditions, 2 mol% of Fe doping and
the annealing in air produces better photocatalytic ability. In
contrast, 1 mol% of Fe doping and the reductive annealing
produces the best photocatalytic ability; this may be produced
by proper combination of the Fe amount and oxygen vacancy
concentration. As more oxygen vacancies are introduced by a
reductive annealing, the Fe content is reduced to 1 mol%. This
may be due to that the oxygen vacancies strongly fasten
photoelectrons, decrease their immigration speed and so
increase their concentration in crystals; thus, a decrease in Fe
dopants is required to increase their immigration speed by
decreasing capture of Fe ions for the electrons.

From above reports on the Fe-doped titania
nanostructures, it can be concluded that the suitable Fe
dopant is about 0.5 mol%~1.5 mol%, which depends on the

preparation methods, morphology and phase composition of
titania structures and the sacrificial organics. At present, the
optimum Fe content in nanotubes is 0.96 mol% (nominal
1.0 mol%) in case of the reductive annealing, which just is
the proper combination of Fe amount and the oxygen
vacancy concentration.

4 Conclusions

1) The reductive pre-annealing yields more surface-
chemisorbed oxygen by introducing lower valance Fe** and
Ti** ions.

2) When compared with annealing in air, the reductive
annealing greatly enhances specific surface area, MB
adsorption ability and the photoabsorption threshold and
flux of the nanotubes.

3) 1 mol% Fe doping and the reductive annealing yields
the highest adsorption, photocatalytic efficiency and
durability for degradation of MB solution.

4) Fe content of the nanotubes is decreased by NaOH
immersion and HCI washing in the hydrothermal synthesis,
especially in the case of pre-annealing in air.
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