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a b s t r a c t

The effects of the concentration of NaOH on the formation and transformation of various titanate

nanostructures were studied. With increasing NaOH concentration, three different formation mechan-

isms were proposed. Nanotubes can only be obtained under moderate NaOH conditions, and should

transform into nanowires with prolonged hydrothermal treatment, and their formation rate is

accelerated by increasing NaOH concentration. Low concentration of NaOH results in the direct

formation of nanowires, while extra high concentration of NaOH leads to the formation of amorphous

nanoparticles. Adsorption and photocatalysis studies show that titanate nanowires and nanotubes

might be potential adsorbents for the removal of both heavy metal ions and dyes and photocatalysts for

the removal of dyes from wastewater.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Since the discovery of nanotubular titanate produced by the
hydrothermal treatment of titania with alkaline solution in
1998 [1], various titanate nanostructures, such as nanotubes,
nanowires, nanoflowers and nanosheets, have been widely devel-
oped due to their riddling structures and attractive potential
applications [2–11]. The unique physical and chemical properties
of these materials make them highlighted in various applications,
such as in catalysts [12], hydrogen storage [13,14], solar bat-
teries [15,16], Li-ion batteries [17–19], electrochromism [20] and
gas sensors [21]. It is found that the titanate nanostructures
combine the properties of conventional titanate (e.g. ion exchange)
and titania (e.g. photocatalysts) [22]. Additionally, the titanate
nanostructures can be used as excellent adsorbents for the removal
of both inorganic and organic pollutants, such as heavy metal ions
and dyes, from wastewater [9,23,24], due to their flexible inter-
layer distances and high surface area. In other words, titanate
nanostructures can be used as ion-exchangers, adsorbents and
photocatalysts. This multi-role characteristic of titanate nanostruc-
tures enables them to have advantages in wastewater treatment.
On the other hand, with regard to the envisaged and optimized
applications of these titanate nanomaterials, it is necessary to
clarify their structures, formation and transformation mechanisms,
and thereby achieve perfect control of their morphology, surface
ll rights reserved.
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area and crystallinity. However, up to date, the exact formation
mechanisms and chemical compositions of the titanate nanostruc-
tures are still under disputation despite intensive investigations.

It is doubtless that the hydrothermal temperature, duration
and the concentration of NaOH are three crucial parameters that
affect the morphologies and structures of the products in the
reaction. Up to now, most of the studies focused on the hydro-
thermal temperature or duration, and most of the experiments
were carried out under the moderate alkali condition, typically
10 M NaOH solution. However, few attentions have been paid to
the systemic study on the effects of NaOH concentration [25].

In this study, we present a detailed investigation on the effects of
the concentration of NaOH on the structures and formation mechan-
isms of various titanate. It is found that the morphologies of the
titanate products were determined by the reaction conditions,
especially the concentration of NaOH. In this paper, we also report
the removal of heavy metal ions and dyes from water system by
using the as-prepared titanate nanotubes, nanowires and amorphous
titanate nanoparticles as adsorbents and photocatalysts. It is hoped
that our investigations would help to the further understanding of
various titanate nanomaterials and accelerate the application process.
2. Experimental

2.1. Preparation of various titanate nanostructures

Various titanate nanostructures were synthesized by the hydro-
thermal process similar to that described by Kasuga et al. [1].
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Experiments were carried out as follows. 0.25 g of anatase TiO2

nanopowder was added to 20 mL of NaOH aqueous solution with
concentration of NaOH ranging from 2 to 20 M. After stirring for
0.5 h, the specimen was transferred into a 25 mL autoclave and then
heated at 180 1C in an oven. The hydrothermal duration was varied
from 0.5 to 360 h. After the hydrothermal reaction, the precipitate
was collected and washed with distilled water and ethanol several
times and then dried in air at 70 1C for 10 h. In order to convert
nanostructured titanates into their protonated form, the powder
was washed several times with 0.01 M HCl solution, followed by
distilled water washing to pH 6 and then absolute ethanol for three
times. Finally, the products were dried in air at 110 1C overnight.
2.2. Adsorption and photocatalysis studies

For the determination of the isotherms of metal ions adsorp-
tion, the protonated titanate adsorbent of amount 0.1 g was
added into 100 mL of Pb(NO3)2 aqueous solutions with desired
concentrations (from 3�10�5 to 6�10�3 M), followed by stir-
ring for 2 h at room temperature. The adsorbents were then
separated from the suspension via centrifugation and the con-
centration of metal ions in the supernate was detected by the
Ultima2 ICP optical emission spectrometer.

For measurement of the dye adsorption isotherms, 0.1 g of the
protonated titanate adsorbent was added into 100 mL of methy-
lene blue solution with desired concentration (5�10�6 to
6�10�4 M), followed by stirring for 2 h at room temperature.
The adsorbents were then separated from the suspension via
centrifugation and the concentration of dye in the supernate was
determined using a Perkin-Elmer Lambda 35 UV–visible spectro-
meter; absorption band at 665 nm was used.

The photocatalytic activity was evaluated by degradation of
methylene blue. 0.1 g of the protonated titanates was added into
100 mL of methylene blue solution, and the initial concentration
of the methylene blue solution (after stirring in the dark for 12 h)
was 2�10�5 M. The suspension was irradiated under two 30 W
low-pressure Hg lamps with a peak wavelength of 254 nm. The
distance between the suspension and the UV lamp was 20 cm. At
given intervals, 5 mL of the suspension was extracted and
Fig. 1. TEM images of the hydrothermal products obtained by treating TiO2 in NaOH so

(e) 15 M at 180 1C for 24 h. The insets (a, b) and (e) are corresponding SAED patterns
subsequently centrifuged. The concentration of dye in the supernate
was determined using a Perkin-Elmer Lambda 35 UV–visible
spectrometer.

2.3. Samples characterization

The morphologies and microstructures of the resultant products
were observed by scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). The phase and crystal structure were
analyzed by X-ray diffraction (XRD). The elemental analysis of the
sample was conducted by energy-dispersive X-ray (EDX) spectro-
scopy on the scanning electron microscopy. The concentration of
Ti(IV) in alkaline solution and the chemical compositions of various
titanate nanostructures were determined by the Ultima2 ICP optical
emission spectrometer.
3. Results and discussion

3.1. Effect of NaOH on the formation of titanate nanostructures

Fig. 1 shows the TEM images of the hydrothermal products
obtained by treating TiO2 in NaOH solution with different con-
centrations at 180 1C for 24 h. It was observed that under the
different concentrations of NaOH (CNaOH), i.e., 3, 5, 10, 12 and
15 M, the products were nanosheets, nanotubes, admixture of
nanotubes and nanowires, nanowires and amorphous particles,
respectively, as shown in Fig. 1a–e. The titanate nanotubes have
lengths of several hundreds of nanometers and outer diameters of
about 7–10 nm. The wall thickness of the nanotubes is about
2–4 nm, composed of 3–5 layers. The nanowires have widths
ranging from 40 to 250 nm and lengths of several tens of
micrometers. The corresponding XRD patterns of these hydro-
thermal products are displayed in Fig. 2. The XRD pattern of
H2Ti2O5 �H2O (JCPDS, Card no. 47-0124), which is identical to
H2Ti2O4(OH)2 [26,27], is also shown at the bottom of Fig. 2. The
observed diffraction peaks at 2y¼9.81, 23.91, 28.01, 48.01 and
61.91 for both titanate nanosheets and nanotubes correspond well
with those of lattice planes (200), (110), (310), (020) and (002) of
lution with different NaOH concentration: (a) 3 M, (b) 5 M, (c) 10 M, (d) 12 M and

and HRTEM image.



J. Huang et al. / Journal of Solid State Chemistry 184 (2011) 712–719714
orthorhombic H2Ti2O5 �H2O. The structure of the nanotubes (and
nanosheets) is thus assumed as layered Na2Ti2O5 �H2O
(Na2Ti2O4(OH)2), which is further supported by both ICP and
EDX detection. ICP detection indicates that the Na/Ti mole ratio is
about 1.05, 0.97 and 0.47 for nanosheets, nanotubes and nano-
wires, respectively. EDX measurement shows that the Na/Ti
atomic ratio is about 0.89 and 0.48 for nanotubes and nanowires
respectively. The Na/Ti mole ratio is very close to the theoretical
ratio of 1 for both nanosheets and nanotubes. The XRD pattern of
the nanowires is in remarkable agreement with that of the
monoclinic NaTi2O4(OH) [28], which is further demonstrated by
the EDX and ICP detection, as mentioned above.
Fig. 2. XRD pattern of the hydrothermal products obtained by the treatment of

TiO2 in NaOH solution with different concentration at 180 1C for 24 h. The

standard diffraction pattern of H2Ti2O5 �H2O from JCPDS (No. 47-0124) is provided

at the bottom of this figure.

Fig. 3. SEM images of the products synthesized hydrothermally in 12 M NaOH solution

(e), 40 h (f) and 80 h (g).
As shown in Fig. 1, lower alkaline condition (e.g., CNaOH¼3 M)
results in the formation of nanosheets, while increasing of the
NaOH concentration leads to the formation of nanotubes
(CNaOH¼5 M, Fig. 1b) and even nanowires (CNaOH¼12 M, Fig. 1d).
Similarly, it had been reported that nanosheets are formed at
lower temperatures (e.g., 60–100 1C), nanotubes are formed at
100–180 1C, while nanowires are obtained at higher temperature
(e.g., T4180 1C) [19,29,30]. Therefore, it seems that the effect of
alkaline concentration on the formation of the hydrothermal products
is similar to that of the temperature. Recently, we demonstrated that
the successive nanosheets, nanotubes and nanowires are three
unavoidable kinetic products of the reaction of TiO2 with NaOH
under moderate alkaline condition (e.g., CNaOH¼5–12 M), and higher
temperature can only accelerate the kinetic reaction rate, but cannot
determine the morphologies of the products [31].

The effect of the concentration of NaOH on the formation of
various titanate nanostructures was further investigated by
experiments carried out at 180 1C by treating TiO2 in NaOH
solution with different concentration for different duration. SEM
images of the products synthesized at 180 1C in 12 and 8 M NaOH
solution for different duration are shown in Fig. 3, and the
corresponding XRD patterns are shown in Fig. 4. At the beginning
of the reaction of TiO2 with 12 M NaOH solution (t¼2 h), the
product is titanate nanosheets (Fig. 3a). Nanotubes are obtained
by increasing the treatment duration to 4 h (Fig. 3b). It is found
that part of the nanotubes had been transformed into nanowires
at the duration of 6 h (Fig. 3c). By increasing the duration to 12 h,
only nanowires with lengths of several tens of micrometers and
widths varying from 30 to 300 nm can be observed (Fig. 3d).
Similar formation process is observed when the concentration of
NaOH was set as 8 M, as shown in Fig. 3e–g. SEM observation
shows that pure nanotubes are formed at t¼12 h (Fig. 3e), and
both nanotubes and nanowires are obtained by increasing the
duration to 40 h. The product is nanowires after 80 h of hydro-
thermal treatment. XRD analysis (Fig. 4) shows that the structures
at 180 1C for 2 h (a), 4 h (b), 6 h (c) and 12 h (d), and in 8 M NaOH solution for 12 h



Fig. 4. XRD pattern of the hydrothermal products obtained by treating TiO2 in 12 M (a) and 8 M (b) NaOH solution for different duration.

Fig. 5. The concentration of dissolved Ti(IV) as a function of the concentration of

NaOH solution. The reaction temperature is 180 1C and the duration is 24 h.
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of both nanosheets and nanotubes can be identified as
Na2Ti2O5 �H2O, while the crystal structure of nanowires is in
agreement with NaTi2O4(OH). The foregoing morphologies obser-
vations indicate the reaction can be accelerated by increasing
alkaline concentration, as shown in Figs. 1 and 3.

During the hydrothermal treatment, the reaction of precursor
titania material with NaOH results in the release of titanium, as
Ti(IV), probably in the form TixO2x+ 1

2� (e.g. Ti2O5
2� or Ti2O4(OH)2

2� ,
as proposed above). The dissolved Ti(IV) nucleates and grows into
lamellar titanate (Na2Ti2O5 �H2O nanosheets). The continuous
dissolution of titania provides sufficient dissolved Ti(IV) and thus
the nanosheets grows. The nanosheets will bend and scroll into
nanotubes after these nanosheets reach a certain size, because of
mechanical tensions [32] or asymmetrical chemical environ-
ment [33]. With further hydrothermal treatment, the nanotubes
will transform into nanowires, accompanied by structure transi-
tion from Na2Ti2O5 �H2O to NaTi2O4(OH). The overall hydrother-
mal reactions can be explained as follows:

2TiO2(s)+2OH�-Ti2O5
2� +H2O (1a)

2Na+ +Ti2O5
2� +H2O2Na2Ti2O4(OH)2 (i.e., Na2Ti2O5 �H2O) (1b)

Na2Ti2O4(OH)2-NaTi2O4(OH)+NaOH (1c)

where the first step (1a) represents the dissolution of titania
precursor, and the second step (1b) is the crystallization of
dissolved Ti(IV) from solution into solid titanate nanosheets and
thereafter nanotubes, and the third step (1c) corresponds to the
transformation of nanotubes into nanowires. Besides the crystal-
lization of dissolved Ti(IV) into titanate nanosheets, the dissolved
Ti(IV) that exists in the inner channel of nanotubes may recrys-
tallize there, which helps to the transformation from nanotubes
to nanowires. Thereby, the reaction rate and the morphologies of
the products should be related to the concentration of dissolved
Ti(IV). Fig. 5 shows the concentration of dissolved Ti(IV) (CTi(IV)) as
a function of the concentration of NaOH. It is obvious that CTi(IV)

increased with CNaOH and can be approximated by a linear fit of
the data to the following expression:

lnðCTiðIVÞÞ ¼ �12:25þ0:33CNaOH ð2Þ

The formation rate of nanosheets, nanotubes and nanowires is
controlled by the rate of diffusion, while the diffusion depends on
the concentration of dissolved Ti(IV). The increase of alkaline
concentration leads to faster dissolution of TiO2 and higher
concentration of dissolved Ti(IV), which means an improved mass
transfer capability in the reaction system. As a result, the reaction
was accelerated.

We demonstrated that the reaction rate for the formation of
both nanotubes and nanowires can be accelerated by increasing
alkaline concentration. However, it is surprising that the product
is amorphous titanate if CNaOH was further increased to 15 M, as
shown in Fig. 1e. ICP detection indicates that the mole Ti/Na ratio
is 1.06 for the amorphous titanate, which is similar to that of
titanate nanosheets (Ti/Na¼1.05) and nanotubes (Ti/Na¼0.97).
Thermogravimetric analysis (TGA) study suggests that the
chemical composition of the protonated amorphous titanate can
be described as H2Ti2.27O5.54 �2.2H2O. Therefore, based on the ICP
and TGA observations, the chemical composition of the amor-
phous sample is proposed as Na2Ti2O5 �nH2O. Further study
shows that the product should be amorphous particles if CNaOH

is extremely high. Fig. 6 shows several typical TEM images of the
hydrothermal products obtained by treating TiO2 in 20 M NaOH
solution at different temperature for different durations. All of the
products are amorphous particles. It is obvious that the formation
of amorphous particles is determined only by the concentration of
NaOH, but independent on the temperature or duration. It is
noticed that the concentration of dissolved Ti(IV) is related to the
concentration of NaOH, higher CNaOH means higher CTi(IV). As
shown in Fig. 5, the concentration of dissolved Ti(IV) is increased
from 7.52�10�6 to 3.75�10�4 M while the concentration of
NaOH increases from 2 to 15 M. Sugimoto and Kojima [34–36]



Fig. 6. TEM images of the hydrothermal products obtained by treating TiO2 in 20 M NaOH solution at different temperature for different durations: (a) 120 1C, 8 h,

(b) 150 1C, 144 h and (c) 210 1C, 144 h. Insets are SAED patterns (a and c) and HRTEM image (b).
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studied the solubility of Ti(OH)4 gel in different solvents at room
temperature. They found that the yield of TiO2 precipitation was
lowered from 100% to 2.1% when the solubility of the Ti(OH)4 gel
was increased from about 10�6 to 1.34�10�4 M.

The reason for the formation of amorphous titanate is proposed
as follows. Under condition of higher NaOH concentration, the
dissolution of titania precursor results in abundant dissolved Ti(IV)
(formula 1a). At the same time, the alkaline solution is very viscous
if the NaOH concentration is extremely high, and the diffusion of
Ti(IV) ion is thus restricted. Additionally, it is found that not only
titania, but also titanate nanotubes/nanowires were decomposed
into amorphous titanate particles when they were treated with
ultra-high concentrated NaOH solution (CNaOH415 M) [37], which
suggests that crystallized titanate are unstable in the extreme
concentrated alkaline solution, and the decomposition rate of
crystal titanate should be very fast. It is thus believed that the
crystallization of the dissolved Ti(IV) from solution into solid
titanate is prevented, while the dissolution of solid titanate is
encouraged, due to the high solubility of Ti(IV) (formula 1b) and
the depressed mass transfer capability. As a result, a great deal of
Ti(IV) ion, instead of solid titanate crystals, exists in the viscous
solution during the hydrothermal treatment. In this case, the
nucleation density should be very high, and the diffusion of the
atoms is hindered. Accordingly, the formation of amorphous
particles is encouraged.

The evolution of the products was also found to disobey the
proposed ‘‘TiO2 precursor-nanosheets-nanotubes-nanowires’’
transformation mechanism [31], if the concentration of NaOH was
decreased to a low value, such as 4 M. Fig. 7 depicts the morphol-
ogies evolution of the hydrothermal products obtained by treating
TiO2 in 4 M NaOH solution at 180 1C for different durations. After
24 h of hydrothermal treatment, most of the TiO2 precursor has
transformed into titanate nanosheets, as shown in Fig. 7a. The
nanosheets show typical thickness of about 6 nm, width of about
12–20 nm and lengths of several hundred nanometers. These
nanosheets grow as the reaction duration increased. As the dura-
tion is increased to 96 h, the nanosheets have thickness of about
8–15 nm, width of about 20–40 nm and length of about several
micrometers, as shown in Fig. 7b. By increasing the duration to
160 h, a considerable amount of nanowires with width of about
60–90 nm and length of several and even several tens of micro-
meters were found together with smaller nanosheets, as shown
in Fig. 7c. Most of the nanosheets have transformed into nanowires
after 240 h of hydrothermal treatment (Fig. 7d). It is noticed that
no nanotube was detected during the overall reaction process.

Fig. 8 shows the pore volume distribution (BJH desorption) of
the nanotubes (see Fig. 3e) and the mixture of nanowires and
nanosheets (see Fig. 7c). The nanotubes exhibit a sharp pore size
distribution with a maximum peak of 3.8 nm, which correspond
to the pores inside the nanotubes and thus this diameter is equal
to the inner diameter of the nanotubes. However, the mixture of
nanowires and nanosheets only shows a broad peak around
20 nm (8–60 nm). The disappearance of the smaller pores (about
4 nm) indicates that both nanowires and nanosheets are not
hollow, and suggests that no nanotubes can be formed during
the hydrothermal treatment of TiO2 with 4 M NaOH solution.

Based on the SEM and BJH observation, it is deduced that
titanate nanosheets can transform into nanowires directly, with-
out the presence of nanotubes as intermediate. So far, most of the
reported syntheses were performed in the condition of moderate
NaOH solution, typically, CNaOH¼10 M. Accordingly, nanotubes
were formed before the appearance of nanowires. The successive
nanosheets, nanotubes and nanowires should be the three una-
voidable kinetic products of the reaction of TiO2 with NaOH under
moderate alkaline condition (see schematic Fig. 9). However, no
nanotube was formed under low alkaline condition. It is believed
that the different evolution route of titanate products under
different alkaline conditions is controlled by the NaOH concen-
tration. As mentioned above, for the nanosheets obtained under
moderate NaOH solution, they have width of about 20–30 nm
and thickness less than 4 nm before scrolling into nanotubes.
However, for nanosheets obtained under low concentration of
NaOH, they show typical thickness of about 6 nm when their
width is only 12–20 nm. It is thus proposed that with the
decrease of alkaline concentration, the thickness of the
nanosheets grows faster, compared with the growth rate along
the width of nanosheets; the decrease in alkaline concentration
may also result in a slower rate of nanosheets scrolling. In this
case, the nanosheet is too rigid to bend before curving occurs. As a
result, nanowires instead of nanotubes were formed by the
thickening of nanosheets. A schematic drawing depicting the
evolution of the hydrothermal products under different alkaline
condition is shown in Fig. 9.
3.2. Application of titanate nanostructures for wastewater

treatment

Titanate nanotubes have been the focus of numerous investi-
gations for promising applications as adsorbents and photocata-
lysts for the removal of metal ions and dyes from water
system [9,23,24,38–41], as they offer a larger surface area, flexible
interlayer distances, and high cation exchange capacity and also
provide channels for enhanced electron transfer [24,42]. Herein,
the adsorption and photocatalysis behaviors of these three
different hydrothermal products (nanotubes, nanowires and
amorphous nanoparticles) were studied. Firstly, the cation
exchange behavior of the above-mentioned titanates was com-
paratively studied. Pb2 + obtained from the nitrate salt was
selected as the first adsorbate in order to examine the toxic metal
ions removal capacities of these three titanate products, as shown
in Fig. 10. The saturation capacities of the titanate nanotubes,



Fig. 7. TEM images (a–c) and SEM image (d) of the hydrothermal products obtained by treating TiO2 in 4 M NaOH solution at 180 1C for (a) 24 h, (b) 96 h, (c) 160 h and

(d) 240 h.

Fig. 8. Pore volume distribution (BJH desorption) of the nanotubes (see Fig. 3e)

and the mixture of nanowires and nanosheets (see Fig. 7c).

Fig. 9. Schematic of the formation of different titanate nanostructures under

different NaOH concentration.

Fig. 10. The adsorption isotherms of Pb2+ on protonated titanate nanotubes,

nanowires and amorphous titanate nanoparticles.
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nanowires and amorphous titanate nanoparticles are 0.71, 0.51
and 0.54 mmol/g, respectively. In order to obtain insight into the
possible mechanisms for removing Pb2 + ions from aqueous
solution onto different titanate adsorbents, the adsorption
equilibrium data were analyzed using Langmuir and Freundlich
models [43,44].

Qe ¼
CeQmKL

1þCeKL
ð3aÞ

Qe ¼ KFC1=n
e ð3bÞ

where Ce is the equilibrium metal ions concentration in solution
(mol/L), Qe is the amount of adsorbed ions (mol/g), Qm is the
maximum adsorption capacity (mol/g), KL (L/mol) is the Langmuir
constant, and KF (mol/g(L/mol)1/n) and n are the Freundlich
constants. The fitting results of both Langmuir and Freundlich
models are shown in Fig. 10. Generally, the adsorption environ-
ment may be heterogeneous if the adsorption causes a serious
disorder in the structure of the titanate. However, as shown
in Fig. 10, it is obvious that Langmuir model is in good agreement
with the experimental data, while Freundlich model does not give
a good fit. The fitting results indicate that the adsorption envir-
onment in these titanates can be viewed as homogeneous system.

The photocatalytic activities of these three titanate nanostruc-
tures were studied by the photodegradation of methylene blue in
aqueous solution. Fig. 11a shows the photocatalytic curves of the
protonated titanate nanotubes, nanowires and amorphous tita-
nate nanoparticles. Obviously, the activity of nanotubes is much
higher than that of nanowires (and amorphous nanoparticles).
About 71% of the dye is degraded by nanotubes after irradiation
for 3 h. In addition, from the plots of ln(C0/C) versus irradiation
time in Fig. 11b, it is found that the photocatalytic degradation
accords with first-order kinetics, i.e., ln(C0/C)¼kt. Via the first-
order linear fit, the determined reaction constant k was 0.0075,
0.0031 and 0.0011 min�1 for the protonated titanate nanotubes,
nanowires and amorphous nanoparticles, respectively. It is
obvious that the k value of nanotubes is the largest, about 13
times higher than that of amorphous nanoparticles. Generally, the
photocatalytic activity of the photocatalyst depends on its particle
size, surface area, defect chemistry and adsorbability [45]. Appar-
ently, a higher surface area can offer more active adsorption sites
and photocatalytic reaction centers, and smaller particles are
usually advantageous for photocatalysis due to the reduction of
volume charge–carrier recombination. Additionally, adsorption of
dye onto the photocatalyst is also an important factor affecting
the degradation, because the dye molecules have to be adsorbed
on the surface of photocatalyst particles first before being
decomposed. The BET surface area is about 230 m2/g for nano-
tubes, 30 m2/g for nanowires and 400 m2/g for amorphous nano-
particles. The saturation adsorbabilities of nanotubes, nanowires
and amorphous nanoparticles are 0.25, 0.017 and 0.011 mmol/g,



Fig. 11. (a) The photocatalytic activities of the protonated titanate nanotubes, nanowires and amorphous nanoparticles for the degradation of methylene blue, (b) first-

order plots for the photocatalytic degradation and (c) adsorption isotherms of dye onto the titanate adsorbents.
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respectively (see Fig. 11c). Obviously, the nanotubes possess large
surface area and high adsorption capacity. Consequently, the
photocatalytic activity of nanotubes is far higher than that of
nanowires/amorphous nanoparticles. Though the surface area of
nanowires is far lower than that of amorphous nanoparticles, the
photocatalytic activity of nanowires is still higher than that of the
amorphous nanoparticles. The higher photocatalytic activity of
nanowires might be due to the enhancement of the
crystallization.
4. Conclusion

In summary, we report the effect of the concentration of NaOH
on the formation and transformation of various titanate nanos-
tructures derived from the hydrothermal reaction. The varying of
NaOH concentration leads to three distinct formation mechan-
isms. The reaction of TiO2 with NaOH yields dissolved Ti(IV), and
the concentration of Ti(IV) increases with increase in NaOH
concentration. Under the moderate NaOH condition (CNaOH¼

5–12 M), the Ti(IV) nucleates and grows into Na2Ti2O5 �H2O
nanosheets. After that, the nanosheet grows and then scrolls into
orthorhombic Na2Ti2O5 �H2O nanotube. The nanotubes should
transform into monoclinic NaTi2O4(OH) nanowires as the hydro-
thermal duration increases. The formation of these titanate
nanostructures is accelerated by increasing NaOH concentration.
However, further increases of the concentration of NaOH
(CNaOH415 M) results in the formation of amorphous titanate,
due to the increased concentration of dissolved Ti(IV) and
decreased mass transfer capability. On the other hand, under
the low NaOH condition (CNaOHo5 M), the crystallization rate
along the width of the nanosheet is depressed compared to that
along the thickness direction. The nanosheet is far thicker than
that obtained in moderate NaOH solution, and it is too rigid to
bend. Consequently, no nanotubes can be formed, and nanowires
are obtained directly by the thickening of nanosheets. Further-
more, adsorption and photocatalysis studies show that the three
different hydrothermal products (nanowires, amorphous nano-
particles and especially nanotubes) might be potential adsorbents
for the removal of both heavy metal ions and dyes and photo-
catalysts for the removal of dyes from wastewater.
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