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A simple and efficient inorganic acid-assisted hydrothermal route has been developed for the synthesis of
single-crystalline TiO2nanostructures with use of protonic tetratitanate hydrate fibers as a precursor. A variety
of TiO2 nanostructures, including aligned nanorods, nanoporous nanostructures, nanocubes, and diamondshaped nanocrystals, have been prepared with this method. The morphology, crystalline phase, composition,
average grain size, band gap, and microstructure of the nanostructures have been determined as a function of
the nature and concentration of the inorganic acid (HCl, HNO3, or H2SO4) used for the synthesis. The rutile
phase is obtained by using HCl for a concentration range of 0.1-0.4 M and also for 6 M concentration,
HNO3 for a concentration range of 0.1-0.2 M and >7 M, and H2SO4 for a narrow concentration range of
0.1-0.9 M. Likewise, the anatase phase is obtained by using both HCl and HNO3 for concentrations of
around 0.9 M, and a broader concentration range of 2-7 M with H2SO4. An increase in the band gap of the
TiO2 nanostructures from 2.97 to 3.35 eV is observed as the crystalline phase changes from rutile, to a mixture
of rutile and anatase, and subsequently to pure anatase. Correspondingly, the photocatalytic activity of the
synthesized nanostructured materials is found to be dependent on the crystalline phase, composition, and
surface area.
1. Introduction
TiO2 is an important semiconductor material for use in a wide
range of applications, including photocatalysis, environmental
pollution control, and solar energy conversion. In particular,
various nanocrystalline forms of TiO2 have been intensively
studied in recent years since their physical and chemical
properties have been found to be superior to those in the bulk.1–4
The properties of nanocrystalline TiO2 are determined by a
variety of factors, including their shape, size, crystallinity, phase,
composition, etc. Building on to the extensive work on spherical
nanoparticles, the assembly of shape-controlled nanostructure
has recently been gaining importance, both for fundamental
scientific research and technological applications. This is because
of the richness of the anisotropic structures and properties
offered by the complex shapes.5–9 For example, the electron
transport in single-crystalline TiO2 nanowires is expected to be
several orders of magnitude faster than percolation through a
random polycrystalline network, which is very relevant for
improving the photocatalyic efficiency of the semiconductors
for solar energy conversion.10
The majority of the applications of TiO2 are also influenced
by the crystalline phase.11 TiO2 has three primary crystalline
forms: anatase, rutile, and brookite, with the anatase and rutile
phases being the most intensively investigated phases.12 Ther* Corresponding author. Phone: 205-348-5041. Fax: 205-348-9104.
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modynamically, the rutile phase is more stable than anatase, 13
and has been widely used because of its chemical stability and
high refractive index.14 However, the anatase phase exhibits
better efficiency for photocatalysis and solar energy conversion.15 Mixtures of the rutile and anatase have been found to
exhibit catalytic reaction efficiency, which is dependent on the
relative ratio of the two phases.16,17 Novel properties and
applications of TiO2 nanomaterials can be expected if the
crystalline phase and composition of the shape-controlled
nanocrystal assemblies can be simultaneously controlled.
To assemble shape-controlled TiO2 nanocrystals, a variety
of multistep procedures, including solvent evaporation of colloid
crystal solutions,18 template-directed synthesis,19 etc., have been
developed. However, all these procedures require uniform
nanoparticles as a starting material. While well-controlled
aligned TiO2 nanotube/nanorod arrays have been prepared by
methods such as anodic oxidation of metal Ti foils in fluorinecontaining electrolytes,20,21 electrophoresis,22 etc., the assynthesized products are amorphous. For controlling the crystalline phase and composition of the TiO2 materials from
solution at room temperature, a specific aging time is often
necessary to obtain either the pure anatase or the anatase-rutile
phase mixture. While the direct formation of the rutile phase
requires aging for days or even longer,23–25 calcination of
amorphous TiO2 nanotube/nanorod arrays generates anatase, and
a mixture of anatase and rutile within several hours. However,
obtaining pure rutile requires calcinations at temperatures higher
than 500 °C, which often results in the collapse of nanotube/
nanorod arrays and formation of a polycrystalline structure.
Thus, the development of a simple and cost-effective synthesis
route for the large-scale production of single-crystalline nano-
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structures of assembled shape-controlled TiO2nanocrystals, with
tunable crystalline phase and phase composition, will represent
a significant step for realizing novel applications of TiO2
nanomaterials.
The large-scale preparation of nanocrystalline TiO2 has thus
far been achieved either by the direct hydrolysis of inorganic
titanium salts or organometallic precursors in solvents at room
temperature or above under hydrothermal condition.26–36 Chemical conversion of some amorphous or hydrous titania and
titanates to nanocrystalline TiO2 has also been reported.37–46 The
nature of the precursor used for the syntheses often plays a key
role in determining the formation and crystallization of the TiO2
nanocrystallites. The formation and organization of the titanium
polynuclear complexes needed for the nucleation and growth
of various forms of TiO2 is determined by both the anionic
species and the acidity of the solution.32–36 The commonly used
titanium precursors are either inorganic salts, such as TiCl4 and
TiOSO4, or organometallic compounds such as titanium acetylacetonate and titanium isopropoxide, which are usually quite
expensive, corrosive, and sensitive to moisture. Moreover,
complex nanostructures of assembled TiO2 nanocrystals are
usually difficult to obtain from these titanium precursors. On
the other hand, the use of some amorphous titania and titanate
hydrates precursors has been found to have a significant
influence on both the phase formation and crystal growth of
various TiO2 products.37–39 For example, relatively modest
reaction temperatures and short reaction times are needed for
the reaction by replacing crystalline reactants with amorphous
titania hydrate precursors.40–42 However, the morphology of the
products is completely different from that of the reactants. But
it is possible to preserve the morphology and structure of the
solid titanate precursors by using suitable conditions during the
phase formation and transformation reactions.41–49 TiO2 with
different crystal phases, morphologies, and microstructures has
been prepared from protonic titanate hydrates by either calcination or hydro/solvothermal reactions.50–53 This is due to the fact
that protonic titanates are a group of solid TiO2 hydrates with
layered crystal structure intercalated by protonated water
molecules. Each layer in the crystal structure consists of sideby-side aligned TiO6 octahedra connected above and below by
additionally shared apical edges of TiO6 octahedra at different
levels.41–49 The layers within the titanate hydrates can either
split into smaller fragments of TiO6 octahedra for use in the
assembly of more complex nanostructures, or can dehydrate in
situ and crystallize. This is different from the growth of rutile
or anatase phases from polymorphic growth units formed from
Ti4+or organometallic titanium compounds by hydrolysis.42–45,52,53
This possibility opens a new route that is capable of assembling
novel complex TiO2 nanostructures by using relatively large
TiO2 nanoblocks formed by self-splitting of the titanate hydrates.
In the present study, we report on a simple and efficient
inorganic acid-assisted hydrothermal synthesis strategy for the
direct preparation of single-crystalline TiO2 nanostructures. Our
synthesis route involves use of stable, nontoxic, air/moistureinsensitive synthetic precursors of protonic tetratitanate hydrate
fibers. The morphology, microstructure, crystalline phase, band
gap, and phase composition of the synthesized TiO2 nanostructures can be easily controlled by changing the nature and
concentration of the inorganic acid used for reaction. A wide
variety of aligned nanorods, nanoporous nanorods, nanocubes,
and diamond-shaped nanocrystals have been obtained with our
synthesis route. Using methyl orange as a model compound,
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we have evaluated the photocatalytic activity of the nanocrystalline TiO2 products using Degussa P-25 as a reference
standard.
2. Experimental Section
Synthesis of Protonic Tetratitanate Hydrate Fibers.
K2Ti4O9 fibers were prepared by calcination of a mixture of
hydrous titanium dioxide and K2CO3, with a TiO2/K2O molar
ratio of 3.0, at 1000 °C for 2 h. Protonic tetratitanate hydrate
fibers with the chemical formula H2Ti4O9 · 1.2H2O were then
obtained through three cycles of ion exchange of 1 g of K2Ti4O9
fibers in 500 mL of 0.1 M HCl solution. The product was
washed with water and ethanol several times, and then dried in
a vacuum oven for 24 h at 60 °C.
Hydrothermal Synthesis Reactions. Inorganic aqueous acid
solutions of different concentrations, including 0.1-6 M HCl,
0.1-10 M HNO3, and 0.1-7 M H2SO4, were initially prepared.
Subsequently, 1 g of protonic tetratitanate hydrate fibers was
dispersed in 60 mL of each of the inorganic acid solutions with
stirring for 24 h, and then transferred into the 80 mL container
of a Teflon-lined stainless steel autoclave. After adequate
sealing, the autoclave was heated and maintained at 150 °C for
24 h, and then cooled to room temperature. The precipitate was
collected, centrifuged, washed with distilled water and ethanol
several times, and then dried overnight in a vacuum oven at
60 °C.
Characterization of the Materials. Powder X-ray diffraction
(XRD) patterns were obtained with a Rigaku Rotaflex type
X-ray diffractometer. Cu KR radiation with a nickel filter,
operating at 40 kV and 100 mA, was used as the source. All
the samples were measured in the continuous scan mode in the
2θ range of 15-55°, using a scan rate of 0.02 deg/s. The peak
positions and relative intensities of the product peaks were
characterized by comparing with the standard Joint Committee
for Powder Diffraction Standards (JCPDS) data. The crystalline
domain size was calculated from the full width at half-maximum
(fwhm, in radians), using the Scherrer’s formula D ) 0.9λ/(β
cosθ), where λ is the employed X-ray wavelength, θ is the
diffraction angle of the most intense diffraction peak, and β is
defined as the half-width after subtracting the instrumental
broadening.54,55 The morphology and structure of the products
were observed with transmission electron microscopy (TEM)
capable of high resolution (HR) (Tecnai F-20), operating at
200kV. A NOVA 1200e, surface area and pore size analyzer,
was employed to obtain N2 adsorption/desorption isotherms of
some of the prepared samples. The BET specific surface area
was calculated in a relative pressure range of 0.05 < P/P0 <
0.2. The t-plot method was used to calculate the micropore (<1
nm) surface area. Main diameter distributions, surface areas,
and pore volumes of mesopores (>2 nm) were calculated from
N2 desorption isotherms by the BJH method. The optical
absorption spectra were obtained with an Ultraviolet-Visible
diffuse reflectance spectrometer (UV-vis DRS, V-560, JASCO).
Evaluation of Photocatalytic Activity. Photocatalytic reactions were carried out on stirred suspensions at 25 °C in a 530
mL Pyrex reactor. A 300 mL solution containing 20 mg · L-1
of methyl orange and 0.5 g · L-1 of the catalyst was air
equilibrated and stirred at 800 rpm for 10 min before irradiation
by a 450 W Hg lamp. The pH value of reaction solution was
maintained at 3.0 by addition of concentrated HNO3 solution.
During the reaction process, a small amount of the solution was
withdrawn intermittently for analysis, and the methyl orange
concentration was determined by measuring the absorbance at
480 nm, using the UV-vis spectrophotometer. The apparent
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Figure 3. Acid concentration dependence of the average grain sizes
of the products hydrothermally synthesized with use of (a) HCl, (b)
HNO3, and (c) H2SO4, respectively.

Figure 1. XRD patterns of hydrothermally synthesized TiO2 products
from protonic tetratitanate hydrate fibers in acidic solutions of (a) 0.1-6
M HCl, (b) 0.1-10 M HNO3, and (c) 0.1-7 M H2SO4.

Figure 2. Acid concentration dependence of the ratio of anatase in
the products hydrothermally synthesized with use of (a) HCl, (b) HNO3,
and (c) H2SO4, respectively. The anatase component is determined as
(100% rutile). The inset presents numerical values of all the data points
in the figure.

reaction rate constant, for determining the photocatalytic activity,
was calculated based on the photodegradation data of a 10-min
photocatalytic reaction. Degussa P-25, a commonly used
standard in photocatalysis studies, was used to evaluate the
relative photocatalytic activities of our samples.
3. Results and Discussion
3.1. Materials Characterization and Properties of TiO2
Nanostructures. Phase Structure and Composition of the TiO2
Products. The phase composition and purity of all the products
have been identified based on the respective XRD patterns,
shown in Figure 1. The anatase phase content for all the products
has been calculated from the corresponding XRD patterns, as
shown in Figure 2. The products have been confirmed to be
primarily anatase, rutile, or a mixture of anatase and rutile. The
minority brookite phase has been observed only in the products

synthesized with 1 M HCl and 4 M HNO3. As shown in Figure
2a, with increasing concentration of HCl the obtained products
are found to be pure rutile for <0.5 M, a mixture of rutile and
anatase for 0.5-0.8 M, pure anatase for 0.9 M, a mixture of
rutile and anatase for 1.0-6 M, and again pure rutile for 6 M.
On the other hand, as seen in Figure 2b, with increasing
concentration of HNO3, the obtained products are pure rutile
for <0.4 M, a mixture of rutile and anatase for 0.4-7 M, and
pure rutile for >7 M. The anatase content reaches a maximum
value of 90% in the products obtained with a HNO3 concentration of 0.9-1.0 M. Finally, as shown in Figure 2c, with
increasing concentration of H2SO4, the obtained products are
pure rutile for <0.9 M, a mixture of rutile and anatase for 0.9-2
M, and pure anatase for >2 M. Thus, a mixture of rutile and
anatase with a continuously changing ratio is obtained over a
wide concentration range of 0.4-7 M for both HCl and HNO3,
but only a narrow concentration range of 1-2 M for H2SO4.
However, either the pure anatase or rutile phase can be obtained
with H2SO4 over a wide concentration range.
AWerage Grain Size of the TiO2 Products. Average grain
sizes of all the products have been estimated from the full width
at half-maximum (fwhm, in radians) of the respective XRD
patterns with the Scherrer’s formula. As shown in Figure 3a,
with increasing concentration of HCl, the average grain size of
the product decreases from 22 nm for 0.1 M to 14 nm for 0.8
M, and then increases to about 29 nm for 2.0 M. The average
grain size further increases slightly for >2.0 M and achieves a
maximum value of about 30 nm for 6 M HCl in our experiments.
The products prepared in HNO3 exhibit a similar tendency for
the average grain size. As shown in Figure 3b, the average size
of the products decreases from 22 to 13 nm with increasing the
concentration of HNO3 from 0.1 to 0.8 M, and then increases
rapidly to 35 nm when reaching a concentration of 3.0 M. The
average grain size then varies between 35 and 37 nm for 4-10
M HNO3. For the products prepared in H2SO4, as shown in
Figure 3c, the average grain size varies between 11 and 21 nm
for a H2SO4concentration of <1.0 M, and maintains a stable
value as the concentration of H2SO4 is increased to >2.0 M. It
should be noted that the average grain size of the products
obtained in H2SO4 is comparatively smaller than those obtained
in reaction with HCl and HNO3.
Shape and Microstructure of the TiO2 Products. The
morphology and structure of the obtained TiO2 products has
been investigated by transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM). K2Ti4O9 fibers (Figure 4a)
are used to prepare H2Ti4O9 · 1.2H2O fibers (Figure 4b) by the
controlled ion exchange reaction, in which both K2Ti4O9and
H2Ti4O9 · 1.2H2O maintain the same fibrous morphology of
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Figure 4. (a) SEM images of K2Ti4O9 and (b) protonic tetratitanate
hydrate H2Ti4O9 · 1.2H2O fibers. TEM images of TiO2 nanostructures
hydrothermally synthesized in HCl: (c) aligned rutile ultralong nanorods
(in 6 M HCl); (d) a mixture of diamond-shaped rutile and spherical
anatase nanocrystals (in 3 M HCl); (e) anatase nanocrystals (in 0.8 M
HCl); (f) a mixture of aligned rutile nanorods and anatase nanocrystals
(in 0.6 M HCl); (g) aligned rutile short nanorods (in 0.4 M HCl); (h)
porous rutile nanorods with slit-like nanopores indicated by the arrows
and clear crystal lattice fringes indicated by the inset HRTEM image,
prepared in 0.1 M HCl. All the TiO2 products exhibit single crystalline
structure as indicated by the inset HRTEM images to panels c, d, e,
and g. A single rutile crystallite with a diamond shape is shown in the
inset to panel d. The long arrows in panels b, c f, g, and h indicate the
axial direction of original protonic tetratitanate fibers.

about 0.5-1 µm in diameter and a length of dozens of
micrometers. As shown in Figures 46, different single-crystalline
TiO2 nanostructures, such as aligned rutile/anatase nanorods,
nanoporous rutile/anatase nanorods, anatase nanocubes, and
diamond-shaped rutile nanocrystals, are obtained from the
hydrothermal reaction of H2Ti4O9 · 1.2H2O fibers with HCl,
HNO3, or H2SO4 of different concentration.
The TiO2 products synthesized with use of HCl show various
morphologies and structures depending on the concentration of
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HCl. As shown in Figure 4c, radially aligned long rutile
nanorods, with a uniform diameter of around 5 nm and lengths
of up to several micronmeters, are obtained in 6 M HCl, which
assemble to form nanostructures of several hundreds of nanometers in diameter and several micrometers in length. The
HRTEM image (shown as an inset in Figure 4c) of an individual
nanorod shows clear crystal lattice fringes with interlayer
distances measured to be 0.32 ( 0.002 nm, close to the 0.325
nm lattice spacing of the (110) planes in rutile TiO2, which
indicates the single crystalline structure of the rutile nanorods.
A mixture of rutile and anatase is formed for HCl concentrations
of 0.9-6 M. A typical product (Figure 4d), prepared hydrothermally in 3 M HCl, consists of diamond-shaped rutile and
spherical anatase nanocrystals as identified with arrows. The
ratio of the rutile to anatase in the product decreases with
decreasing concentration of HCl. As shown in Figure 4e, pure
anatase nanocrystals, with an average size of about 10 nm,
are obtained for a HCl concentration of 0.8 M. The HRTEM
image of several anatase nanocrystals (shown as an inset in
Figure 4e) shows lattice fringes with an interlayer distance of
0.35 nm, close to the 0.352 nm lattice spacing of the (101) planes
in anatase TiO2. However, pure anatase can be obtained by using
HCl only over a very narrow concentration range of around
0.8 M. With further reduction of the HCl concentration, a
mixture of rutile and anatase appears for 0.7 M, and the anatase
fraction disappears completely for 0.5 M. As shown in Figure
4f, the products prepared in 0.6 M HCl are composed of aligned
rutile nanorods in which anatase nanoparticles occupy almost
all of the spaces within the aligned rutile nanorods. Both the
anatase nanoparticles and the rutile nanorods formed within the
protonic tetratitanate hydrate (H2Ti4O9 · 1.2H2O) fibers are maintained without reorganization, but the whole H2Ti4O9 · 1.2H2O
fibers can collapse into small pieces because of dehydration and
crystal lattice rearrangement. This results in the formation of
TiO2 nanostructures of about 250 nm in diameter and several
micrometers in length. With further decreasing the concentration
of HCl below 0.5 M, only rutile nanorods, as shown in Figure
4g,h, are observed. Aligned short rutile nanorods (Figure 4g)
of about 12 nm in diameter and up to about 800 nm in length
are obtained with 0.4 M HCl. Porous rutile nanorods (Figure
4h), with diameters of 20-40 nm and lengths of up to about
200 nm, are obtained with 0.1 M HCl. Slit-like pores (the inset
to Figure 4h) of about 2 nm in width are observed. All the rutile
nanorods are single-crystalline structures as indicated by the
representative HRTEM images.
The variations in the morphology and structure of the TiO2
products hydrothermally synthesized with HNO3 are similar to
the products prepared with HCl. As shown in Figure 5a, rutile
nanorods, with diameters in the range of 30-80 nm and lengths
of up to several micronmeters, are obtained with 8-10 M HNO3.
The rutile nanorods are radially aligned to form nanostructures
of 300-500 nm in diameter and 0.5-2 µm in length. As shown
in Figure 5b,c, a mixture of rutile and anatase is obtained with
2-7 M HNO3. Anatase nanocubes with sizes of about 50-100
nm exist in all the products. However, rutile nanorods are
observed only in the products obtained with 3-7 M HNO3. With
further decreasing the concentration of HNO3 to 1-2 M, the
products are diamond-shaped rutile nanocrystals with an average
size of about 80 nm, which is the same as those shown in Figure
4d. A maximum anatase content of about 90% has been
determined in the products prepared with 1 M HNO3 (Figure
5c). As shown in Figure 5d, anatase nanocrystals occupy all
the space existing between the aligned rutile nanorods, forming
nanostructures with a large size of about 20 nm in diameter
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Figure 6. TEM images of TiO2 nanostructures hydrothermally
synthesized in H2SO4 solution: (a1, a2) aligned nanoporous anatase
nanorods (in 7 M H2SO4); (b) mixture of aligned rutile nanorods and
anatase nanocrystals (in 1 M H2SO4); (c) aligned rutile short nanorods
with slit-like nanopores indicated by the inset magnified TEM images
and continuous crystal lattice for a single nanorod indicated by the
inset HRTEM image (in 0.9 M H2SO4). The longest arrows in panels
a-c indicate the axial direction of original protonic tetratitanate fibers.

Figure 5. TEM images of TiO2 nanostructures hydrothermally
synthesized in HNO3 solution: (a) aligned rutile long nanorods (in 6
M HNO3); (b) a mixture of anatase nanocubes and rutile nanorods (in
3 M HNO3); (c) a mixture of anatase nanocubes and diamond-shaped
rutile nanocrystals (in 1 M HNO3); (d) a mixture of aligned rutile
nanorods and anatase nanocrystals indicated by the inset TEM image
(in 0.8 M HNO3); (e) aligned rutile short nanorods (in 0.3 M HNO3);
and (f) porous rutile nanorods (in 0.1 M HNO3). The longest arrows in
panels a-f indicate the axial direction of the original protonic
tetratitanate fibers.

and 500-800 nm in length, which is similar to those shown in
Figure 4f. By further decreasing the concentration of HNO3 to
0.3 M, the anatase phase in the products disappears, and only
aligned short nanorods (Figure 5e) are observed. Much shorter
porous rutile nanorods (Figure 5f), with diameters of 20-50
nm and a length of up to about 500 nm, are obtained with 0.1
M HNO3. The HRTEM images (not shown) of all products
prepared with HNO3 show clear lattice fringes, indicating their
single-crystalline nature.
The TiO2 products prepared in H2SO4 exhibit different
structure and morphology as compared to the TiO2 products
prepared in HCl and HNO3. As shown in Figure 6a1, radially
aligned anatase nanorods of around 8 nm in diameter and
200-400 nm in length are obtained with 7 M H2SO4. Slit-like
pores of about 4 nm in width are observed within the spaces
between adjacent nanorods. Moreover, it is notable that nanopores with a diameter of 4-5 nm are observed within each
individual nanorod (Figure 6a2). With a decrease in the
concentration of H2SO4 to 1 M, the product is a phase mixture
in which the anatase nanoparticles and aligned rutile nanorods
are well arranged to form nanostructures of about 100-160 nm

in diameter and up to 400 nm in length. By further decreasing
the concentration of H2SO4 to 0.1-0.9 M, rutile nanorods
(Figure 6c) containing uniformly distributed slit-like pores are
formed. These rutile nanorods, with an average length of about
200 nm and average diameter of about 5 nm, are radially aligned
to form porous nanostructures with lengths of about 200 nm
and a diameter of about 80 nm.
The surface areas and pore structure properties of typical
samples were determined by the N2 adsorption/desorption
isotherms. As shown in Table 1, the products synthesized in
HCl show various surface areas and pore structures obviously
depending on the shape, size, and structure of the TiO2. Both
the rutile nanorods (Figure 4c) and the mixture of diamondshaped rutile nanoparticles and spherical anatase nanocrystals
(Figure 4d) have small surface areas (about 16.5 and 18.1
m2 · g-1, respectively) because of relatively large sizes. The
anatase nanocrystals (Figure 4e) have the smallest size of about
14.9 nm, and thus exhibit the largest surface area of about 75.7
m2 · g-1. In contrast, the surface areas of the mixture of rutile
nanorods and anatase nanocrystals (Figure 4f) and the rutile
nanorods (Figure 4g) are about 61.1 and 68.9 m2 · g-1, respectively, which decrease a little because of relatively large size
of the formed rutile nanorods. The sizes of the rutile nanorods,
as shown in panels g, h, and c of Figure 4, increase, and thus
their surface areas decease. Furthermore, since the size of all
the rutile nanorods is larger than those of the anatase nanocrystals (Figure 4e,f), all the surface areas of the rutile nanorods
are relatively smaller than those of the products containing
anatase nanocrystals (Figure 4e,f). It is interesting that micropores are detected within the products containing rutile
nanorods (Figure 4c,f,h), but none was found within the anatase
nanocrystals (Figure 6e), which indicates that the rutile nanorods
(Figure 4f,h) contain micropores.
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TABLE 1: Chemical Component, Materials Characteristics, and Photocatalytic Activities of the Samplesa
constitute (%)
samples

Anatase

Rutile

ave grain
size (nm)

Figure
4e
Figure 6a1-2
Figure
4f
Figure
6b
Figure
5b
Figure
5c

100
100
37
53
22
90

0
0
63
47
78
10

14.9
25.0
16.2
19.2
35.0
15.1

band gap
(eV)

surface areas and pore properties
a

b

c

d

morphology

e

3.35
3.30
3.14
3.22
3.12
3.30

75.7
84.6
61.1
98.3
10.8
48.7

0
0
9.8
13.9
0
0

67.8
78.1
48.6
66.0
5
35.3

0.29
0.32
0.16
0.28
0.03
0.13

0.078
0.071
0.045
0.057
0.041
0.065

0

15.1

0.09

12.9
37.7
28.6

0.05
0.11
0.15

nanocrystal
aligned nanoporous nanorod
anatase nanocrystal rutile nanorods
anatase nanocrystal rutile nanorods
anatase nanocubes rutile nanorods
anatase nanocubes diamond-like
rutile nanocrystal
spherical anatase nanocrystal
diamond-like rutile nanocrystal
aligned ultralong nanorod
aligned short nanorod
aligned nanoporous nanorod
nanoparticle

Figure

4d

44

56

23.3

3.10

18.1

Figure
Figure
Figure
P-25

4c
4g
4h

0
0
0
70

100
100
100
30

30.2
17.1
21.7
20

2.99
3.16
3.13
3.01

16.5
58.9
38.6
50.2

2.10
14.6
2.8

0.049
0.021
0.025
0.038
0.085

a
a: BET surface area (m2 · g-1). b: surface area (m2 · g-1) of micropores (<1 nm) calculated by the t-plot method. c and d, respectively:
surface area (m2 · g-1) and pore volume (cm3 · g-1) of mesopores (>2nm) calculated from N2 desorption isotherms by the BJH method. e:
apparent reaction rate constant (min-1).

Some products synthesized in HNO3 are the mixture of big
rutile rods and anatase nanocubes (Figure 5b), showing the
smallest surface area of about 10.8 m2 · g-1. The mixture of
anatase nanocubes and diamond-shaped rutile nanocrystals
(Figure 5c) exhibits a small average gain size (15.1 nm), which
is comparable to that of the anatase nanocrystals shown in Figure
4e. However, its surface area (about 48.7 m2 · g-1) is not very
high because the sticking of nanoparticles decreases the exposed
surface area. For other products synthesized in H2SO4, nanoporous anatase nanorods (Figure 6a1,a2) and the mixture of
aligned short rutile nanorods and anatase nanocrystals (Figure
6b) exhibit very large surface areas of 84.6 and 98.3 m2 · g-1,
respectively, since the former contains obvious mesopores and
the later contains additional micropores. Surface area and pore
volume of mesopores (>2 nm) existing within the examined
samples are also shown in Table 1. The samples with large
surface areas show large pore volumes. Furthermore, most of
the samples (Figure 4d,h and Figure 5b,c) show a broad size
distribution ranging from several nanometers to decades of
nanometers. Single size distributions centered at 14-16 nm are
observed within the anatase nanocrystals (Figure 4e), and two
types of size distribution centered at 3-5 and 14-16 nm are
observed within the aligned nanorods (Figures 4c,f,g and
6b,a1,a2).
Optical Absorption Property of the TiO2 Products. To
determine the band gap, the absorption data shown in Figure 7
were fitted to the direct transition (RhV ) A(hV - Eg)1/2) by
extrapolating the linear portions of the curves to absorption equal
to zero. In the equation, R is the absorption coefficient, hV is
the photo energy, Eg is the direct band gap, and A is a constant.56
The calculated band gaps for the different TiO2 products are
shown in Figure 8. For concentrations <0.8 M, the band gap
of the products obtained in all three acid solutions varies over
a narrow range of 3.13-3.18 eV resulting from formation of
the rutile phase. With increasing acid concentration, the band
gap of the products prepared with HCl and HNO3 rapidly
increases to about 3.35 eV for those obtained in 0.8 M and about
3.34 eV for the products obtained in 1 M, respectively, and
then decreases to about 3.1 eV for the products obtained in both
4.0 M HCl and HNO3. The band gap of the TiO2 products
prepared in HNO3 eventually levels off at around 3.1 eV for
products obtained in 3.0-10 M. However, a continuous decrease
in the band gap to 3.0 eV at 6 M is observed for the
TiO2products prepared in HCl. The observed variations in the
band gap for the products prepared in HCl are caused by a rapid

decrease in the anatase content from 46% for 3 M to essentially
zero at 6 M, but from 20% at 3 M to essentially zero at 8 M for
the products prepared in HNO3. In contrast, the band gap of
the products prepared in H2SO4 exhibits a stable value of
3.12-3.18 eV for >0.9 M and then increases sharply to
3.29-3.34 eV for >2.0 M, which qualitatively agrees with the
variation of the phase composition of the products, as seen in
Figure 2.
Anatase and rutile are two most commonly encountered
crystalline polymorphs. The absorption onset of anatase and
rutile is around 387 (band gap energy, about 3.2 eV)57 and 413
nm (band gap energy, about 3.0 eV),58 respectively. The band
gap of TiO2 is determined by the positions of conduction band
and valance band, which is adjustable by changing the crystal
structure, phase composition, grain size, and morphology. The
crystal structures of both anatase and rutile are made up of
distorted TiO6 octahedra, but in different ways. Rutile adopts a
tetragonal structure (space group: D14
4h), in which two opposing
edges of each octahedron are shared to form linear chains along
the [001] direction and the TiO6 chains are then linked together
via corner connection. Anatase (tetragonal, D19
4h) has no corner
sharing but has four edges shared per octahedron. The crystal
structure of anatase can be viewed as zigzag chains of the
octahedra linked together through edge sharing.59 The valance
band of anatase and rutile is mainly composed of O 2p states,
while the conduction band is mainly formed of Ti 3d states.60
Furthermore, the O 2p and Ti 3d hybridization is more covalent
mixing in rutile than those in anatase. The valance band and
the conduction band in anaase exhibits more pronounced O 2p
and Ti 3d characters, respectively. Since the theoretical density
for anatase is 3.84 g · cm-3, which is about 10% less than the
4.26 g · cm-3 for rutile, anatase thus has larger Ti-Ti distances
than that of rutile, and it as a more pronounced localization of
the Ti 3d states and a narrower 3d band. The photoexcited
electron in anatase by UV excitation is less mobile than that
generated in rutile.61,62 In the present study, most of the TiO2
products exhibit on average a relatively large grain size and
thus no obvious blue shift is observed. The band gap of the
mixture of anatase and rutile is between the values of pure
anatase and rutile.
In a bulk semiconductor, an electron-hole pair is typically
bound within a characteristic length called the Bohr exciton
radius. If the electron and hole are constrained further, then the
semiconductor’s properties change. The quantum confined size
of the nanocrystals is more significant at energies near the band
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Figure 8. Acid concentration dependence of the band gap of TiO2
products hydrothermally synthesized with use of (a) HCl, (b) HNO3
and (c) H2SO4, respectively.

Figure 7. UV-vis DRS of the products hydrothermally synthesized
with use of (a) HCl, (b) HNO3, and (c) H2SO4, respectively.

gap. For the fluoresced light of nanocrystals, the nanocrystals
with larger size emit light with lower energy, and thus display
much redder. Conversely, the nanocrystals with small size emit
light with higher energy, and thus display much bluer. The band
gap energy that determines the energy of the fluoresced light is
inversely proportional to the square of the size of the nanocrystals. Larger nanocrystals have more energy levels which are
more closely spaced. This allows the nanocrystals to absorb
photons containing less energy, i.e. those closer to the red end
of the spectrum. The shape of the nanocrystals may well also
be a factor in the quantum effect of the nanocrystals. In the
present study, a blue shift is observed for the products consisting
of fine nanocrystals with average grain sizes of around 15 nm
(Figures 4e and 5c) or nanopores (Figure 6a1,a2), which can
be due to the quantum effect.

Furthermore, the surface defect of the nanocrystals increases
with a decrease in the size of nanocrystals. Oxygen vacancies
in the lattices have been widely observed within the TiO2
nanocrystals. The electronic and optical properties of the TiO2
nanocrystals can be altered considerably by oxygen defect
structures created by the removal of oxygen atoms from the
lattice.63 Moreover, interface crystal lattice distortion has been
reported to be important for the absorption edge shift toward
the visible-light region.64 Some samples, such as aligned rutile
nanorods (Figure 4g,h), exhibit a red shift for band gap, which
is due to oxygen vacancies or the interface crystal lattice
distortion.
3.2. Shape and Structural Evolution of Aligned Rutile
Nanorods and Anatase Nanocrystals. Hydrothermal synthesis
has been widely used to prepare the anatase and rutile phases
of TiO2, using titanium precursors, such as TiCl4, TiOSO4,
titanium isopropoxide, titanium acetylacetonate, etc. The crystalline phase of the product with use of these precursors is
determined by the structure of the polymorphs and their
organization during the nucleation process.31–35 Generally, the
initial hydrolysis of either Ti4+ or organic-protected Ti4+ under
hydrothermal conditions results in the generation of dispersed
octahedral [Ti(OH)2(OH2)4]2+ monomers or edge-sharing dimers
that subsequently combine together through oxolation or olation,
forming the initial nuclei at the reaction temperature. As the
initial nuclei grow to exceed a critical size they become stable
and further growth continues. During the formation of the initial
nuclei, the [Ti(OH)2(OH2)4]2+ monomers can form different
polymeric structures by sharing either equatorial (Figure 9a1)
or apical edges (Figure 9a2). Considering the structures of the
titania polymorphs, it is obvious that linear chains can only form
rutile-type nuclei (Figure 9a1), while skewed chains are
restricted to forming anatase-type nuclei (Figure 9a2). These
nuclei then grow to form the rutile and anatase-type crystallites,
respectively.
The basic crystal structure units of H2Ti4O9 · 1.2H2O fibers
are [Ti4O9]2- sheets that are composed of four side-by-side
aligned TiO6 octahedra.43–46,52,53As shown in Figure 9b1,b2, the
two central TiO6 octahedra connect with the two adjacent TiO6
octahedra by sharing two opposite equatorial edges of the
octahedra at one level. The other two sides of the TiO6 octahedra
connect with the four TiO6 octahedra units located at the same
level by sharing the corners. The periodic repeating of such
structure forms a single chain of TiO6 octahedra. Furthermore,
the four side-by-side aligned TiO6 octahedra at different levels
are connected above and below by sharing additional apical
edges of TiO6 octahedra, forming zigzag strings extending in
the b direction, as well as the axial direction of H2Ti4O9 · 1.2H2O
fibers. The protons and H3O+ ions are accommodated in the
widely open interlayers of the layered framework of the
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Figure 10. Photodegradation of methyl orange over (a) rutile shown
in Figure 4h; (b) mixture of anatase and rutile shown in Figure 4f; (c)
anatase shown in Figure 4e; and (d) P-25.

Figure 9. (a1, a2) Schematic representation of the nucleation and
growth of anatase and rutile from octahedral cations formed by the
hydrolysis of molecular titanium precursors; (b1, b3) schematic
representation of the formation of rutile nanorods and anatase nanocrystals from protonic tetratitanate fibers under acid-assisted hydrothermal condition; (b1) protonic tetratitanate fibers growing along the b
axis; (b2, b3) idealized crystal structure of layered protonic tetratitanate
fibers and tunnel-structured octatitanate fibers, respectively, projected
along the radial cross-section of fibers [b and 9, H3O+; O and 0, H+;
9 and 0, H3O+ and H+ at y ) 1/2; b and O, H3O+ and H+at y ) 0];
(b4) formation of rutile nanorods by breaking octatitanate structure along
the connected corners of four TiO6 units of two adjecent [Ti4O9]2chains; (b5) formation of anatase nanocrystals by breaking the
octatitanate structure along the connected corners of four-TiO6 units
of one chain; (b6) formation of the mixture of rutile nanorods and
anatase nanocrystals.

[Ti4O9]2- sheets. During the dehydration processing, the
structural water content is totally removed, and the [Ti4O9]2sheets, each involving four octahedral TiO6 units, shift with
j /4 in the structure of
respect to each other in the amount of C
H2Ti4O9 · 1.2H2O. They share free corners of four-TiO6 units
and gradually condense with each other to form an octatitanate
with a tunnel-like crystal structure. Half of the oxygen located
at the free corner of the four-TiO6 unit is removed by combining
with the two H+ located at the exterior of the four-TiO6 unit to
form H2O. Both the anatase and rutile phases are able to be
formed from the tunnel-structured octatitanate fibers by dehydration and condensation of the [Ti4O9]2- sheets. As described
above, the crystal growth units of rutile and anatase are linear
chains and skewed chains, respectively. Therefore, the split of
the octatitanate structure to from rutile nanorods and anatase
nanocrystals is along the connected corners of the four-TiO6

units of two the adjacent [Ti4O9]2- chains and along the
connected corners of four-TiO6 units of one chain, respectively,
which are illustrated by Figure 9b3,b6.
By replacing protonic tetratitanate hydrate fibers with amorphous TiO2 and other titanate hydrates, we have observed similar
phase compositions depending on the nature and concentration
of the acid. However, we have not observed a phase change
when either crystalline anatase or rutile is used as a precursor.
Therefore, the dehydration and the rearrangement of the crystal
structure are two necessary steps involved in the acid-assisted
hydrothermal route with amorphous TiO2 and titanate hydrate
precursors.
3.3. Photocatalytic Activity Evaluation of Various TiO2
Nanocrytals and Nanostructures. To quantitatively evaluate
the photodegradation of methyl orange, we studied its photodegradation kinetics over the different synthesized
TiO2nanocrystalline samples and also Degussa P-25, which is
widely used as a standard photocatalyst in photodegradation
studies of the compound methyl orange. This helps reveal the
influence of the individual catalysts on the reaction rate and
evaluates their photocatalytic activities. However, the obtained
information is only in reference to the apparent reaction kinetics
since several processes contribute to the overall photodegradation of methyl orange. Figure 10 shows the typical temporal
dependence of the photodegradation of methyl orange by UV
light irradiation of the photocatalyst prepared with HCl. We
have investigated the kinetics of methyl orange photodegradations over different samples and P-25 for quantitative evaluation
of the activity of the samples, from which the apparent reaction
rate constants have been calculated.45,46
The photodegradation kinetics of methyl orange in water is
described according to the pseudo-first-order equation as given
by the following:

r)-

dC
) kat
dt

(1)

where r is the reaction rate, C is the concentration of methyl
orange in the solution, t is the reaction time, and ka is the pseudofirst-order rate constant.
On the basis of data presented in Figure 10, by plotting ln(C0/
C) as a function of time t, through regression, we obtained for
each sample the k (min-1) constant from the slopes of the fitted
straight lines. This linear relationship obeys the first-order
reaction law that can be expressed by:

ln(C0/C) ) kt
(mgL-1),

(mgL-1),

(2)
(min-1)

where C0
C
and k
are the methyl
orange initial concentration, the residual concentration at reaction
time t, and the first-order rate constant, respectively. A higher
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value of the constant k for a particular catalyst means that it
has a higher activity for photodegradation of methyl orange,
which allows us to quantitatively determine the photocatalytic
activities of the different catalysts.
The regression results of the k values for the samples with
different phase structures, morphologies, and microstructures
are summarized in Table 1. As seen in Table 1, the k value
decreases in going from anatase (Figures 4e and 6a1,a2), to a
mixture of rutile and anatase (Figures 4d,f, 5b,c, and 6b), and
to the rutile phase (Figure 4c,g,h). For the products of pure rutile
phase, aligned nanoporous rutile nanorods (Figure 4h) exhibit
the highest value of k among all the rutile products (Figure 4c,g).
For the products of mixed rutile and anatase, the value of k
increases with increasing anatase content. For the products of
the pure anatase phase, the anatase nanocrystals (Figure 4e)
exhibit a k value of 0.078, which is somewhat higher than the
value 0.071 obtained for nanoporous nanorods (Figure 6a1,a2).
The standard P-25 sample exhibits the highest k value as
compared to those of all the prepared samples.
The surface areas and pore properties are other key factors
that influence both the activity of photocatalysts and the
efficiency of photocatalytic reactions. For typical samples, their
BET specific surface area, micropore (<1 nm) surface area, and
mesopore (>2 nm) surface area and pore volume are shown in
Table 1. The larger the surface area of the sample is, the higher
the photocatalytic activity of the sample is. However, some
samples exhibit very large surface areas, such as the mixture
of aligned rutile nanorods and anatase nanocrystals (Figure 6b),
but their photocatalytic activity is still lower than those of
anatase nanocrystals (Figure 4e), aligned nanoporous anatase
nanorods (Figure 6a1,a2), and P-25, which indicates that the
phase structure and phase composition of the TiO2 photocatalysts
are the primary factor in controlling the photocatalytic activity
of TiO2 photocatalysts.
We had previously reported the synthesis of novel nanostructured porous fibers of self-supported, radially aligned
H2Ti8O17 · 1.5H2O nanorods that are prepared from the layered
H2Ti4O9 · 1.2H2O fibers by solvothermal reaction in glycerine.
They exhibited high photooxidative activity, superior to that of
P-25.45,46 However, a decrease in the photocatalytic activity was
observed after three cycles, which renders them unsuitable for
long-term photocatalytic applications. In the present work, we
have demonstrated a novel inorganic acid-assisted hydrothermal
route for the preparation of single-crystalline TiO2 nanostructures
with controllable crystalline phase, morphology, and microstructures using protonic tetratitanate hydrate fibers as a cheap
and stable synthetic precursor. As shown in Table 1, the apparent
photocatalytic reaction rate constants of some of the samples
(Figures 4e and 6a1,a2) are close to that of P-25. More
importantly, the photocatalytic activities of these samples are
stable with time, which makes them useful for long-term
photocatalytic applications. We believe that the systematically
controlled materials properties, such as crystalline phase,
morphology, and microstructure, of these single-crystalline TiO2
nanostructures make them useful for a wide range of potential
applications in photocatalysis, environmental pollution control,
and solar energy conversion.
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