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Abstract

Three-dimensional (3D) titania nanostructures assembled with ordered rutile nanorods have been fabricated via a surfactant-free and single-step
solvothermal route. The effects of preparation parameters, including the reaction temperatures and the reactant concentrations, on the
microstructure, optical properties and photocatalytic activity of the 3D TiO2 nanostructures were investigated. The results revealed that 3D TiO2

microspheres possessed a dandelion-like morphology composed of radially packed rutile nanorods. Increasing the reaction temperature leads to
the formation of larger rutile crystals, but reduced the aspect ratios of nanorods. The morphology of products was dominated by irregular shapes
with low titanium precursor concentration. The optical reflectance, absorption and photocatalytic properties of the samples were found to be
significantly dependent on their morphology. 3D dandelion-like structures with tapered tips showed lower reflectance, more efficient light
harvesting, higher surface area and consequently higher photocatalytic activity compared with those with flat tops and fragment of nanorod
sectors. Moreover, TiO2 products prepared with 0.4 M titanium precursor solution at 150 and 120 1C showed better or equivalent photocatalytic
activity compared with Degussa P25 owing to high light harvesting ability as well as less aggregation for the unique 3D dandelion-like
hierarchical structure. The growth mechanism of the 3D dandelion-like nanostructures under various preparation conditions was also discussed.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent decades, titanium dioxide (TiO2) is widely used in
diverse applications such as photocatalysts, dye-sensitized
solar cells and biomedicines [1–4]. Therefore, considerable
efforts have been paid to synthesize TiO2 nanostructures.
Studies have revealed that it is critical to control the
morphology and crystal structures of nanostructure since the
properties and performance such as optical and photocatalytic
properties are greatly dependent on the microstructure, specific
surface area and crystallite size [5–9]. Assembly of various
TiO2 nanometer-scale units into three-dimensional (3D) com-
plex nanostructures has triggered considerable attention
because of the dimension and unique topology [10]. This kind
of 3D artificial hierarchical TiO2 structures could reserve novel
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properties due to the nanometer-scale unit, meanwhile, they are
much easier to store and handle as micrometer-scale materials
[10]. For instance, microspheres assembled with nanorods are
expected to exhibit low reflectance and efficient light harvest-
ing due to the ordered nanorod units. Moreover, traditional
TiO2 nanometer-scale powders suffer from severe agglomera-
tion, while 3D microscale TiO2 nanostructures are less likely
to aggregate and easier to be separated from the solution as
photocatalyst. It might offer opportunities for fundamental
study and industrial applications to explore 3D TiO2 nanos-
tructures under effective morphology control.
The solvothermal method is a simple, low-cost and highly

efficient synthetic approach for nanostructures, and the process
could be easily controlled [11,12]. Furthermore, it has been
proven that the growth of semiconductor nanostructures as well
as their properties significantly depends on the preparation
process [6,13]. In our previous work, the solvent-controlled
fabrication of 3D TiO2 nanostructures has been achieved via a
ghts reserved.
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Fig. 1. XRD patterns of the products synthesized with a TBN concentration of
0.4 M at various reaction temperatures of 120, 150, 180, and 210 1C,
respectively.
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surfactant-free and single-step solvothermal route [14]. In this
paper, TiO2 microspheres assembled with ordered rutile nanorods
were synthesized in nonpolar solvent based on the water–
nonpolar solvent interface. The effects of various experimental
parameters, including reaction temperatures and the reactant
concentrations, on the microstructure and structure-dependent
optical and photocatalytic properties were studied. The growth
mechanism of 3D TiO2 nanostructures under various preparation
conditions was also discussed.

2. Experimental section

2.1. Preparation

The synthesis of TiO2 samples was based on our previous
report with some modifications [14]. All the chemicals were of
analytic grade and used without further purification. Titanium
n-butoxide (Ti(OC4H9)4, TNB), hydrochloric acid (HCl, 36.5–
38 wt%), and n-hexane (CH3(CH2)4CH3) were used as the
titanium precursor, acid medium, and the solvent, respectively.
In a typical synthesis, 0.4 M TNB and 0.9 M HCl were added
to n-hexane in a total volume of 26 ml. The mixture was stirred
for 10 min and finally loaded into a Teflon-lined autoclave of
50 ml capacity and tightly closed for the solvothermal reaction.
Subsequently, the autoclave was maintained at 120–210 1C for
4 h, followed by natural cooling to room temperature. After-
ward, the products were centrifuged and washed with absolute
ethanol several times. The final products were dried under
vacuum at 80 1C for 12 h. In order to investigate the effects of
TNB concentration, the TNB concentration was tuned to
0.5 M, 0.3 M, and 0.2 M, respectively, at a reaction tempera-
ture of 180 1C, remaining all other procedures unchanged.

2.2. Characterization

The morphologies of TiO2 samples were investigated by
field emission scanning electron microscopy (FESEM, Hitachi
S-4800, Japan) and transmission electron microscopy (TEM,
Philips C200, Germany). The crystal phases of the products
were characterized by X-ray diffraction (XRD, PANalytical
X'Pert Pro, Holland), in a 2θ range from 101 to 801, using Cu
Kα radiation. The optical absorption measurement was per-
formed on a UV–vis spectrophotometer (TU-1901, Puxi Ltd.
of Beijing, China), and diffuse reflectance was measured using
an integrating sphere with an incident angle of 81. The
Brunauer–Emmett–Teller (BET) surface areas of the powder
samples were determined by nitrogen adsorption–desorption
isotherm measurements at 77 K on a Micromeritics TriStar II
3020 nitrogen adsorption apparatus. All the samples were
degassed at 180 1C prior to the nitrogen adsorption
measurements.

2.3. Photocatalysis tests

The photocatalytic activity of TiO2 samples were tested by
degrading Rhodamine B (RhB) in an aqueous solution. In a typical
procedure, 10 mg TiO2 powder was dispersed in 10 mL RhB
aqueous solution with an initial concentration of 10−5 M. This
reaction dispersion was magnetically stirred in the dark for 60 min
prior to irradiation to establish the adsorption/desorption equili-
brium. The solution was then exposed to UV light (80 W xenon
arc lamp with a 420 nm cut-off filter). The distance between the
light source and the bottom of the solution was about 15 cm. After
illumination, the TiO2 powder was removed from the suspension
by centrifugation before the absorption spectrum was taken by a
UV–vis spectrophotometer. The photodegradation effect is studied
by the absorbance at the absorption peak before and after
photodegradation, since the concentration of RhB solution is
correlated to the absorption value. The photocatalytic activity could
be characterized by an apparent speed constant k, which could be
calculated using the equation as follows:

k¼ lnðA0=AÞ
t

ð1Þ

where A0 is the absorbance of the initial RhB solution at 553 nm
and A is the absorbance of RhB at 553 nm when irradiation time is
5, 10, 15, and 20 min. The higher the value of k, the better the
photocatalytic activity.
3. Results and discussion

3.1. Effects of reaction temperature on the microstructures
of TiO2

The XRD patterns of the as-prepared TiO2 samples fabri-
cated with a TBN concentration of 0.4 M at various reaction
temperatures are shown in Fig. 1. All the characteristic peaks
can be indexed as a rutile TiO2 phase (JCPDS no. 21-1276).
The diffraction peaks gradually become sharper and narrower
with increasing reaction temperature, indicating the enhancement
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of crystallinity and growth of nanocrystals at higher reaction
temperature.

Fig. 2 shows the typical FESEM images of the products
synthesized with a TBN concentration of 0.4 M at various
reaction temperatures. At 120 1C, the products have a
dandelion-like structure with diameter of 1 μm, which is
composed of numerous nanorods (Fig. 2a). Obviously, there
are some crackles in the spheres. The average diameter of the
nanorods is 5 nm as shown in Fig. 2b. Increasing the
Fig. 2. Typical FESEM images of the products synthesized with a TBN concentrati
180 1C, and (g, h) 210 1C. (a), (c), (e), and (g) are overview FESEM images. (b), (d
samples.
temperature to 150 1C and 180 1C, the size of the spheres
and the diameter of nanorods rise to 1.5 μm and 10 nm at
150 1C (Fig. 2c and d), 2 μm and 18 nm at 180 1C (Fig. 2e and f),
respectively. With the reaction temperature elevates to 210 1C,
the nanorod density significantly increases, and the diameter of
nanorods increases to 35 nm, as shown in Fig. 2g and h. The size
of the spheres is in range of 1–2.5 μm. The aspect ratio of the
nanorods for the samples prepared at 120, 150, 180, and 210 1C
is 100, 75, 55, and 14–35, respectively. The results indicate that
on of 0.4 M at various reaction temperatures: (a, b) 120 1C, (c, d) 150 1C, (e, f)
), (f), and (h) are enlarged FESEM images of the surfaces of the corresponding



Fig. 3. (a) HRTEM image of an individual nanorod and (b) EDX profile of the
dandelion-like structure synthesized with a TBN concentration of 0.4 M at
120 1C.

Fig. 4. XRD patterns of the products synthesized at 180 1C with various TBN
concentrations: 0.5 M, 0.3 M, and 0.2 M.
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increasing the reaction temperature leads to the formation of
larger nanorods and spheres, but reduces the aspect ratios of the
one-dimensional nanocrystals.

HRTEM image of an individual nanorod and EDX profile of
the dandelion-like structure synthesized with a TBN concen-
tration of 0.4 M at 120 1C are shown in Fig. 3. The distances
between the adjacent lattice fringes are measured to be 0.329
and 0.296 nm, which agree well with the lattice spacing of
rutile TiO2 (110) and (001) (JCPDS no. 21-1276), respectively,
indicating the growth direction of [001], parallel to the c-axis.
EDX spectrum reveals only Ti and O peaks in the sample with
a Ti/O molar of about 1:2, and the Cu signal originates from
the copper TEM grid. The EDX analysis confirms the purity
and atomic composition of Ti and O in stoichiometric ratio.
3.2. Effects of TNB concentration on the microstructures
of TiO2

Besides the reaction temperature, the concentration of TNB is
another influencing factor on the growth of TiO2 microstructures.
Fig. 4 shows XRD patterns of the products synthesized at 180 1C
with TBN concentrations of 0.5 M, 0.3 M, and 0.2 M, respectively.
All the peaks can be assigned to rutile TiO2 (JCPDS no. 21-1276).
It can be inferred from the weaker diffraction peaks that the
crystallinity of crystals declines with lower TNB concentration.
Fig. 5 shows typical FESEM images of the products

synthesized at 180 1C with various TBN concentrations. It
can be seen that the products synthesized with TNB concen-
tration of 0.5 and 0.3 M are dandelion-like microspheres. The
average diameters of the microspheres and nanorods are 2 μm
and 25 nm for 0.5 M TNB (Fig. 5a and b), 1 μm and 15 nm for
0.3 M TNB (Fig. 5c and d), respectively. The aspect ratios of
the nanorods for the products fabricated with 0.5 and 0.3 M
TNB concentration are 40 and 33, respectively. However,
when the amount of TNB is as low as 0.2 M, the products are
irregular sectors composed of nanorods (as shown in Fig. 5e
and f) and there is no microsphere formed. The length of
sectors and diameter of nanorods are 0.5–2 μm and 10 nm,
respectively.

3.3. Growth mechanism of 3D TiO2 nanostructures

From the kinetics viewpoint of crystal growth, the formation
of rutile nanorod-aggregated objects is driven by low degree of
supersaturation [15–17]. Generally, the condition is satisfied
by using aqueous titanium trichloride precursor (TiCl3) via the
anodic oxidative hydrolysis of Ti (III) ions [10,15,18]. In the
present case, the precursor used is Ti (IV) complex. The
required low degree of supersaturation is achieved by the



Fig. 5. Typical FESEM images of the products synthesized at 180 1C with various TBN concentrations: (a, b) 0.5 M, (c, d) 0.3 M, and (e, f) 0.2 M. (a), (c), and (e)
are overview FESEM images. (b), (d), (f) are enlarged FESEM images of the surfaces of the corresponding samples.
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existence of the acid medium HCl. The chemical reactions can
be described as follows [17,19,20].

Ti4++nH2O-Ti(OH)n
4−n+nH+ (2)

Ti(OH)n
4−n-Ti(IV) oxo species-TiO2 (3)

The Ti (IV) oxo species are generally considered to be
intermediates between TiO2+ and TiO2, consisting of partly
dehydrated polymeric Ti (IV) hydroxide [15,20]. The acid
condition could retard the hydrolysis reaction of TNB (reaction
(2)) by decomposing to free H+, leading to a low degree of
supersaturation which consequently slows the formation pro-
cess of the intermediate Ti (IV) oxo species. Meanwhile, both
the highly acid condition and selectively adsorption of Cl− on
rutile (110) plane facilitate the anisotropic growth of rutile
nanorods along [001] orientation [21,22]. The nanorods
aggregate into dandelion-like microspheres to lower their total
free energy.

The growth mechanism of the 3D dandelion-like nanos-
tructures under various experimental conditions is illustrated in
Fig. 6. The low concentration of TNB (0.2 M) gives rise to a
small amount of Ti(OH)n

4−n, the hydrolysate of TNB. It
enhances the preferred growth of longer rodlike rutile TiO2

along the c-axis and the formation of sector-like nanostructure
rather than dandelion-like microspheres due to the lower
degree of supersaturation. However, with increasing concen-
tration of TNB (0.3 M or higher), plenty of Ti(OH)n

4−n and
consequently a large amount of TiO2 nanorods are produced,
causing the radial growth of 3D dandelion-like microspheres
assembled with numerous oriented nanorods. Further increas-
ing the concentration of TNB (0.5 M), the average diameter of
the nanorods grows larger while the size of the microspheres
remains almost the same, which can be ascribed to the block of
oriented growth owing to the higher degree of supersaturation
at higher TNB concentration. On the other hand, higher
temperature accelerates the hydrolysis of TNB, resulting in
not only larger number of TiO2 nuclei but also faster crystal
growth. It is noteworthy that larger rutile nanorods but lower
aspect ratios are generated at higher temperature due to the
accelerated growth in both radial and lengthwise directions.



Fig. 6. Schematic illustrations of growth mechanism of the 3D dandelion-like nanostructures under various experimental conditions.

Fig. 7. (a) Optical diffuse reflection spectra and (b) absorption spectra of 3D
TiO2 nanostructures synthesized under various conditions.
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3.4. Optical and photocatalytic properties

The optical diffuse reflectance and absorption spectra of 3D
TiO2 structures synthesized under various conditions are
shown in Fig. 7. As seen in Fig. 7a, the fast decay below
400 nm is due to the absorption of light caused by the
excitation of electrons from the valence band to the conduction
band of TiO2, which correlates with the band gap of rutile
TiO2 (3.0 eV). The TiO2 samples exhibit different reflectance
on account of the difference in morphology. The samples
prepared with 0.4 M TNB at 120 and 150 1C, and 0.3, 0.4, and
0.5 M TNB at 180 1C, which possess 3D dandelion-like
structure with tapered tips show lower reflectance compared
with those synthesized with 0.4 M TNB at 210 1C and 0.2 M
TNB at 180 1C, which have flat tops and fragment of nanorod
sectors. The interspaces between ordered rods can act as a
light-transfer path for introducing incident light into the inner
surface of TiO2, allowing light waves to penetrate deep inside
the TiO2 structure. The multiple reflective and scattering
effects provided by nanorods prevent the incident waves from
bouncing back to the free space. Both of these lead to a lower
reflection. The reflectance has been proven to be significantly
dependent on the surface geometry [23–25]. Generally, tapered
tips and moderate oriented rods are beneficial to low reflec-
tance in comparison with flat tops and dense arrangement.
Therefore, the increase in reflectance for TiO2 prepared with
0.4 M TNB at 210 1C and 0.2 M TNB at 180 1C can be
attributed to the flat tops and collapse of 3D dandelion-like
structure. The optical absorption spectra shown in Fig. 7b
indicate that all the samples have the absorption edge at around
400 nm, which is in agreement with the reflectance spectra.
The absorption of the samples is in converse orders compared
with the reflectance spectra. The sample prepared with 0.4 M
TNB at 150 1C exhibits the lowest reflectance, most intense
absorption and efficient light harvesting, due to its tapered tips
and appropriately arrangement of nanorods in the 3D
dandelion-like structure.

Fig. 8 shows the BET surface areas and plots of photocatalytic
degradation of RhB using 3D TiO2 nanostructures with different
morphologies. TiO2 dandelion-like structures prepared with 0.3–
0.5 M TNB at 120–180 1C show higher BET surface areas than
those prepared with lower TNB concentration or at higher reaction



Fig. 8. (a) BET surface areas and (b) plots of photocatalytic degradation of
RhB using 3D TiO2 nanostructures synthesized under various conditions.
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temperature due to the appropriate nanorod arrangement. Conse-
quently, they exhibit higher degradation efficiency since high
surface area provides more active sites to adsorb reactant molecules
and tapered tip geometry allows more efficient utilization of
incident light, both of which facilitate the enhancement of
photocatalytic activity. The sample prepared with 0.2 M TNB at
180 1C, possessing the morphology of sectors, exhibits the lowest
degradation efficiency. This can be explained by the collapse of 3D
dandelion-like architecture, leading to much more severe aggrega-
tion and lower surface area as well as low light harvesting.

For comparison, Degussa P25 is also used as the photo-
catalyst, as shown in Fig. 8b. P25 is well-known for its
superior photocatalytic activity ascribed to the mixed phases
(78% anatase and 22% rutile in mass fraction) and specific
surface area (53 m2 g−1) [26]. It is also generally regarded that
anatase is the more photochemically active phase of titania
than rutile. However, in the present case, the 3D TiO2

assembled with radially aligned rutile nanorods synthesized
with 0.4 M TNB at 150 and 120 1C shows better or equivalent
photocatalytic activity compared with P25. This enhancement
of photocatalytic performance can be mainly ascribed to
the high light harvesting ability realized by the unique
dandelion-like morphology of 3D hierarchical structure, in
which the interspaces act as the channel for light transfer and
tapered tip geometry favors lower reflectance. Besides, less
aggregation for this well-controlled structure also enhances
high photocatalytic activity.

4. Conclusions

3D dandelion-like nanostructures composed of radially
aligned rutile nanorods have been successfully synthesized
by the present solvothermal method. The microstructures and
properties of 3D TiO2 microspheres can be altered by adjusting
the reaction temperature and reactant concentration. When the
reaction temperature is increased from 120 to 210 1C, the
resultant particle size of rutile crystals is increased, but the
aspect ratios of one-dimensional rutile nanocrystals reduced.
Dandelion-like morphology can be obtained with TNB con-
centration ranging from 0.3 to 0.5 M, while lower TNB
concentration (0.2 M) leads to the collapse of microspheres
and sector formation. 3D dandelion-like structures with tapered
tips show better photocatalytic activity than those with flat tops
and nanorod sector fragment due to lower reflectance, more
efficient light harvesting and higher surface area. Furthermore,
TiO2 products prepared with 0.4 M titanium precursor solution
at 150 and 120 1C show better or equivalent photocatalytic
activity compared with P25, which can be attributed to the
efficient light harvesting and less aggregation for the well-
controlled 3D dandelion-like hierarchical structure.
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