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The large-scale highly ordered TiO2 nanorods and monodisperse TiO2 microspheres were synthesized via a facile 
hydrothermal route. Under the same conditions, the TiO2 nanorod arrays were directly obtained on the fluorine-doped tin 
oxide (FTO) substrate, while the monodisperse TiO2 microspheres were obtained at the bottom of Teflon-lined autoclave 
without the FTO substrate. The as-prepared TiO2 microspheres are found to be composed of radial single-crystal rutile 
TiO2 nanorods. The FTO substrate plays a crucial role in the oriented growth of nanorod arrays. Accordingly, a possible 
mechanism for the formation of TiO2 nanorod arrays and TiO2 microspheres was proposed. The light scattering properties 
of TiO2 nanorod arrays and TiO2 microspheres were characterized by the UV-Vis spectrometry. The superior light 
scattering properties of TiO2 microspheres makes them promising materials for applications in the solar cells.  
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1. Introduction 
 
As an important p-type versatile oxide 

semiconductor, titania has been widely utilized in 
photonic crystals [1, 2], photovoltaic cells [3, 4], 
photocatalysis [2, 5, 6], energy conversion and storage 
[7], and electrochemical sensing [8-11]. These practical 
applications of titania often varied considerably with its 
morphology and texture, tunable size, phase, as well as 
crystallographic orientation bearing specific functional 
characteristics. Recently, one-dimensional titania-based 
nanomaterials including nanowires [12-14] or nanorods 
[15], nanotubes [16-19], nanoflowers [20] and other 
hierarchical structures [21, 22], have gained considerable 
attention due to their promising applications in 
photovoltaic cells, such as dye-sensitized solar cells 
(DSSCs) [23-25], a promising alternative to silicon solar 
cells in the future. Among these one-dimensional TiO2 
nanomaterials, such as nanotubes and nanowires or 
nanorods have potential to increase the photovoltaic 
performance of DSSCs owing to their surface area for 
dye loading and reduced grain boundaries where charge 
recombination occurs [26].  

To date, some light-scattering TiO2 nanostructures 

have been reported in order to further improve the energy 
conversion efficiency of DSSCs [27]. These 
morphologies of TiO2 nanostructures are often 
microspheres composed of many nanoparticles. Thus, 
these light scattering TiO2 nanostructures not only have 
practical light scattering ability, but also have large 
surface area for dye adsorption. Compared with the 
nanoparticles, nanorods show superior electron transfer 
ability. Similar to composite TiO2 microspheres made of 
nanoparticles, the synthesis of TiO2 microspheres 
composed of nanorods were also been successfully 
prepared via a simple hydrothermal method [28, 29]. 
However, relatively few studies reported the synthesis 
and light scattering properties of TiO2 microspheres by a 
nonpolar solvent/hydrophilic solid substrate interfacial 
reaction under hydrothermal conditions.  

In this work, we report the synthesis of 
monodisperse TiO2 microspheres via a nonpolar 
solvent/hydrophilic solid substrate interfacial reaction 
under mild hydrothermal conditions and investigate their 
light scattering properties. Additionally, the proposed 
method can also selectively prepare highly ordered rutile 
TiO2 single-crystal nanorod arrays on fluorine-doped tin 
oxide (FTO) glass substrate. 
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2. Experimental section 
 
2.1 Chemicals 
 
Titanium Tetrabutoxide, HCl (wt37%) and Toluene 

were purchased from Guangzhou reagent Co., Ltd, China. 
Toluene was used as the nonpolar solvent (Shang Hai 
ShenXiang chemical Reagent CO . Ltd ). FTO glass was 
purchased from Nippon Sheet Glass Co., Ltd. 

  
2.2 Synthesis of TiO2 microspheres and TiO2  
   nanorod arrays 
 
The monodisperse TiO2 microspheres were 

synthesized by the modified method for TiO2 nanorods 
described in the literature [30]. In a typical synthesis, 2 
mL of titanium tetrabutoxide, 0.5 mL of titanium 
tetrachloride, and 1 mL HCl (37wt%) were mixed with 
10 mL of toluene. Then the resulting mixtures were 
sealed within a Teflon-lined stainless steel autoclave (50 
mL) and heated at 150 for 20 h. After the reaction, the 
TiO2 microspheres samples were obtained after 
centrifugation, washing with ethanol, and finally drying 
in air for further characterization. For the formation of 
TiO2 nanorod arrays, a FTO substrate was placed against 
the wall of the autoclave with the conducting side facing 
down. Other synthesis conditions are the same as in the 
above described hydrothermal process. 

 

2.3 Characterization 
 
Powder X-ray diffraction (XRD; SHIMADZU 

XRD-6000) was used to determine the crystalline phase 
of TiO2 microspheres and nanorods. The morphologies 
and dimensions of the as-synthesized TiO2 microspheres 
and nanorods were observed by field-emission scanning 
electron microscopy (FESEM, LEO 1550 VP) equipped 
with EDS. TEM images and selected area electron 
diffraction (SAED) patterns of the resulting TiO2 
microspheres were obtained on a JEM-100 CX 
transmission electron microscope operating at 200 KV. 
To investigate the geometry influence on solar light 
scattering, diffuse reflection was measured in the 
400-800 nm wavelength range on Model U-4100 
spectrophotometer (HITACHI) with integrating sphere as 
accessory. 

 
3. Results and discussion 
 
3.1 Formation of TiO2 nanorod arrays 
 
Fig. 1 shows the typical SEM images of TiO2 

nanorod arrays on the FTO substrate. Fig. 1a and b are 
top-view images of TiO2 nanorod arrays at low and high 
magnification, respectively. It can be seen that the TiO2 
nanorod arrays are highly uniform and densely packed 
with flat tetragonal crystallographic planes. Fig. 1c is a 
cross-sectional view of TiO2 nanorod arrays. 

 

 

Fig. 1. FESEM images of TiO2 nanorod arrays on FTO coated glass at 150 ℃ for 20h. (a) top-view images at low 
magnification; (b) top-view images at high magnification; (c) cross-sectional FESEM image of the TiO2 nanorods, 

mechanically peeled off the FTO coated glass. 
 

The diameter of the TiO2 nanorods is ca. 20-30 nm 
and the thickness of TiO2 film composed of nanorods is 
ca. 8 µm. The XRD pattern of the obtained nanorods is 
shown in Fig. 2. The XRD pattern shows that the TiO2 
nanorod deposited on FTO substrate has tetragonal rutile 
structure (JCPDS No.65-0191).  

 
 
 
 
 

Compared to the powder diffraction pattern, the (002) 
diffraction is was significantly enhanced, showing that 
the TiO2 nanorod arrays are well crystallized and grow 
perpendicularly to the FTO substrate.  
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Fig. 2. XRD pattern of TiO2 nanorod arrays coated on 
FTO glass. 

 
 
 
 
 
 
3.2 Formation of TiO2 microspheres 
 
It is remarkable that large-scale uniform TiO2 

microspheres composed of many radial TiO2 nanorods 
can be readily obtained at the bottom of the Teflon-lined 
autoclave without FTO substrate, as shown in Fig. 3.  

 
 
 
 
 

 

 

Fig. 3. FESEM images of TiO2 microspheres composed of nanorods 150 ℃ for 20 h. (a) top-view images at low 
magnification; (b) and (c) top-view images at high magnification. 

 
The corresponding XRD pattern points out that the 

TiO2 microspheres has rutile structure (Fig. 4).  
 

 

Fig. 4. The corresponding XRD pattern of TiO2 
microspheres without FTO substrate. 

 
3.3 Possible mechanism for the formation of  
   highly ordered TiO2 nanorods and TiO2  
   microspheres 
 
On the basis of the above research results, we 

proposed a possible growth mechanism of TiO2 nanorods 
with FTO substrate and TiO2 microspheres without FTO 
substrate, as schematically shown in Fig. 5. In the 
presence of FTO substrate, at the beginning, Ti4+ 
precursors can hydrolyze with water at the interface of 
water/FTO substrate, resulting in the formation of a 
nucleus. With the Ti4+ precursor continuous hydrolysis, 
the nuclei finally grew into TiO2 nanorod arrays on the 
FTO substrate. Here, it is important to mention that HCl 
in the solution has played a crucial role throughout the 
synthesis process. Firstly, the low pH value of the 
reaction solution delays the hydrolysis of Ti4+ precursor 
with water. Secondly, a Cl- ion can selectively adsorb on 
different crystal planes, ensuring anisotropic growth in 
the [001] direction [31]. Compared to the FTO substrate, 
the interface of water/FTO substrate between the nuclei 
and substrate can not be formed without the FTO 
substrate. Therefore, the nuclei were randomly formed at 
the bottom of the Teflon-lined autoclave. With the 
continuous reaction, the nuclei grow into TiO2 nanorods 
and finally formed TiO2 microspheres. 
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Fig. 5. Schematic illustration of the formation of highly ordered TiO2 nanorod arrays on the FTO substrate and uniform TiO2 

microspheres . 
 
3.4 Light scattering properties of TiO2 nanorods  
   and TiO2 microspheres 
 
To explore the potential application of TiO2 

nanomaterials, the light scattering properties of TiO2 
nanorods and microspheres were measured. Fig. 6 shows 
the UV-vis reflectance spectra of highly ordered TiO2 
nanorods and monodisperse TiO2 microspheres. The 
reflectance of monodisperse TiO2 microspheres is 39% in 
the wavelength range 400-800 nm, which is almost up to 
two times higher than that (22.0%) of highly ordered 
TiO2 nanorods, indicating that the monodisperse TiO2 
microsphere have a higher light scattering properties than 
the highly ordered TiO2 nanorods. The superior light 
scattering properties of monodisperse TiO2 microspheres 
is expected to be applied dye-sensitized solar cells. 

 
Fig. 6. The UV-Vis reflectance spectra of highly ordered 

TiO2 nanorods and monodisperse TiO2 microspheres. 
 
 

4. Conclusions 
 
In conclusion, a facile hydrothermal method was 

selectively developed to prepare TiO2 microspheres 
without FTO substrates and highly ordered single-crystal 
rutile TiO2 nanorods on FTO substrates. The diameters of 
the TiO2 microspheres were around 6 µm, and the TiO2 
microspheres are built from small single-crystal nanorods 
with diameters of 20-30 nm. The FTO substrate is 
believed to play a crucial role in the synthesis of uniform 
TiO2 microspheres. The small lattice mismatch between 
the TiO2 nanorods and FTO substrate drives the 
nucleation and growth of the TiO2 nanorods. More 
importantly, the experiments have demonstrated a strong 
improvement of light scattering by the TiO2 microspheres 
thin films, providing promising applications as 
light-scattering layers in different types of nanostructured 
solar cells including organic, hybrid and dye-sensitized 
solar cells. 
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