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Abstract. 
High surface area titania with crystalline anatase walls has been synthesized using ordered large mesoporous carbon as a template. The pore structure of mesoporous carbon is infiltrated with titanium tetraisopropoxide solution at room temperature and the mixture is subjected to heat treatment at 
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 in presence of air to complete removal of the template. The prepared crystalline anatase frameworks are characterized by XRD, N2 adsorption and HR-TEM. The nitrogen adsorption-desorption analysis of the prepared anatase titania particles exhibits BET specific surface area of 28 m2/g. The dye-sensitized solar cells performance of this anatase titania material has been tested and energy conversion efficiency of 3.0% is achieved under AM 1.5 sunlight. This work reports a new approach for fabrication of nanocrystalline anatase titania by simple hard templating technique for the first time and their applications for dye-sensitized solar cell.


1. Introduction
The use of solar cells for energy production by converting sunlight directly into electricity is an avenue to address global energy demand and clean alternative power generation devices. Most commonly used solar cell technologies include crystalline silicon, thin film concentrators, and thermophotovoltaic solar cells. Silicon-based solar cells are large-scale, single-junction devices, and a very high percentage of photovoltaic production comes from these solar cells [1, 2]. The thin-film solar cells are aimed to decrease the amount of expensive material used in production process without sacrificing efficiency. The materials used in thin-film solar cells are amorphous silicon, CuIn(Ga)Se2 (CIGS) and CdTe/CdS, which are deposited on thin low-cost glass or copper foil substrate [3, 4]. An alternative approach using multijunction solar cells of dye-sensitized solar cells (DSCs) and organic solar cells (OSCs) are also developed to reduce the cost furthermore [5, 6]. In recent years, DSCs have attracted a great deal of attention due to their simple fabrication and low production cost. DSCs are composed of porous nanostructured oxide film with adsorbed dye molecules as a dye-sensitized anode, an electrolyte containing iodide/triiodide redox couple, and a platinized fluorine-doped tin oxide (FTO) glass as counter electrode [7–9]. In DSCs high internal surface area and wide band gap semiconductor material with adsorbed dye as a photoanode plays an important role. The choice of semiconductor depends on its conduction band, density state that allows efficient electronic coupling with the dye energy level to facilitate charge separation and minimize recombination. Additionally, the semiconductor material must have high internal surface area to maximize light absorption by the dye monolayer with good electrical conductivity to the substrate. Among many other metal oxide semiconductors, nanocrystalline titania is of great scientific and technological interest due to its excellent performance in solar cells [10, 11], photocatalysis [12], photochromism [13], sensors [14], and so forth. Further, anatase titania nanocrystals are used as best recipient of injected electrons from optically excited dye and provides the conductive pathway to the circuit. However, the preparation of crystalline titania by hard templating technique involves silica, which requires strong acid or base for complete removal of template [15, 16]. 
Recently, P. Srinivasu et al.’s research on dye-sensitized solar cells has clearly demonstrated that large mesoporous carbon thin film can act as metal-free counter electrode with very high energy conversion efficiency [17]. The work in Srinivasu et al. concentrated on the use of large porous two-dimensional hexagonal carbon, where properties of the carbon material depends on its ordered two-dimensional pore structure and surface area.
The recent research on templated synthesis of mesoporous carbon using three-dimensional mesoporous silica (KIT-6) has attracted a lot of attension for applications in catalysis and adsorption studies [18]. However, three-dimensional mesoporous carbon prepared from KIT-6, has not been used as a hard template for the fabrication of anatase titania in the open literature. Here we report nanocrystalline anatase titania synthesized using three-dimensional mesoporous carbon as a hard template through combustion technique and characterize the prepared material by powder X-ray diffraction, nitrogen adsorption, and electron microscopy techniques. Dye-sensitized solar cell device is constructed with nanocrystalline anatase titania thin film and studied the performance of the material.
2. Experimental
2.1. Preparation of Mesoporous Carbon and Anatase Crystalline Titania
Ordered mesoporous carbon material refered to as CTS-6 (carbon from three-dimensional silica-6) is synthesized by pyrolysis of sucrose inside the large-pore mesoporous silica (KIT-6) synthesized at 100°C. In a typical synthesis of mesoporous carbon, 1 g of KIT-6 is added to a solution obtained by dissolving 0.75 g of sucrose and 5.0 g of water, and keeping the mixture in an oven for 6 h at 100°C. Subsequently, the oven temperature was raised to 160°C for another 6 h. In order to obtain fully polymerized and carbonized sucrose inside the pores of silica template, 0.5 g of sucrose, 0.06 g of H2SO4, and 5.0 g of water are again added to the pretreated sample and the mixture is again subjected to the thermal treatment described above. Carbonization is performed at 900°C for 5 h under N2-atmosphere. The resulting carbon/silica composite is treated with HF acid (5 wt%) at room temperature to selectively removal of silica. Anatase crystalline titania is prepared by adding 20 mL of titanium tetraisopropoxide (1.5 mol L−1) solution and stirring at room temperature for 6 h. The impregnated carbon material is dried at room temperature and heated under air at 550°C for 4 h. The final anatase titania material is used to prepare a film on FTO glass using doctor-blade technique [16] and [17], which is ultrasonically cleaned in ethanol prior to use. 
Powder X-ray diffraction patterns were obtained through a Rigaku diffractometer using CuKα (
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 nm) radiation. N2 adsorption-desorption isotherms are measured at 77 K on a Quantachrome Autosorb 1 volumetric adsorption analyzer. Before the adsorption measurements, all samples are out gassed at 250°C in the port of the adsorption analyzer. The position of the maximum on pore size distribution is referred to as the pore diameter, which was calculated from adsorption branches by Barret-Joyner-Halenda (BJH) method. The HRTEM images are obtained with JEOL JEM-2100 F. Hitachi S-4800 HR-FESEM is used to observe the morphology of the material.
2.2. Fabrication of Dye-Sensitized Solar Cell
2.2.1. Preparation of Titania Electrode
The dye solutions (0.3 mM solution of N719 dye) were prepared in 1 : 1 acetonitrile and tert-butyl alcohol solvents. Deoxycholic acid as a coadsorbent was added to the dye solution at a concentration of 20 mM. The electrodes were immersed in the dye solutions and then kept at 25°C for 24 h to adsorb the dye onto the TiO2.
2.2.2. Preparation of Dye-Sensitized Solar Cell
Photovoltaic measurements were performed in a two-electrode sandwich cell configuration. The dye-deposited TiO2 film and a platinum-coated conducting glass were used as the working electrode and the counter electrode, respectively. The two electrodes were separated by a surlyn spacer (40 μm thick) and sealed up by heating the polymer frame. The electrolyte was composed of 0.6 M dimethylpropyl-imidazolium iodide (DMPII), 0.05 M I2, TBP 0.5 M, and 0.1 M LiI in acetonitrile (AN).
3. Results and Discussion
Powder X-ray diffraction pattern is measured for titanium-tetraisopropoxide impregnated mesoporous carbon sample after removal of carbon template through combustion process in presence of air. Figure 1(a) shows powder XRD patterns of resulting material in the range of 2θ = 10–80°. The well-defined sharp Bragg peaks indicate highly crystalline nature of the material. The Bragg diffraction peaks indexed as (101), (112), (200), (105), (211), (204), (116), (220), and (215) are correspond to anatase phase TiO2 with tetragonal arrangement. However, mesoporous ordered structure could not be retained after complete removal of the template due to incomplete filling of pore structure with titanium precursors. The nitrogen adsorption-desorption isotherm for crystalline anatase titanium oxide is shown in Figure 1(b). The BET specific surface area obtained for prepared anatase TiO2 is 28 m2/g, which is remarkable. 
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(b)
Figure 1: (a) Powder XRD pattern of anatase TiO2 and (b) nitrogen adsorption-desorption isotherm of anatase TiO2 (
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-adsorption, 
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-desorption).


Figure 2(a) shows high resolution TEM images of the nanocrystalline titania particles with particle size in the range of 5-6 nm. It is very interesting to note the particle size is smaller than commercially available TiO2 (P-25 Degussa, average particle size 25–30 nm). The circled areas in Figure 2(b), which are in regular pattern, show that all particles are in anatase form. Corresponding SAED pattern (Figure 2(c)) indicates polycrystalline nature of the material. The interplanar spacing (d) obtained from computed SAED pattern is well matched with data obtained from XRD. The results obtained from XRD and HRTEM clearly conclude that the synthesized TiO2 particles are in anatase crystalline form. This confirms that material of very small anatase TiO2 particles can be prepared using mesoporous carbon template approach. Figure 3(a) shows current-voltage characteristics obtained for the cell with anatase TiO2 thin film. 
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(c)
Figure 2: (a, b) High-resolution transmission electron microscopy images and (c) selected area electron diffraction (SAED) pattern of nanocrystalline titania.
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(b)
Figure 3: (a) Photocurrent-voltage (I-V) characteristics and (b) incident photon-to-current conversion efficiency (IPCE) spectra of dye-sensitized solar cells of anatase TiO2 particles.


Monochromatic incident photon-to-current conversion efficiency (IPCE) for the solar cell, plotted as a function of excitation wavelength, was recorded on a CEP-2000 system (Bunkoh-Keiki Co. Ltd.). IPCE at each incident wavelength was calculated from equation given below, where 
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					The photocurrent density-voltage curves and incident photon-to-current efficiency (IPCE) spectra of the cells based on N719 dye under the illumination of air mass (AM) 1.5 sunlight (100 mW/cm2, WXS-155S-10: Wacom Denso Co., Japan).
The titania thin film is coated on FTO conductive glass twice using anatase TiO2 gel. The prepared titania thin film is dipped into N719 dye, and then photocurrent voltage characteristics are measured by irradiating with simulated AM1.5 100 mW/cm2 solar light. The short-circuit current (
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), and the fill factor (FF) values obtained for nanocrystalline TiO2 are 6.19, 0.819, and 0.64%, respectively. It is interesting to observe that high overall conversion efficiency (η) is 3.24% this is due to anatase titania high crystallinity and high specific surface area. The IPCE result of DSCs is shown in Figure 3(b). The anatase nanocrystalline titania thin film showing broad IPCE spectra between 500 and 600 nm indicates higher N719 dye absorption capacity. It can also be seen that the maximum IPCE value at 530 nm of the cell made from anatase titania thin films is approximately 46%, which is interesting. These results clearly show dye-sensitized solar cells fabricated with the prepared anatase titania thin film show good solar-to-electricity conversion.
4. Conclusions
A nanocrystalline anatase titania with average particle size of 5 nm was successfully synthesized by mesoporous carbon hard template. The synthesized TiO2 particles were fully anatase crystalline form, which was confirmed by various characterization techniques. The BET-specific surface obtained for this material was 28 m2/g. The novel approach used for the synthesis of nanocrystalline anatase titania using mesoporous carbon as a hard template by combustion process may also be applied to synthesize other metal oxides, such as Cu, Sn, Zr, and so forth. Light-to-electricity conversion yield of 3.24% was achieved by applying the nanocrystalline anatase titania thin film of dye-sensitized solar cells.
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