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Dye sensitized solar cells (DSSCs) have attracted considerable attention as potential cost-
effective alternatives to silicon-based photovoltaic (PV) devices. One of the factors limiting the 
performance of the DSSCs is electron collection efficiency through the mesoporous titania layer. 
Titania nanotube arrays (TNAs) aligned perpendicular to electron collection electrodes could 
enhance electron transport and reduce recombination with redox electrolytes, leading to the 
higher charge collection efficiency. As a consequence, TNAs are suggested to replace
nanoparticle titania thin films in order to improve the PV performance of the DSSCs.  
Titania nanotubes have been fabricated by electrochemical anodization.1,2 Furthermore, the 
morphology of the TNAs, including their length and pore diameter, can be systematically 
controlled by varying the anodization parameters.1,2 Although there were several reports on the 
application of the TNAs in DSSCs 3-5, to the best of our knowledge, no study on the effects of 
titanium anodization parameters on the PV performance of the DSSCs is available in the 
literature. In this work, we investigate the effects of anodization voltage and time on the PV 
performance of the DSSCs. The microstructural features are characterized by scanning electron 
microscopy (SEM) and X-ray diffraction (XRD). 
Ti foils (99.7%, 0.250 mm, Aldrich) were then anodized under constant potential in a two 
electrode configuration with a Pt foil counter electrode. The electrolyte consists of a mixture of 
ethylene glycol and DI water (100:2) with 0.3wt% NH4F. The anodization voltage and time was 
varied in the range of 10 - 60 V and 4 - 18 hours, respectively. After anodization, the samples 
were rinsed in DI water, ultrasonicated in 0.1M HCl for 30 seconds and dried by nitrogen gas.  
The as-prepared TNA samples were annealed at 450 °C for 3 h in air in an oven to transform 
amorphous titania into anatase. After cooling to 80°C, the TNA samples were soaked in 0.3mM 
solutions of N3 dye in acetonitrile/ethanol (1:1) for at least 4 hours at 60 °C in airtight bottles, 
and were kept in an evacuated desiccator for at least 2 hours. Platinum coated transparent glass 
was used as a counter electrode. The electrodes were spaced and sealed by SX1170-25 
(Solaronix). After infiltration of the electrolyte 
HSE (Dyesol) by capillary action via two holes 
into the cells, cells were immediately tested. 
Current-voltage characteristics under illumina-
tion condition of AM1.5 100mW/cm2 were 
measured using a Keithley 2400 sourcemeter.
Figure 1 shows a SEM image of an ordered 
TNA without residual debris on the nanotube 
surface. Furthermore, it was found that the pore 
diameter increases with the anodization voltage 
as previously reported by Grimes et al.1 XRD 
shows that as-deposited TNAs are amorphous 
and that annealing at 450°C for 3 hours 
completely transforms amorphous components 
into anatase. Fig. 1 SEM image of a titania nanotube array

 anodized at 20V for 18h.



The conversion efficiency clearly increases with the anodization voltage (see Table 1). The 
efficiency is mainly determined by Jsc.  It is well known that the nanotube growth rate increases
with the anodization voltage. The longer the nanotube the more surface area will be available for 
dye adsorption. On the other hand, the pore diameter also increased with anodization voltage, 
which reduced the surface area. It may be tentatively concluded that the effect on nanotube length 
dominates over the effect on pore diameter for the relatively short anodization time (4 hours). It 
should be noted that larger pore diameters also increase the light scattering, in turn leading to a 
higher short circuit current. Dye desorption experiments may help to distinguish between the 
contributions from the two factors. The increase in short circuit current is partially 
counterbalanced by a slight decrease of Voc and fill factor (FF) with increasing anodization 
voltage. This reduction might arise from the increased series resistance and a possibly higher 
recombination rate for charge transport along the longer nanotubes.  
After voltage optimization, DSSCs with an efficiency of 2.44% under AM 1.5 100mW/cm2

illumination were achieved; with typical values of Jsc≅6.71mA/cm2, Voc≅ 0.65V and FF ≅ 55.9%. 
The efficiency of DSSCs based on doctor bladed colloidal paste on titanium substrate is only 1.2 
% under the same back-illumination conditions using the same electrolyte and counter-electrode. 
The efficiency improvement might be due to the much slower recombination and/or the higher 
light scattering of the nanotubes than in the nanoparticles, as suggested by Zhu et al.5.  
Efficiency increases with anodization time and is again mainly determined by the variation of Jsc. 
Neither pore diameter nor wall thickness will change drastically with anodization time. Thus 
increasing the anodization time will results in longer nanotubes, higher dye adsorption and short 
circuit current.  It should be noted that DSSCs based on TNAs produced by anodization for 16 
hours had a lower short circuit current and a higher Voc and FF. It may be attributed to that the 
maximum TNA length was obtained between 12 hours and 16 hours for the investigated system.
In conclusion, ordered, vertically oriented, and surface clean TNAs can be fabricated by 
anodization. The initially amorphous nanotube walls are transformed into anatase by annealing in 
air at 450°C for three hours. Anodization voltage and time greatly influence the PV performance 
of DSSCs based on the TNAs, which may be attributed to both the increased nanotube length 
enhancing the dye adsorption and to the larger pore diameter enhancing light scattering. A 
promising efficiency of 2.44% under AM 1.5 100mW/cm2 illumination was achieved. 
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Table 1. Photovoltaic performances of TNA-DSSCs 
under AM1.5 100mW/cm2 illumination. TNAs 
were anodized at different voltage for 4 hours.
Anodization 
voltage (V) Voc (V) Jsc

(mA/cm2) FF Efficiency

20 0.72 0.98 62. 6% 0.44%
30 0.76 1.44 59.6% 0.65%
40 0.70 3.24 55.7% 1.26%
50 0.67 5.84 55.3% 2.16%
60 0.65 6.71 55.9% 2.44%

nanoparticles 0.68 2.51 70.2% 1.20%

Table 2 Photovoltaic performances of the DSSCs 
under AM1.5 100mW/cm2 illumination. The 
TNAs were anodized at 30V for different times.

Anodization
time (h) Voc (V) Jsc

(mA/cm2) FF Efficiency

4 0.76 1.44 59.6% 0.65%
8 0.71 3.34 57.5% 1.36%

12 0.65 5.53 54.4% 1.96%
16 0.69 5.12 56.0% 1.98%


