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	 In this study, we used secondary anodization to prepare open-end TiO2 nanotube arrays and then 
transferred them to fluorine-doped tin oxide (FTO) glass attached to front-illuminated dye-sensitized 
solar cells (DSSCs).  X-ray diffraction (XRD) patterns found that TiO2 nanotubes form the anatase 
phase when the annealing temperature is greater than 280 °C.  The best annealing temperature for 
TiO2 nanotubes is 450 °C.  From field-emission scanning electron microscopy (FE-SEM) analysis, 
the lengths of TiO2 nanotubes were 15, 21, and 28 μm when anodized for 2, 3, and 4 h, respectively.  
The conversion efficiency for different lengths of TiO2 nanotube photoelectrodes was 4.82, 5.08, 
and 4.85% for lengths of 15, 21, and 28 μm, respectively.  From the results of electrochemistry 
impedance spectroscopy (EIS), the value of Rk was 5.4, 5.5, and 5.4 Ω for lengths of TiO2 nanotubes 
of 15, 21, and 28 μm, respectively.  These results indicate that the electron recombination rates for 
different lengths of TiO2 nanotubes are nearly identical.  In addition, the value of Rd ware 8.6, 7.2, 
and 8.5 Ω for lengths of TiO2 nanotubes of 15, 21, and 28 μm, respectively.  This result reveals 
that overlong TiO2 nanotubes make it difficult for the I3

− anion to diffuse to the counter electrode, 
resulting in an increase in diffusion transfer resistance Rd and a decrease in conversion efficiency 
of the DSSCs.  In general, the open-end TiO2 nanotubes attached to front-illuminated DSSCs have 
a better conversion efficiency for DSSCs than those with back-side illumination, and the best 
conversion efficiency for DSSCs is 5.08% when the length of the TiO2 nanotubes is 21 μm.

1.	 Introduction

	 With efficiencies comparable to traditional silicon-based cells, dye-sensitized solar cells (DSSCs) 
are cost-effective and environmentally friendly, and they have received a great amount of attention 
lately.(1)  Granular TiO2 powder is commonly used in DSSC light anode structures.  The sol–gel 
method is used to produce porous film structures, and the small pores form between particles in the 
transmission path, resulting in greater capacity for dye adsorption and less clutter in the electron 
transfer path.  An overlong path leads to leakage and the probability of electron recombination, 
thereby affecting the overall conversion efficiency of the solar cells.  The TiO2 tubular nanostructure 
with high surface area and large aspect ratio is beneficial to dye adsorption, and rules of order can 
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be reduced when the electron and the hole have in the transmission probability of recombination.  
Various methods can be used to synthesize TiO2 nanotubes, such as the hydrothermal method,(2) 
seeded growth,(3) template-assisted deposition,(4) and anodization.(5)  Among these, anodization 
is a relatively simple method for synthesizing self-organized TiO2 nanotube arrays of large 
area.(6–9)  However, TiO2 nanotubes prepared by anodization, because the growth mode only 
be used in back-side illumination, resulted in the incident light being partially absorbed by the 
counter electrode and the electrolyte,(10,11) which in turn diminishes the conversion efficiency of 
DSSCs.(12–14)  Therefore, transparent conductive glass for front-illuminated DSSCs using transferred 
TiO2 nanotubes is expected to improve photovoltaic performance.  In addition, near-ultraviolet (UV) 
light absorption and front surface light reflection may be caused by having the closed end of the 
tubes at the bottom of the structure.  Removing the barrier layer from the closed bottom is expected 
to enhance light-harvesting and electron-collecting efficiencies in the photoelectrode.  In this study, 
secondary anodization was used to prepare open-end TiO2 nanotube arrays and to transfer them to 
fluorine-doped tin oxide (FTO) glass, which was attached to front-illuminated DSSCs.  The TiO2 
nanotubes and DSSCs were investigated by X-ray diffraction (XRD), field-emission scanning 
electron microscopy (FE-SEM), current–voltage characteristic analyses, electrochemical impedance 
spectroscopy (EIS), and incident photon conversion efficiency (IPCE) measurement to study the 
effects of open-end TiO2 nanotubes on the photoelectrodes of the front-illuminated DSSCs.

2.	 Materials and Methods 

2.1	 Materials

	 Nanotubes grown on Ti foils (purity of 99.6%, thickness of 0.2 mm) were first anodized by 
constant current at 60 V in ethylene glycol solution, containing 0.3 wt.% NH4F and 2 vol.% 
deionized water at a temperature of 20 °C.  The TiO2 nanotubes first anodized were annealed in air 
at 280 °C for 2 h.  The TiO2 nanotubes so prepared were then detached by a second anodization 
in the same solution for 2 h.  After being immersed in 30% H2O2, the TiO2 nanotubes were 
detached from the Ti foils and could remove the barrier layer from the closed bottom.  A TiO2 paste 
containing TiO2 nanoparticles (P25) and polyethylene glycol (PEG 20000) was spin-coated onto 
FTO glass, and the open-end TiO2 nanotubes were immediately transferred onto the paste layers.  
After dryed in air, the photoelectrodes of the open-end TiO2 nanotubes were annealed in air at 450 
°C for 3 h.  Pt counter electrodes were coated with a drop of H2PtCl6 solution and heated at 400 
°C for 15 min.  To adsorb the N3 dye, the TiO2 nanotubes were immersed in a 3 × 10−4 M solution 
of N3 dye and ethyl alcohol at 50 °C for 12 h in the oven.  The working electrodes made of TiO2 
nanotubes were then rinsed with ethanol.

2.2	 Assembling and characterizing the DSSCs

	 The electrolyte solution was adopted from Ever-light Chemical Industrial Corporation (ESE-20).  
The electrodes were assembled into a sandwich-type open cell using platinum plate as a counter 
electrode.  Both electrodes were spaced by a polymer film.  The thickness of the film was 60 μm, 
and the size of the TiO2 working electrode was 0.25 cm2 (0.5 × 0.5 cm2).  Structural analysis was 
carried out using XRD.  The surface morphology of the samples was observed by FE-SEM.  The 
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UV–vis absorption spectra of the samples were observed using a UV–vis spectrophotometer.  The 
current–voltage and EIS characteristics of the samples were measured using a Keithley 2400 source 
meter (Keithley Instruments Inc., Cleveland, OH, USA) and were determined under simulated 
sunlight with white light intensity PL = 100 mW/cm2.  In the IPCE measurement, a xenon lamp (Oriel, 
model 66150, 75 W) was used as the light source.  A chopper and a lock-in amplifier were used for 
phase-sensitive detection.  The IPCE data were collected by shining a monochromatic light on the 
solar cells with wavelengths from 300 to 800 nm; this was performed using a Keithley 2400 source 
meter.

3.	 Results and Discussion

	 Figure 1 shows the XRD patterns of the TiO2 nanotubes.  The as-formed TiO2 nanotubes were 
amorphous and were converted to the anatase phase after annealing.  Figure 1(a) shows the XRD 
pattern of the unannealed TiO2 nanotubes, which does not show the presence of the anatase phase.  
Figure 1(b) shows the XRD pattern of the TiO2 nanotubes annealed at 280 °C.  It is obvious that the 
TiO2 anatase phase is present.  Figure 1(c) shows the XRD pattern of the TiO2 nanotubes annealed 
at 450 °C.  This sample has a better anatase phase than the sample annealed at 280 °C.  Therefore 
the best annealing temperature for the TiO2 nanotubes is 450 °C.  Figure 2 shows SEM images of 
the anodized TiO2 nanotubes under a constant voltage of 60 V with the anodic treatment for 2, 3, 
and 4 h.  The length of the TiO2 nanotubes were 15, 21, and 28 μm for anodization times of 2, 3, 
and 4 h, respectively.  The longer the anodization time, the longer the nanotubes grow.  The average 
growth rate of nanotubes was 7 μm/h.  Therefore, the length of the TiO2 nanotubes can be controlled 
by adjusting the reaction time.  
	 Figure 3 shows the UV–vis absorption spectra for dye adsorbed on different lengths of TiO2 
nanotubes.  There are two absorption peaks; around 370 and 518 nm.  The longest TiO2 nanotubes 
with a length of 28 μm have better absorption than the shorter ones.  This may be due to the longer 
TiO2 nanotubes having better dye adsorption.  Figure 4 shows the IPCE characteristic curves of the 

Fig. 1.	 XRD patterns of TiO2 nanotubes (a) unannealed, (b) annealed at 280 °C, and (c) annealed at 450 °C (A 
represents the presence of the anatase phase).
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DSSCs with different lengths of TiO2 nanotubes.  The results of IPCE analysis indicate the number 
of incident photons inside the cells and their contribution to efficiency.  All the IPCE spectra are 
similar in shape, and the IPCE of the longest TiO2 nanotubes is higher than that of the shorter 
TiO2 nanotubes, especially from 400 to 700 nm.  This may be due to the longer TiO2 nanotubes 
increasing the partial light incident structure leading to a scattering effect.  This also provides 
evidence for the longer TiO2 nanotubes having better dye adsorption and more incident photons 
inside the cells than do the shorter nanotubes.
	 Figure 5 shows the current–voltage characteristics of DSSCs with different lengths of TiO2 
nanotubes.  The parameters for the short-circuit current density (Jsc), the open circuit voltage (Voc), 

Fig. 2.	 FE-SEM images of the anodized TiO2 nanotubes under a constant voltage of 60 V with the anodic 
treatment for (a, d) 2, (b, e) 3, and (c, f) 4 h, and the lengths of TiO2 nanotubes were 15, 21, and 28 μm, 
respectively.
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Fig. 3.	 (Color online) UV–vis absorption spectra 
for dye adsorbed on different lengths of TiO2 
nanotubes.
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Fig. 4.	 (Color online) IPCE characteristic curves of 
the DSSCs with different lengths of TiO2 nanotubes.
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the fill factor (FF), and the overall conversion efficiency (η) are listed in Table 1.  From the results 
in Fig. 5 and Table 1, the best conversion efficiency of DSSCs is 5.07% when the length of the TiO2 
nanotubes is 21 μm.  The conversion efficiency is higher than that for back-illuminated DSSCs.(15–19)  
The open-circuit voltage decreased from 0.67 to 0.64 V as lengths of nanotubes increased from 21 
to 28 μm.  This voltage decrease may be due to the I3

− anion in diffusing to the counter electrode, 
which in turn leads to a decrease in the reduction reaction and a lower open-circuit voltage.  
	 To study the effect of DSSCs with different lengths of TiO2 nanotubes, the EIS analysis for 
the TiO2 nanotubes was carried out and the results are shown in Fig. 6.  The simulation of the 
equivalent circuit is discussed in previous reports.(20–22)  The parameter Rk, which represents charge 
transfer resistance related to recombination of electrons, is also listed in Table 2.  When the length 
of the TiO2 nanotubes was 15, 21, and 28 μm, the value of Rk was 5.4, 5.5, and 5.4 Ω, respectively, 
which are almost the same.  This result indicates that the electron recombination rate for different 
lengths of TiO2 nanotubes is nearly the same.  In addition, while the length of TiO2 nanotubes 
increased from 15 to 21 μm, the value of Rd, which represents internal diffusion transfer resistance 
for the electrolyte, decreased from 8.6 to 7.2 Ω.  This indicates that more electrons were excited 
when the length of TiO2 nanotubes increased.  However, the value of Rd increased from 7.2 to 8.5 Ω 
when the length of TiO2 nanotubes increased from 21 to 28 μm.  This nesult provides clear evidence 
that overlong TiO2 nanotubes make diffusion by the I3

− anion to the counter electrode difficult, 
resulting in an increase in Rd and a decrease in the conversion efficiency of the DSSCs.  
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Fig. 5	 (Color online) Current–voltage curves for DSSCs with different lengths of TiO2 nanotubes.

Table 1
Parameters of current–voltage characteristics for DSSCs with different lengths of TiO2 nanotubes.
Length of TiO2 nanotubes (μm) Vm (V) Jm (mA/cm2) Voc (V) Jsc (mA/cm2) FF (%) η (%)
15 0.45 10.71 0.66 11.37 64.26 4.81
21 0.46 11.07 0.67 11.89 63.95 5.07
28 0.42 11.65 0.64 12.33 62.02 4.85
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4.	 Conclusions 

	 In summary, we prepared open-end TiO2 nanotube arrays by secondary anodization for 
attachment to the photoelectrode of front-illuminated DSSCs.  The best conversion efficiency for 
the DSSCs were 5.08% when the length of TiO2 nanotubes was 21 μm.  In general, the open-end 
TiO2 nanotubes attached to front-illuminated DSSCs have a better conversion efficiency for DSSCs 
than does the back-side illumination.
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