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Highly ordered TiO, nanotube arrays (TNAs) fabricated by anodization are very at-
tractive for use in dye-sensitized solar cells (DSSCs), because of their superior charge
percolation and slow charge recombination. Highly ordered, vertically aligned TNAs
have been prepared by three-step anodic oxidation. In this work, we investigated such
strategies for improving the efficiency of DSSCs. Based on one of these approaches,
oxide semiconductors in the form of a TNA were used as a novel method for improving
electron transport through a film. A solution containing an appropriate amount of TiO,
nanoparticles was prepared, and the mixed slurry was spin-coated on a TNA film. The
coated film provided a large surface area for dye adsorption. The DSSCs achieved a
light-to-electric energy conversion efficiency of 5.91% under simulated solar irradiation
at 100 mW/en? (AM 1.5).

Keywords DSSC; TiO,; TiO, nanoparticle; TiO, nanotube; spin-coating;
photoelectrode

Introduction

Since their discovery in 1991, dye-sensitized solar cells (DSSCs) have been extensively
studied as alternatives to silicon-based solar cells because of their simple structure, trans-
parency, flexibility, low production costs, and wide range of applications. Despite these
advantages, the low efficiency of DSSCs compared with those of silicon-based solar cells
limits their commercial implementation.[1-4] Consequently, there is a critical need to im-
prove the efficiency of state-of-the-art DSSCs to enable the development of next-generation
solar cells. DSSCs consist of four parts: (1) the TiO, electrode film layer, covered by a
monolayer of dye molecules that absorb solar energy; (2) the transparent conductive oxide
layer, which facilitates charge transfer from the electrode layer; (3) the counter electrode
layer, made of Pt or C; and (4) the redox electrolyte layer for reducing the level of energy
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supplied from the dye molecules.[5,6] Research efforts to improve the efficiency of DSSCs
have therefore been primarily focused on improvements to the DSSC components.[7] Gen-
erally, DSSCs are fabricated using TiO, nanoparticles (TNPs).[8—11] Although one of the
important features of DSSCs is the mesoporous film of interconnected TNPs, which can pro-
vide large surface areas for adsorption of a large amount of dye molecules, the performance
of a DSSC is still limited by electron transport in the nanocrystal boundaries and elec-
tron recombination with the electrolyte during electron migration. Many researchers have
reported that one-dimensional nanostructures can be used in DSSCs instead of nanoparti-
cles, to facilitate electron transfer.[ 12—-20] In addition to their unusual electronic properties,
one-dimensional TiO; nanostructures function as light-scattering materials with minimum
sacrifice of surface area. However, the fatal flaw of one-dimensional nanostructures is
their insufficient dye adsorption, resulting from their small specific surface areas. The main
challenge is to achieve a balance between a large specific surface area and low transmission.

In this work, we investigated the above strategies for improving the efficiency of
DSSCs. Based on one of these approaches, oxide semiconductors in the form of TiO, nan-
otube arrays (TNAs) were used as a novel means of improving electron transport through a
film. A one-dimensional conduction path was added through the three-dimensional conduc-
tion path, to increase the electron-transport speed and enhance the light-scattering ability.
A solution containing an appropriate amount of TNPs was prepared, and the mixed slurry
was spin-coated on a TNA film. The coated film provided a large surface area for dye
adsorption.

Experimental

1. Preparation of TiO, Nanotube Array Layers

The TNAs were prepared using an optimized three-step anodization process.[21,22] Ti foil
(0.25 mm thick, 99.7% purity, Aldrich) of area 2 cm x 3 cm was degreased by ultrasonic
agitation in acetone, isopropanol, and deionized (DI) water, for 30 min each, and then dried
with N, gas. The ethylene glycol electrolyte contained 0.25 wt% NH4F (98%, Aldrich) and
2 vol% DI water. The anodization was performed in a two-electrode system in which the
Ti foil served as the working electrode and a Pt plate (2 cm x 3 cm) served as the counter
electrode. Anodization was conducted at 0—4°C at a constant voltage of 60 V for 1 h. The
prepared TNAs were then removed by sonication for 5 min in DI water. The second step
in the anodization was carried out under the same conditions. The mean thickness of the
prepared TNAs was 13 um and 22 um, respectively. The TNA length was controlled by
the input voltage time. The prepared amorphous TNAs were crystallized in the anatase
phase at 450°C for 1 h in air at a heating rate of 1°C/min. After another anodization step
under the same conditions for 10 min and then immersion in a HO, solution (33%) for
10 min, the anatase TNAs were detached from the Ti substrate. After rinsing and drying,
the self-standing TNAs were cut into 5 mm x 5 mm squares for transfer.

2. Preparation of TiO; Layer and Slurry Spin-Coating

A TiO, paste was prepared as described in the literature.[23,24] The TiO, paste was coated
on fluoride-doped tin oxide (FTO) glass using the doctor-blade method. The TNA film
was then transferred onto the FTO glass. The prepared TiO, film was sintered at 450°C
for 1 h in air. We also prepared a slurry consisting of TiO, particles (10 nm, 20 nm, 6 g;
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anatase 99.99%, Aldrich) in a solution of ethanol (90 mL), acetic acid (1 mL), «-terpineol
(20 mL), and DI water (10 mL). The mixture was stirred well at room temperature for
2 h, and then ultrasonicated for 2 h, to give a slurry. The slurry was spin-coated onto the
prepared TiO, film. Heat treatment at 450°C produced a TiO, photoelectrode film. A Pt
catalyst electrode was prepared by mixing H,PtClg (5 mM) with isopropanol, followed
by ultrasonic treatment. A counter electrode, which facilitates the redox reaction of the
electrolyte, was fabricated by spin-coating the prepared H,PtClg solution at 1000 rpm for
30 s, followed by heat treatment at 450°C for 30 min.

3. Assembly of Dye-Sensitized Solar Cells

The dye solution for adsorption on the electrode films was prepared by mixing 0.5 mM
Ru dye (N719, Solaronix) with ethanol. To facilitate adsorption of the dye molecules, the
prepared TiO, electrode films were soaked in the dye solution in darkness for 24 h. Finally,
DSSCs were fabricated by sandwiching the prepared electrode films and counter electrodes
at 120°C for 10 min, using a hot-melt sealant (60°C). The electrolyte (I7/I;~) was injected
between the two electrodes via an inlet and then sealed with a cover glass (figure 1).

4. Characterization

The phases of the TNPs and TNAs obtained by anodization were identified by X-ray diffrac-
tion (XRD), using a Rigaku D/MAX-2200 diffractometer with a Cu Ko radiation source.
The morphologies of the prepared TiO, films were investigated using field-emission scan-
ning electron microscopy (FE-SEM; Hitachi S-4700) and the absorbances of the prepared
TiO; electrode films were measured using an ultraviolet-visible (UV-vis) spectrometer (UV-
Vis 8453, Agilent). The conversion efficiencies of the fabricated DSSCs were determined
using a current—voltage (I-V) solar simulator (McScience K3400), and electrochemical
impedance spectroscopy (EIS; McScience K3000). The active area of the resulting cell
exposed to light was approximately 0.25 cm? (0.5 cm x 0.5 cm).

Results and Discussion

Figure 2(a) shows the XRD pattern of the Ti foil (JCPDS No. 44-1294). After anodiza-
tion, the TNAs that were peeled off from the Ti substrate were examined using XRD.
Figure 2(b) shows the XRD pattern of the TNAs fabricated by calcination at 450°C.

The diffraction peaks are in good agreement with those in the standard JCPDS cards of
anatase TiO, (No. 21-1272). The XRD pattern of the TNAs shows prominent (101), (004),
and (200) anatase peaks. To improve the DSSC efficiency, it is preferable to produce TiO,
phase containing anatase only.[25,26]

Figure 3(a) shows the SEM images of cross-sectional views of the TNAs. The TNA
length was about 13 pum. Few cracks, a uniform tubular structure, and vertical orientation
to the film surface are observed. Anodic oxidation under the present conditions gave TNAs
of length about 22 pm, as shown in Figure 3(b). Figure 3(c) shows that the TNA diameter
is about 100 nm, and the TNA surface is uniform. Figure 3(d) shows the SEM images of
TNPs deposited on the TNA surface by spin-coating. The inset in Figure 3(d) shows that
the TNAs are filled with TNPs.

Figure 4 shows the absorption spectra of the N-719 dye in the 400-800 nm wave-
length range for various TiO; film samples. At 400-500 nm, the photoelectrode with
10 nm TNPs spin-coated on 22 um TNAs showed the highest absorbance. According to
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Figure 2. XRD patterns of (a) Ti foil and (b) TNAs.

the Lambert—Beer law, a higher absorbance means a higher dye concentration. The photo-
electrode prepared by spin-coating 10 nm TNPs on 22 ;wm TNAs provides a large surface
area for dye adsorption. The TiO, layer with the dye serves as a photoactive layer. The

1500k 1207 1008

Figure 3. FE-SEM images of (a, b) cross-sections of TNAs, (c) surface of TNAs, (c) surface of
second-anodization-step TNAs, and (d) TNP-coated TiO, film; inset in (d) shows TNA surface.
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Figure 4. UV-vis absorbances of various TiO, films.

photocurrent of a DSSC correlates directly with the number of dye molecules: a larger
number of adsorbed dye molecules results in more incident light being harvested, and,
consequently, a larger photocurrent.

Figure 5 shows the EIS analysis of DSSCs fabricated using various photoelectrodes.
The spectra provide information on electron transport and recombination in the DSSCs. EIS
is auseful method for the analysis of charge-transport processes and internal resistances.[27]
The observed decrease in the charge-transfer resistance (Rct) of the photoelectrode con-
sisting of 10 nm TNPs spin-coated on 22 um TNAs indicates a reduction in the electron
recombination rate and an increase in the electron-transport efficiency. As shown in Fig-
ure 5, Rcr decreases with increasing absorbance of the sample. This increases the number
of electrons injected into the TiO, film, improves the electrical conductivity, and reduces
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Figure 5. EIS Nyquist plots for DSSCs with various composite TiO, photoelectrodes.
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Figure 6. [-V characteristics of DSSCs.

charge recombination at the TiO,/dye/electrolyte interface.[28,29] The reduction in Rct
means that there is a decrease in the recombination rate and indicates fast electron-transfer
processes in the DSSC. Efficient charge-transfer paths decrease the recombination rate
of electrons with I3~ or the oxidizing dye, resulting in a high photocurrent density and
conversion efficiency.[30]

Figure 6 shows the /-V photovoltaic performances of DSSCs with various structures
under AM 1.5 illumination (100 mW/cm?2). Table 1 summarizes the efficiencies, fill factors
(FFs), open-circuit voltages (Vocs), and integral photocurrents of the solar cells. For the
photoelectrode with 10 nm TNPs spin-coated on 22 um TNAs, the corresponding DSSC
exhibited a high light-to-electric energy conversion efficiency of 5.91%, a short-circuit
current density (Jsc) of 14.10 mA/cm?, a Ve of 0.66 V, and a FF of 62.58%. These results
indicate that Jgc increased significantly on addition of TNPs. It is speculated that deposition
of TNPs on the TNAs in the DSSC increased the specific surface areas of the nanotubes,
and the dye adsorption area was increased accordingly, resulting in a significant increase
in the photoelectric conversion efficiency.

Table 1. Integral photocurrent densities (Jsc), open-circuit voltages (Voc), fill factors (FF),
and efficiencies (1) of DSSCs fabricated using various TiO, photoelectrodes

Sample Voc (V) Je (mA/cm?) FF (%) n

13 um 0.65 8.52 67.38 3.76
22 um 0.64 10.19 66.64 4.38
13 um-10 nm 0.66 13.33 62.93 5.61
13 um-20 nm 0.66 12.48 62.72 5.23
22 um—10 nm 0.66 14.10 62.58 591

22 upm-20 nm 0.66 12.98 62.85 5.45
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Conclusions

In this work, TNAs were fabricated using a three-step anodization process. DSSCs were con-
structed with TiO, films made from TNPs and TNAs, and the effects of various conditions
on the resulting photoelectrodes were investigated. A light-to-electric energy conversion
efficiency of 5.91% was achieved under simulated solar irradiation at 100 mW/cm? (AM
1.5). The DSSC based on a photoelectrode consisting of 10 nm TNPs coated on 22 um
TNAs gave a better photovoltaic performance (higher Jsc) than the cell fabricated with
only TNAs. It was found that the conversion efficiency of the DSSC was greatly affected by
increases in the specific surface area of the nanotubes, and the dye adsorption area increased
accordingly. Additionally, using 10 nm TNPs was found to be effective for improving the
efficiency of TiO,-based DSSCs.
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