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ABSTRACT 

Donor antenna dyes provide an exciting route to improving the efficiency of dye sensitized solar cells owing to their high molar extinction 
coefficients and the effective spatial separation of charges in the charge-separated state, which decelerates the recombination of photogenerated 
charges. Vertically oriented Ti0 2 nanotube arrays provide an optimal material architecture for photoelectrochemical devices because of their 
large internal surface area, lower recombination losses, and vectorial charge transport along the nanotube axis. In this study, the results 
obtained by sensitizing Ti0 2 nanotube arrays with the donor antenna dye Ru-TPA-NCS are presented. Solar cells fabricated using an antenna 
dye-sensitized array of 14.4//m long Ti0 2 nanotubes on Ti foil subjected to AM 1.5 one sun illumination in the backside geometry exhibited 
an overall conversion efficiency of 6.1%. An efficiency of 4.1% was obtained in the frontside illumination geometry using a 1 nm long array 
of transparent Ti0 2 nanotubes subjected to a TICI4 treatment and then sensitized with the Ru-TPA-NCS dye. Open circuit voltage decay 
measurements give insight into the recombination behavior in antenna-dye sensitized nanotube photoelectrodes, demonstrating outstanding 
properties likely due to a reduction in the influence of the surface traps and reduced electron transfer from Ti0 2 to ions in solution. 

Vertically oriented TiC>2 nanotube arrays fabricated by 
anodization of titanium are now the focus of research in the 
fields of catalytic oxidation of organics, 1" 4 water photolysis , 5 - 8 

solar energy conversion, 9" 1 1 gas s ens ing , 1 2 1 3 drug del ivery, 1 4 , 1 5 

and biomedical implants 1 6 because of several attractive 
properties related to the unique material architecture of these 
nanotube (NT) arrays; recent review papers on the topic are 
available. 1 7 ' 1 8 For dye sensitized solar cells, the properties 
of interest include the large internal surface area, enhanced 
optical absorption due to scattering ef fects , 1 9 and lower 
recombination. Preliminary studies of ordered one-dimen­
sional architectures including TiC>2 nanotubes and nanowires 
have indicated that, while the electron transport time is 
similar to that reported for dye sensitized solar cells made 
from Ti02 nanoparticles, the electron recombination time is 
much larger than for nanoparticulate electrodes resulting in 
improved charge collection efficiencies. 9 ' 2 0 In comparison to 
ordered one-dimensional nanowire electrpdes, nanotubes 
have significantly larger surface area because of the avail-
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ability of both the internal and the external area of the 
nanotubes for dye coating. 

The donor-antenna dye cw-di(thiocyanato)(2,2'-bipyridyI-
4,4'-dicarboxylic acid)-(2,2'-bipyridyl-4,4'-bis(vinyltriphenyl-
amine)ruthenium(n) (from here on referred to as Ru-TPA-
NCS) contains the electron rich donor triphenylamine linked 
to the bpy by a conjugated vinyl spacer. The molecular 
structures of the Ru-TPA-NCS donor-antenna dye and the 
commercially available N-719 dye (Solaronix, Switzerland) 
are shown in Figure la,b, respectively. The extended n 
electron dereal ization in the bpy ligand that results enables 
the donor-antenna dye molecules to have high molar extinc­
tion coefficients, more than twice that of the commonly used 
N-719 d y e . 2 1 Furthermore, unlike in N-719, the highest 
occupied molecular orbitals (HOMO) of Ru-TPA-NCS are 
spread over the triphenyl amine m o i e t i e s . 2 2 2 3 The increased 
separation of the HOMO orbitals from the Ti02 surface has 
been shown to retard the recombination process at the 
T i 0 2 - d y e interface and at the T i02~ho le conductor interface 
in solid state solar ce l l s . 2 4 The procedures for the synthesis 
of the donor-antenna dye have been detailed elsewhere. 2 4 

In films sensitized by molecular dyes, the thickness of the 
nanostructured Ti02 film needs to be at least 10 /im to harvest 
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