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Abstract

In TiO, nanoparticle based dye sensitized solar cells (DSSC), the electron injected from the dye has
to cross multiple interparticle boundaries in random directions before reaching the electrode. For
application in DSSCs, the directional pathway for electron transport through the nanotubes is
known to reduce the recombination rate. In the present study, titania nanotubes with nanograss layer
have been fabricated by anodization of titanium foil in fluoride containing organic electrolyte. Dye
sensitized solar cells with photoanode made of titania nanotubes covered with nanograsswas found
to have a higher efficiency than ones made with only titania nanotubes of the same length.This can
be attributed to enhanced dye adsorption on nanotubes with nanograss. The efficiency of DSSC
using titania nanotubes is also affected by the annealing conditions such as duration, temperature.

I ntroduction

Titanium dioxide (TiQ) nanostructures have attracted great interest for many applications such
aghotocatalysis [1], dye sensitized solar cells (DSSC) [2] and electrochemical sensors[3].The n-
type nature, wide bandgap, stability, non-toxicity make,B@itable for dye sensitized solar cells
[4].In 1991, O’Regan and Gratzel first introduced DSSC as a low cost renewable energy source

with potential for large scale production and high efficiencyAffer that academicians and
industrialists have showed extent research interest among in understanding the working principles
of DSSC in order to improve the performance of solar cell characteristics. The maximum efficiency
achieved in dye sensitized solar cell at AM 1.5 sun light (100m%/2.3% efficiency using

TiO, nanopatrticles [pb

In DSSC, the excited electrons are transferred from the LUMO of dye to the conduciioof hiae
photoanode. For effective transfer of these electrons will happens only the conduction band of the
metal oxide should be lower than the LUMO energy level of the dye.Theaféavailable in three

crystal forms, namely rutile (Eg=3.05 eV), anatase (Eg~3.23 eV), and brookite (Eg=3.26 eV)
[7].Rutile is the most common and stable Ti»lymorph. But anatase is the preferred structure in
DSSC due to its large band gap and higher conduction band edge energy. The photocurrent of
DSSC using rutile TiQwas about 30% lesser than that of the anatase because of its lower surface
area which affects dye loading [8].
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The nanotubes and nanorods with special geometry have high surface area and aspéduthati

are highly desirable for its applications like dye sensitized solar cells, gas sensors, phototatalysise
[9]. Titanium dioxide with different morphology can be synthesized using hydrothermal process
[10], sol-gel method [11], and alumina template method[12]. Electrochemical etching or controlled
anodization of titanium (Ti) in fluorine ions containing electrolytes are well established method for
the fabrication of highly ordered vertically oriented nanotube arrays A&jgie Pauloseetl. in

2006 fabricated back illuminated DSSC with 4.24% efficiency usingN719 sensitizgchdnOtube

[14]. Kim et.al.reported that the presence of Ji@hograss decreasing the photocurrents and
conversion efficiencies of DSSC [15]. In this paper, we investigated the effect of nanograss with
respect to anodization voltage. The influences of dye loading on photovoltaic properties of DSSC
made using Ti@ nanotubes with nanograss layer at different length were also investigated. The
properties of DSSC using Tihanotubes annealed at different temperature ranges and durations
were studied.

Experimental Details

Synthesis of TiO, nanotubes and nanogr ass.

Titanium foils (0.6 mm thick, > 99.2%, TIMET, grade 2) of 2.0 cm x 1.5 cm dimension were
cleaned by sonicating in acetone, methylene chloride and ethanol for 10 minutes respectively,
rinsed with deionized (DI) water and dried in air. Anodization was carried out using a locally made
two electrode setup with Ti foil of size 2x2 cm as counter electrode and voltage was applied by a
DC power supply (Aplab limited, Mumbai). Highly ordered Fifanotube arrays were fabricated

by anodic oxidation of Ti foil at various steady state potentials (25¥¥ V) attained with a ramp

rate of 5 V mifi-in 0.5 wt% NHF and 2 vol% HO containing ethylene glycol solution. After 1-6
hours of anodization, the films were cleaned thoroughly uBihgvater and dried using hot air
blower. The films were ultrasonicatedit water for 1 minute to remove the nanograss present on
the surface of the TiOnanotube film.

Annealing of TiO, nanotubes

For annealing of as-formed (amorphous) nanostructures, furnace temperature was rarfiped at 1
min™ to 200C, held for 1 hour, and then ramped to 450 andG0beld for 3 and 6 hours to induce
crystallinity and to remove organic residues. Annealed samples were taken out for dye adsorption
when temperature was around Q0

Fabrication of dye sensitized solar cells

Annealed nanotube layers (both with and without nanograss layer) were sensitized with dye by
soaking in a 0.3 mMs-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(II)
(N3)(Dyesol) dye solution in ethanol for 24 hours. Fluorine doped tin oxide (FTO) substrate (TECS,
sheet resistance 8Q/! Pilkington) coated with platinum by thermal decomposition ePtdk
(Thomas Baker) solution in isopropyl alcohol, was used as the counter electrode. The dye loaded
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TiOzphotoanodes and thermally deposited Pt counter-electrodes were assembled in a sandwich-type
cell with the help of supporting clamps, using a 68 thick Surlyn (SX1170-60PF, Solaronix)
spacer in between to contain the electrolyte solution made from 0.1 M Lil (LR, Thomas Baker),
0.05 M b (LR, Thomas Baker) and 0.5 M 4-tert-butylpyridine(Sigma Aldrich - 96%) dissolved in
acetonitrile.

Char acterization

Morphology of the nanostructured oxide layers were characterized using HITACHI S-3400N
Scanning Electron Microscope (SEM) and JEOL JSM 7600F Field Emission Scanning Electron
Microscope (FE-SEM). The photocurrent-photovoltage (I-V) characteristics was measured under
AM 1.5G (Newport Solar Class A Solar Simulator) with intensity of 100 mW¢measured by
Newport power meter) using a Keithley 2420 High-Current Source Meter. UV-Spectroscopy (Jasco
V-650 spectrophotometer with Spectra Manager software) was utilized to measure the dye loading
of the photoanodes and diffused reflectance spectra gffiEotube with and without nanograss.

The key characteristics of a solar cell are short circuit current dengjtytt{é open circuit voltage
(Voo), efficiency ) and the fill factor (FF). They are related to each other as follows [16

_ J.. XV, xFF

n (1)

FF = J—'ﬂ]ﬂx o (2)
BI’.‘x ac

wheredax Vmax are the corresponding current density and voltage values where the solar cell
delivers maximum power angdib the illuminated light intensity (100 mW¢éth

Results and Discussion

Effect of nanograssin dye sensitized solar cell

During electrochemical anodization, the oxygen ions from water interact with Ti metal and form an
oxide layer. Due to high electric field “finetal ion migrated from the metal/oxide interface and
metal/electrolyte interface and causes field assisted dissolution. Along with field assisted
dissolution, presence ofiéns causes chemical dissolution and form porous structure on the TiO
thin film [16]. A layer of nanograsswas formedover the JIi@notubes during the anodization
using electrolyte containiigs wt% NH4F and 2vol% H,O in ethylene glycol at 55 V for 4
hour(Fig. 1(a) and 1(3.The nanograss is formed due to vertical splitting top of the tubes because of
the excessive etching [17]. Sonication for 60 second®linvater results in removal of the
nanograss layer, exposing the underlying open nanotubes (Fig.1(b) and 1(d)).
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Fig.l. (a) and (c) Top & cross sectional views of anodized film before sonication (b) and (d) Top &
cross sectional views of film after sonication.

The effect of anodization voltage on the extent of nanograss growth was evaluated by caitryin

the anodization at various voltages, ranging from 75 V to 15 V, keeping the water content in
electrolyte at 2 vol%. As seen from figure 2, the extent of nanograss formati@ases with
anodization voltage. It is also noticed the nanotube inner diameter increased from ~30 nm to ~155
nm as the anodization voltage was varied from 15V to 75 V.

At high anodization voltage, there is an increase in the potential difference across the oxide-
electrolyte and metal-oxide interfaces. The electric field causes polarization®@fbodnd in TiQ

forming Ti"* and @ ions. The Ti" ions dissolve in the electrolyte, promoting field assisted
dissolution of the metal oxide [16]. This dissolution eventually aids in the thinning of the tube top
that leads to vertical splitting due to viscous forces and results in the formation of nanograss.

X-Ray diffraction of annealed Tinanotubes (Fig. 2) shows predominantly anatase phase (as per
JCPDS 01-084-1285). The XRD data was normalized with respect to the highest intensity peak
(101). A comparison with Degussa P25 powder XRD shows a significant difference in the (004)
peak intensity suggesting a preferential growth of nanotube and nanograssalong that direction.
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Fig.2. SEM images of the Tigayer anodized at different voltages (a) 75 V (b) 55 V (&) 25
and (d) 15 V with inset showing images at higher magnification.
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Fig.3. XRD of titania nanotubes annealed at ¥D@or 6 hours with nanograss layer (NT+NG),
without nanograss (NT) and Bessa P25 film. “A” is Anatase. “*” is substrate (Ti substrate for
nanotube and FTO for P25 powder).
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In order to study the effect of nanograss layer on the dye sensitized solar cell perériria)
nanotubes layers of different length were grown by varying the anodizationtime from lhour to 6
hours while keeping the anodization voltage constant at 55V and water content at 2 vol%. Figure 4
shows the comparison of dye loading and photovoltaic characterigtick, (Voo of cells made

from as-anodized (NT+NG) with that of sonicated (NT) photoanode of different nanotube lengths.
Active area of the solar cell was approximately 0.4 emd light intensity was maintained at 100
mWecni? (AM 1.5).
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Fig. 4. Photovoltaic performance of solar cells made from photoanodes with nanograss (NT+NG)
and without nanograss (NT).
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Figure 4(b) shows that as the length increases, short circuit current degsityc(@ases, reaches a
maximum, and decreases gradually for longer tube lengths. The surface area and the dye loadin
increases with increasing tube length. However, after an optimum length, the recombination of the
photogenerated electrons with the electrolyte increases, reducing the short circuit current. The larger
surface area of the as-anodized nanotubes with nanograss layer results in a 3-13% higher dye
loading and higher photocurrent density in comparison to just the nanotube layer (Fig.4(a)).

Figure 4(c) shows that open circuit potentiald\Wlecreases with increasing nanotube length. The

Ve in a dye sensitized solar cell is defined as the difference between the Fermi leve} ahdiO

the redox potential of /I~ pair in the electrolyte. The decrease QfWith the increasing tube

length in this work is a consequence of high recombination events at the surface of the nanotube
during the diffusion of the electrons injected from the dye. Higher series resistance of longer titania
tubes also contributes to a reduction in the V

The V,c of DSSC made using nanotube with nanograss is larger than those made from nanotube
free of nanograss. In order to study this phenomenon, the band gap of both films was calculated
from UV-Vis spectroscopy (Fig).These correspond to a band gap of 3.0 eV for nanotube layer
and 3.2eV for nanotube layer with nanograss. This possibly results in different Fermi energies and
consequently diffieence in the \J18].
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Fig. 5. Diffuse reflectance UV-Visible spectra of Ti@anotube with and without nanograsswith
inset showing the bandgap calculation.

Though the variation of;dand V. with tube length was opposite to each other, the improvement in
the overall conversion efficiency) is evident up to a critical titania tube length (Fig. 4(d)). Above
this optimal tube length, recombination becomes prominent reducing the power conversion
efficiency. The optimum nanotube length was found to bgud30where the solar cell has the
highest efficiency (3.67%).
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Effect of annealing temperature of TiO, nanotubesin dye sensitized solar cell

In order to study the effect of annealing temperature on M@&dotubes on dye sensitized solar cell,

the TiG, nanotubes was annealed at different temperatures for different durations. Figure 6shows X-
ray diffraction spectra taken for the as anodized nanotubesannealed in air at different conditions. X-
ray diffraction analysis shows that as anodized,Tilns to be amorphous in nature at room
temperature (Fig.6a). From the XRD spectra, it was found that crystallization gih@r@tubes

starts at temperature between 200 to°B0andit crystallization increases into more of anatase
phase at high temperatures (Here we consider only anatase (004) planefCAio4=0hours, TiQ
nanotube shows polycrystalline nature. The peaks af, 253, 48.¢, 53.9 and 54.8 represents
(101),(004),(200), (105) and (21planes of anatase Ti(@Fig. 6b)The XRD data was normalized

with respect to the highest intensity peak (101). As temperature increases, the intensity of (004)
peak is also increasing. This implies (004) oriented growth of crystallitesinside the tubes of TiO
crystals.
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Fig.6. XRD of titania nanotubes annealed at different temperatures and duratidns.Anatase.
“*» is Ti substrate.

It is clear that with increase in annealing temperature, increases the amount of conversion of sample
to anatase phase which directly relates to the increase in photocurrent (Fig. 7). Ifosradstihat
increase in annealing time, there is markedly increase in photocurrent. This can be probably due to
the increase in crystallite size in tube wall with annealing time, which decreases the gffeatiee
boundary area for electron transfer. It is known that phase boundary has deleterious effect on
electron pathway which ultimately leads to recombination. So growth of crystallite in (004)
orientation increases the photocurrent. Overall, annealing temperature and annealing duration has
impact on the photovoltaic performance.
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Fig. 7. I-V curve of cell using TiQ nanotube only at different annealing conditions. Electrode
thickness for all cellsvas ~ 30um.

Summary

It was observed that the anodization of Ti foil above 40V leads to the formation of nanograss over
TiO, nanotubes. Presence of nanograss layer on the titania nanotube improves the dye loading of
the sample compared with nanotube without nanograss causing increment in the photocurrent in
DSSCs in the former case. Because of increased bandgap, the photovoltage of DSSC made of
nanograss is also increased. The preferential growth of crystallites in (004) orientation during
annealing also contributed towards increasethe photocurrent of DSSC made up of 7iO
nanotubes.
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