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INTRODUCTION

Dye-sensitized solar cells is considered as a relatively low
cost solar cell technology and a potential alternative to silicon
solar cells since the original work of O'Regan and Griitzel'.
Traditional photoanode of dye-sensitized solar cells is usually
made by sintering a paste consisting of colloidal oxide particles
with sizes in the 10" nm range. Since Grimes and co-workers®
first reported the preparation of uniform TiO, nanotube arrays
in 2001, much attention have been paid to TiO, nanotube arrays
because of the inherent excellent properties of TiO, nanotube
arrays®”’. Highly ordered TiO, nanotube arrays is a potential
alternative to films fabricated by the sol-gel route because they
combine high surface area with well-defined pore geometry™"'.
The arrangement of the highly ordered TiO, nanotube arrays
perpendicular to the surface permits facile charge transfer along
the length of the nanotube, thereby reducing the losses incurred
by charge-hopping across the nanoparticle grain boundaries'.

The morphologies of TiO, nanotube arrays are determined
by experimental conditions. The diameter, length and wall
thickness varies due to experimental conditions”™"*. In present
work, we prepared TiO, nanotube arrays by anodizing titanium
foils in F~ based electrolyte for different time and found 50 h
prepared TiO, nanotube arrays based dye-sensitized solar cells
have the highest light to electricity conversion efficiency. But
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when we increase the reaction time the surface area of TiO,
nanotube arrays and the light to electricity conversion effi-
ciency of TiO, nanotube arrays based dye-sensitized solar cells
began to decrease.

EXPERIMENTAL

Lithium iodide, 4-tert-butylpyridine, 1-hexyl-2,3-dimethyl-
imidazolium iodide, 3-methoxyacetonitrile and iodine were
purchased from Acros. Ethylene glycol, acetone, methanol,
ethanol, isopropanol, ammonium fluoride, acetonitrile, tetra-
n-butyltitanate, butanol, acetic acid, NaOH and 2,4-diisocya-
natotoluene (TDI) were purchased from Beijing Chemical
Company (analytic reagent grade). Ti foils were purchased
from Alfa Aesar.

Preparation of photoanode and counter electrode:
Titanium foils (99.5 % in purity and 0.2 mm in thickness) with
asize of 1 cm x 3 cm were polished with silicon carbide sand
paper of 400, 600, 800, 1000 and 1500 grit in sequence, ultra-
sonically cleaned in acetone, isopropanol, methanol and finally
rinsed with deionized water for 15 min. Then they were dried
under a flowing N, stream and used instantly.

The cleaned titanium foils were electrochemical anodized
in an electrolyte containing 0.5 wt % NH,F, 1 wt % deionized
water and 98.5 wt % ethylene glycol. Anodization was carried
out in an electrochemical cell by using a direct current source
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at a constant voltage of 60 V, with a platinum foil as counter
electrode. The prepared TiO, nanotube arrays samples were
annealed in air at 500 °C for 2 h and then cooled to room
temperature before being immersed overnight in a 0.3 mM
ethanol solution of Ru(dcbpy),(NCS), (N3, Solaronix) for 24 h.
The counter electrode was prepared as previously reported?'.

Cell assembly and dye desorption: The sensitized TiO,
nanotube arrays were sandwiched together with transparent
platinized counter electrodes fabricated from fluorine-doped
tin oxide coated glass. The electrolyte, which contained 0.5 M
1-hexyl-2,3-dimethylimidazolium iodide, 0.05 M of iodine,
0.1 M of lithium iodide and 0.5 M of 4-tert-butylpyridine in
3-methoxyacetonitrile, was introduced into the space between
the electrodes. The dye desorption was carried out in 5 mL
0.01 M NaOH to determine the dye loading on the surface of
nanotubes.

Characterization and instruments: The morphologies
of the annealed TiO, nanotube arrays were obtained on
scanning electron microscope (S-4300 Hitachi). The crystal
structures of the annealed and unannealed TiO, nanotube
arrays were investigated using X-ray diffraction meter (Rigaku
D/max-2500) using CuK,, radiation (A = 0.154 nm) in the 26
range of 0-80°. The concentrations of desorbed dye determined
by UV-VIS spectroscopy (U-3010 Hitachi) were used to calcu-
late the amount of dye loading on the surface of TiO, nanotube
arrays. The DSSCs devices were operated with illumination
on the back side and the photovoltaic data were recorded
using a potentiostat/galvanostat (EG & G Princeton Applied
Research, Model 273) under simulated AM1.5 irradiation (100
mW cm™). The active cell area was 0.2 cm?. Electrochemical
impedance spectra (EIS) were obtained by using Solartron
1255B frequency analyzer and Solartron SI 1287 electroche-
mical interface system.

RESULTS AND DISCUSSION

Characteristic of TiO, nanotube arrays: It is well
recognized that the morphology of TiO, nanotube arrays
prepared by anodization strongly depends on the electroche-
mical conditions. Fig. 1(a-c), (e) show the top views of the
TiO, nanotube arrays anodic growth at 60 V for different
reaction time (30, 40, 50 and 60 h). TiO, nanotube arrays are
composed by highly ordered vertically oriented TiO, nanotubes
which has an inner diameter of 90 nm and a wall thickness of
20 nm. It is evident that the neat and orderly surface tubular
structures of TiO, nanotube arrays gradually destroyed with
the reaction time increases. As shown in Fig. 1(a-b), the mouth
of the nanotube is neat and orderly. When we increase the
reaction time to 50 h, we found there some debris on the mouth
of nanotube [Fig. 1(c)], these debris are ascribed to the
dissolved part of nanotubes. Fig. 1(e) shows the mouth of the
nanotube was dissolved and the surface of TiO, nanotube
arrays becomes messy and disorderly. The cross-section
images of TiO, nanotube arrays anodized for 50 and 60 h are
shown in Fig. 1(d and f), when the reaction time was 50 h the
TiO, nanotube arrays keeps its structure, but when the reaction
time increased to 60 h the nanotube and the highly ordered
structure was destroyed.

Fig. 1. SEM images of the prepared TiO nanotube arrays. (a) Top view of
30 h prepared TiO» nanotube arrays; (b) Top view of 40 h prepared
TiO, nanotube arrays; (c) Top view of 50 h prepared TiO, nanotube
arrays; (d) Cross-section view of 50 h prepared TiO, nanotube arrays;
(e) Top view of 60 h prepared TiO, nanotube arrays; (f) Cross-section
view of 60 h prepared TiO, nanotube arrays

The anodization involved electrochemical oxidation of
titanium into amorphous TiO, and chemical dissolution of the
oxide into soluble titanium fluoride species (TiFs>). The electro-
chemical and chemical reactions at the bottom and mouth of
the nanotube are two main factors governing the growth of
the nanotubes. At the bottom of the nanotube, the growth is
governed by field-aided oxide growth, field-aided diffusion
of ionic species and salvation at the oxide/electrolyte interface.
The formation of TiO, nanotube arrays can be expressed as
competition between electrochemical oxidation (reaction 1)
and chemical dissolution (reaction 2):

Ti+2H,0=TiO, +4H" +4e” (1)
TiO, +6F~ +4H* = TiF}” +2H,0 )

Metallic Ti is first oxidized to TiO, and then selectively
dissolved by F~ ion. This makes the pore deeper and deeper.
In reaction (1), 2H,O = O, + 4H* + 4¢”, so the dissolution of
oxide layer occurring due to local acidity at the bottom of the
TiO, nanotube leads to the progressive growth of nanotube
length. For this, a proper acidic environment at the nanotube
bottom is needed. While in the high viscosity electrolyte, water/
glycerol, we can anodize Ti foils for longer time without
destroy the structure of TiO, nanotube arrays and a steady
tube growth is maintained. The reason for this drastic active/
passive behaviour can be ascribed to the fact that OH™ in the
bulk solution and H* produced via reaction process (reaction
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1) have a lower diffusion rate in the viscous electrolyte. The
pH value at the tube bottom is mainly controlled by the self-
acidification process (reaction 1) and much less influenced
by the bulk electrolyte pH value. As a result of the suitable
viscosity of electrolyte, an acidic environment can be better
controlled at the pore tip and this effect prevents dissolution
at the pore tip. During the anodization process, the electro-
chemical oxide reaction rate at the bottom decreased gradually,
but at the mouth the chemical dissolution reaction rate, which
is mainly controlled by the bulk solution, remains unchanged.
In the first stage of anodization process, the electrochemical
oxide rate at the bottom is faster than the chemical dissolution
rate. Therefore, the length of the tube increases with time.
However, as time goes on, the electrochemical oxidation rate
at the bottom becomes slower and slower, while the chemical
dissolution rate at the mouth keeps constant, when the rates of
the two reactions are the same, the length of nanotube stopped
increasing. If further prolonging the reaction time, due to the
rate of chemical dissolution at the mouth is greater than the
rate of electrochemical oxidation, the mouth of the nanotube
is dissolved, meanwhile at the interface metallic Ti/TiO,
nanotube arrays the rate of formation of amorphous TiO, is
slower than the chemical dissolution rate, so the TiO, nanotube
arrays will be detached from the Ti substrate. The final outcome
is the highly ordered structure of TiO, nanotube arrays was
destroyed.

The dye loading amount is an important factor that affects
the light to electricity conversion efficiency when the anodized
TiO, nanotube arrays used as photoanode of dye-sensitized
solar cells. The more dye molecules loading on the surface
the larger short-circuit current density is obtained. Longer
nanotube provides larger surface area for dye loading. Thus,
the data of dye loading can be used for investigating the growth
process of nanotube. The annealed TiO, nanotube arrays were
immersed in 0.3 mM N3 ethanol solution overnight. After that
the wall of the TiO, nanotube covered with a closely packed
monolayer of N3 dye. The amount of dye loading (dl) can be
determined from.

a=2Y

€S,
where A, V, € and S, are the absorbance of the desorption
solution, volume of desorption solution, molar extinction
coefficient and geometric area of the photoanode, respectively.
The data of dye loading were collected in Table-1. As shown
in Table-1, the dye loading increased with the reaction time.
This is ascribed to the rate of electrochemical oxide reaction
at the bottom is faster than the chemical dissolution rate at the
mouth and length of nanotube keeps increase, so more dye
molecules loading on the surface of TiO, nanotube arrays. But
the dye loading amount didn't increase when the reaction time
was extended to 60 h. This is because in the extended time the
rate of electrochemical oxide reaction at the bottom is slower
than the chemical dissolution rate at the mouth and the mouth
of the nanotube is dissolved, so the highly ordered structure
of TiO, nanotube arrays was destroyed. For this, the dye loading
amount decreased.

TABLE-1
DYE LOADING DATA AND PHOTOVOLTAIC
PERFORMANCE PARAMETERS OF DSSCS

t dl (107 Jsc (mA Voc i n
(h)  mol cm™) cm”) (mV) (%)
10 0.50 6.72 756 0.74 3.74
20 0.65 7.84 726 0.74 421
30 0.94 7.57 742 0.75 4.24
40 1.06 8.33 722 0.71 428
50 1.44 10.35 748 0.77 5.95
60 1.34 10.30 716 0.64 4.74

t: reaction time. dl: dye loading amount. Jsc: short-circuit current
density. Voc: open-circuit voltage. ff: fill factor. n: light to electricity
conversion efficiency.

XRD analysis: Fig. 2 shows X-ray diffraction (XRD)
patterns of the TiO, nanotube arrays before and after annealing.
From the patterns it is evident that an amorphous phase is
dominant before annealing (Fig. 2a). After annealing at 500 °C
for 2 h, the prepared TiO, nanotube arrays transferred from
amorphous phase to polycrystalline anatase phase TiO, (Fig.
2b). The X-ray diffraction pattern of the annealed TiO, layer
(Fig. 2b) shows several peaks at 25.3, 37.8, 48.0, 54.0, 55.0
and 62.7 °, inferring the crystallization and polycrystalline
structure of the TiO, layer. According to their positions, the
peaks are identified as the anatase phase of titanium oxide.
The TiO, crystals exhibit a preferential orientation in a (101)
facet, additionally the peaks (200), (103), (105) and (204)
facets are also detected.
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Fig. 2. XRD patterns of the TiO, nanotube arrays before (a) and after (b)
sintering

Photovoltaic performances: The photovoltaic perfor-
mance parameters of the TiO, nanotube arrays based dye-
sensitized solar cells were collected in Table-1. We found 50 h
prepared TiO, nanotube arrays based dye-sensitized solar
cells have the highest | of 5.95 % and the trend of the 1 was
consistent with the dye loading data. This is a high efficiency
for the dye-sensitized solar cells based on TiO, nanotube arrays
that without further treatment''*'"**. Meanwhile we found 60 h
prepared TiO, nanotube arrays based dye-sensitized solar cells
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have lower open-circuit voltage (Voc), short-circuit current
density and fill factor. The lower short-circuit current density
is due to the top tip of TiO, nanotube arrays was dissolved and
the highly ordered structure was destroyed, so TiO, nanotube
arrays can't provide as large surface area as the highly ordered,
integrated TiO, nanotube arrays. The lower Voc is ascribed to
the destroyed TiO, nanotube arrays provide more recombination
center for electrons and increased the random diffusion path
for electron. The disorder parameters of the TiO, nanotube
arrays and integrated TiO, nanotube arrays were different signi-
ficantly. The lower fill factor is probably ascribed to the charge
transport in the destroyed TiO, nanotube arrays is not as efficient
as in the integrated TiO, nanotube arrays. All these elements
result in lower light to electricity conversion efficiency.

EIS analysis: Electrochemistry impedance spectroscopy
was used to check the effect of reaction time on the interfacial
charge transfer. The EIS were measured under 100 mW c¢m™
illumination, using a perturbation of + 10 mV over the open-
circuit potential. The EIS are shown in Fig. 3a and the corres-
ponding impedance data were collected in Table-2. The
impedance spectrum of the dye-sensitized solar cells consists
of two semicircles. The semicircle at high frequency is related
to the charge-transfer process occurring at the Pt counter
electrode/electrolyte interface and the one at low frequency is
attributed to the charge-transfer process occurring at the
photoanode/electrolyte interface. The insert is the equivalent
circuit used for the fitting of impedance spectra for all dye-
sensitized solar cells. Rs, Rct and Ri represent the series
resistance, the charge-transfer resistance and the resistance in
photoanode/electrolyte interface, respectively. The Rs indi-
cated different reaction time prepared photoanodes have little
effect on the series resistance. The slight differences in Rct
were ascribed to the different counter electrodes used in our
experiments. The Ri has the lowest value when the reaction
time was 50 h. The larger resistance at the TiO, nanotube
arrays/metallic Ti substrate interface when 60 h prepared TiO,
nanotube arrays used in dye-sensitized solar cells probably
due to less surface area for dye molecule anchoring and the
destroyed structure of TiO, nanotube arrays limits the trans-
mission of electronic and increases the resistance in photoanode/
electrolyte interface. The lower Ri have positive effect in
improving the short-circuit current density and finally improve
the photo to electricity conversion efficiency. Additionally we
studied the charge-transfer mechanism and the result was
presented in Fig. 3b, the plot of the reciprocal of Ri versus dl
has a good linearity. This means the nature of TiO, nanotube
surface don't change as the growth of nanotube, the changes
of Ri are caused by the changes in nanotube length.

Conclusion

In our study, we prepared highly ordered, surface smooth
TiO; nanotube arrays. The XRD data showed after annealing
the crystal style transferred from amorphous phase to poly-
crystalline anatase phase. The SEM images show that TiO,
nanotube arrays has highly ordered architecture and the surface
of TiO, nanotubes is smooth. The anodization time has three
effects on the TiO, nanotube arrays: As anodization time
increased the length of the TiO, nanotubes increased thereby
increase the dye loading. Too long anodizaiton time will result
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Fig. 3. (a) EIS plots of dye-sensitized solar cells based on different reaction
time prepared TiO, nanotube arrays. (b) Plot of the reciprocal of Ri
(the resistance in photoanode/electrolyte interface) versus dl (dye
loading amount).

TABLE-2
PARAMETERS OF ELECTROCHEMISTRY IMPEDANCE
SPECTROSCOPY OBTAINED FROM Fig. 3a

t (h) Rs (2) Rct () Ri (Q)
10 12.82 342 82.77
20 13.54 3.65 64.78
30 13.13 2.69 50.48
40 12.34 2.56 42.83
50 12.85 3.42 30.01
60 13.45 2.60 33.21

t: reaction time. Rs: series resistance. Rct: charge-transfer resistance in
the Pt counter electrode/electrolyte interface. Ri: the resistance in
photoanode/electrolyte interface.

will result in the top tip dissolution of TiO, nanotube arrays
and the highly ordered structure was destroyed. And the Ri
also increased due to the inefficient electron transportation
and less surface area for dye molecules anchoring. The dye-
sensitized solar cells showed a high efficiency of 5.95 % when
50 h prepared TiO, nanotube arrays used as photoanode. In
order to get the excellent photoelectric performance for TiO,
nanotube arrays based the dye-sensitized solar cells the appro-
priate experimental conditions are necessary for preparing TiO»
nanotube arrays, which can keep the high orderly architecture
of TiO, nanotube arrays and get large surface area.
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