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Morphologic Characterization of Anodic Titania Nanotube Arrays for
Dye-Sensitized Solar Cells
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We report morphologic characterization of the anodic titanium oxide (ATO) films with highly-or-
dered titania (TiO,) nanotube (NT) arrays grown perpendicularly to a titanium (Ti) foil. The length of the
ATO arrays was controlled by various electrolytes and anodic periods at a constant applied voltage. In or-
der to enhance the pathways for electron percolation, the ATO film was annealed in an air furnace, form-
ing anatase TiO,. After TiCl, post-treatment to enhance the ruthenium-based dye loading on the ATO sur-
face, the optimized ATO arrays were used as a photoanode in a dye-sensitized solar cell (DSSC). The best
performance of the NT-DSSC device was achieved with a NH4F-based ATO film at length of 15 um, giv-
ing Jsc=12.15 mA cm'z, Voc=0.74 V, FF =0.69, and n = 6.2% under backside illumination.
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INTRODUCTION

Titania (TiO,) has been used in various applications,
such as environmental applications,' catalysis,? dielec-
trics,’ optoelectronics,4 sensors,’ and solar cells.’® Among
three stable phases (anatase, brookite and rutile) of tita-
nium dioxide, the anatase TiO, has photoelectric, photo-
catalytic, and hydrophilic characteristics, which are ap-
plied in solar cells, disinfection, and surface self-cleaning
applications.” Since the report of a low-cost dye-sensitized
solar cell (DSSC) in 1991 by O’Regan and Gritzel,® the
DSSC has been regarded as a promising candidate for
next-generation solar cells.” The electron-collecting layer
(photoanode) of a conventional DSSC is composed of ran-
domly packed TiO; nanoparticles (NP). With sunlight irra-
diation from the transparent anode (front illumination), the
best photovoltaic power conversion efficiency (1) of a
NP-DSSC device has reached 1 ~11%.'"'? The great ad-
vantage of NP-DSSC is the large surface area of the nano-
porous TiO; films for dye adsorption. However, it has been
pointed out that the trap-limited diffusion for electron
transport in NP-DSSC is a limiting factor in achieving
higher cell performance."

To improve the charge-collection efficiency by pro-
moting faster electron transport and slower charge recom-
bination, several different methods with TiO, films con-
structed of oriented one-dimensional (1D) nanostructures
have been established. For example, DSSCs based on 1D
TiO, nanowires (NW)'* have yielded a cell performance of
M = 5.0% under front-side illumination."> Alternatively,
TiO, nanotubes (NT) have been synthesized using the
sol-gel'® and the potentiostatic anodization'’ methods. In
our previous report,'® we produced ATO arrays with length
of 19 um in ethylene glycol (EG) electrolyte containing
0.5% NH4F at 60 V for 3 h. The cell performances of the
corresponding NT-DSSC devices attained n ~7% with
TiCly post-treatment under rear illumination.

Anodization is an efficient method to fabricate TiO,
nanotube arrays. This process uses fluoride-based electro-
lyte solutions such as HF or KF-based aqueous solution
and NH,F-based non-aqueous solutions. With these elec-
trolytes, the ATO length can be controlled to the ranges of
0.3 to 0.5 um (HF), 1.5 to 5 um (KF), and 10 to 18 um
(NH4F). Besides, the morphology of these nanotubes can
also be controlled by using different fluoride-based elec-
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trolyte solutions. This study presents a simple and inexpen-
sive process for direct formation of ATO NT on recyclable
conductive material of Ti as a photoanode of DSSC that al-
lows production of a flexible electrode with large active
area.

EXPERIMENT
Fabrication of ATO arrays

An ordered channel-array of anodic titanium oxide
was fabricated by anodizing Ti foil (Aldrich, 99.7% purity)
about a thickness of 127 pum and 10 cm? in size. A two-elec-
trode cell, composed of platinum (Pt) sheet (2 cm?) as the
cathode and Ti foil as the working electrode, was used dur-
ing the anodization at 25 °C. The varied ATO lengths of
0.5, 2.0, 3.5, and 18 pm were produced using electrolyte
containing potassium fluoride anhydrous (KF, 99.9%),
13.8 wt.% sodium bisulfate (NaHSO4-2H,0, 99.9%) and
5.9 wt.% trisodium citrate dihydrate (Na;CsHsO7-2H,0)
solution at 25 V for 1, 4, 6 and 17 h, respectively. Alterna-
tively, the ATO films with well-ordered arrays were pro-
duced in electrolyte (pH = 6.4) containing ammonium fluo-
ride (NH4F, 99.9%, 0.25 wt%) and H,O (2 vol%) in ethyl-
ene glycol (EG) at 60V. After the anodization, the ATO film
was washed in ethanol, and annealed at 450 °C for 1 h to
crystallize amorphous TiO, into its anatase phase. The mi-
cro-morphology and composition of ATO were determined
with a JEOL 6500 scanning electron microscope (SEM).
The details of the morphology and crystal structure of the
ATO were observed using a JEOL 2000 transmission elec-
tron microscope (TEM).
Cell Fabrication and characterization

For photovoltaic device studies, a TiCly post-treat-
ment was performed on the ATO arrays to increase the sur-
face area. The ATO films were first immersed in a 0.2 M
TiCly solution for 1 h at 70 °C, rinsed in ethanol, and an-
nealed in air at 400 °C for 30 min. Then the electrode was
soaked in a solution of 5 x 10 M RuL,(NCS), (N3 dye) in
ethanol for 12 h. A transparent conducting oxide (TCO)
coated with 10 nm of Pt by sputtering was used as the coun-
ter electrode, and the device was simply sealed with a
hot-melt film (SX1170, Solaronix, thickness of 25 pum).
Then the electrolyte containing lithium iodide (Lil, 0.1 M),
diiodine (I, 0.01 M), 4-tert-butylpyridine (TBP, 0.5 M),
butyl methyl imidazolium iodide (BMII, 0.6 M), and
guanidinium thiocyanate (GuNCS, 0.1 M) in a mixture of
acetonitrile (CH;CN, 99.9%) and valeronitrile (n-C4HoCN,
99.9%) (v/v = 85/15) was introduced into the space be-
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tween the two electrodes. The cell performance was char-
acterized on the back side illumination with an active illu-
minated area of 0.28 cm? by mask on the transparent coun-
ter electrode.'” Measurements of /¥ curves were made with
a digital source meter (Keithley 2400, computer-controlled)
with the device under one-sun AM-1.5 irradiation from a
solar simulator (Newport-Oriel 91160) calibrated with a
Si-based reference cell (Hamamatsu S1133) containing an
IR-cut filter (KG5) to correct the spectral mismatch of the
lamp.**

RESULTS AND DISCUSSION

Fabrication and characterization of ATO arrays

The anodization was performed using KF-based and
NH,F-based electrolyte solutions to investigate the mor-
phology of the ATO arrays affecting by these electrolytes.
Fig. 1 presents top and cross-section views of (a) SEM and
(b) TEM micrograph images of ATO arrays anodized in
electrolyte solution containing 0.58 wt.% KF, 13.8 wt.%
NaHSO,4-2H,0 and 5.9 wt.% Na3;CsHs07-2H,0 at 25 V for
6 h. Fig. 1a shows the nano-channels and pores with a diame-
ter of 100 nm and a 25 nm-thick pore wall. The KF-based
ATO shows more separated and disordered features com-
pared to its NH4F-based counterpart. The inter-pore dis-
tance is about 120 nm, leading to a pore density of 8 x 10°
pores/cm” and a porosity of 68.2%. From the TEM image
shown in Fig. 1b, the ATO pore size was determined to be
~100 nm, and the pore wall of ~20 nm. We found that the
length of ATO NT increased as anodization period in-
creased. However, a thicker ATO film results in weaker ad-
herence of the ATO film on the Ti substrate. We produced
four anodic ATO NT films with various tube lengths of 0.5,
2,3.5 and 18 um via anodization with time of 1,4, 6 and 17,
respectively. The corresponding side-view SEM images
are shown in Fig. 2a-d.

Fig. 1. (a) SEM and (b) TEM images of anodic TiO,
nanotube arrays formed in 0.58 wt.% KF+13.8
wt.% NaHSO4-2H,0 + 5.9 wt.% Na3;C¢Hs07--
2H,0 solution at 25V for 6 r.



Ordered 1D TiO; Nanotube Arrays

Different from KF-based ATO arrays, the SEM im-
ages (Fig. 3) of NH4F-based ATO arrays, formed in 0.5
wt.% NH4F + EG electrolyte at 60V for 10 h, presents an
ordered nanochannel structures. Fig. 3 shows (a) top view
of ordered pores with 120 nm pore diameter and 25 nm wall
thickness, (b) bottom view of a hexagonal compact barrier
layer, (c) cross-section view of straight tube, with open
pores at the top of the tube, but closed pores on the tube bot-
tom, and (d) a tube length of 15 pum.

Fig. 2. SEM images of anodic TiO; nanotubes showing
the cross-section views of ATO at various an-
odization periods. Anodic times of 1, 4, 6, and
17 r resulted in tube lengths of (a) 0.5 pm, (b) 2
pm, (¢) 3.5 um, and (d) 18 pm.

Fig. 3. SEM images of ATO structures formed in 0.5
wt.% NH4F + EG electrolyte at 60V for 10 hr.
(a) Top view of ordered pores, (b) bottom view
of compact barrier layer, (c) cross-section view
of straight tube, and (d) side-view at a large
scale showing the thickness of 15 pm.
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Photovoltaic performance on TiCly post-treated ATO
Films

Before the fabrication of devices, the ATO photo-
anodes were treated with TiCly to produce TiO, nano-
particles on the surface of TiO, nanotubes. These particles
also formed on the areas of the substrate which was not
covered with TiO, NT arrays. Therefore, the TiCly post-
treatment not only increases the surface area for dye-load-
ing but also enhances the V¢ by preventing the contact be-
tween electrode and electrolyte. Fig. 4 shows SEM images
of the ATO before and after TiCly treatment. The original
ATO film (Fig.4a, top view; Fig. 4b, side view) was smooth
and clean before TiCl, treatment. However, after TiCly
treatment, TiO, nanoparticles were formed on the surface
(Fig. 4c, top view; Fig. 4d, side view) which increases the
roughness of the surface. A rough surface will enhance the
dye-loading amounts of the ATO film. Fig. 5 shows TEM

Fig. 4. The SEM images of original ATO films before
TiCly treatment showing (a) the tube surface
and (b) the tube wall being smooth and clean.
After the ATO films soaking in 0.02M TiCl, so-
lution at 70 °C for 1 h, roughness appeared: (c)
top view and (d) side view of the tubes.

Fig. 5. The TEM images of N3 dye on the copper grid;
(a) bright field; (b) dark field, in which white
points represent the N3 dye molecules.
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Fig. 6. Current-voltage characteristics of the NH4F-
based NT-DSSC devices with TiCls post-treat-
ment under simulated AM 1.5 solar illumination
at 100 mW cm™2 with active area of 0.28 cm?,

images of TiO, nanotubes after N3 dye immersion for 4
hours. The dark field image (a) and diffraction pattern (b)
indicated that N3 dye molecules (white) were attached on
the tube wall.

The N3/ATO films were fabricated into NT-DSSC de-
vices of which the corresponding /V curves are shown in
Fig. 6. The photovoltaic performance exhibits that the cur-
rent density at short circuit (Jsc in mA cm'z) is 12.15, the
voltage at open circuit (Voc in V) is 0.74, the fill factor (FF)
is 0.69, giving the efficiency of power conversion (n =
Jsc- Voo FF/Py, with Py = 100 mW em™) to be 6.2%.

CONCLUSIONS

In this study, we present a simple anodic process for
direct formation of ATO on a Ti foil as a DSSC anode. By
varying the fluoride-based electrolyte solution, KF and
NH,F, and anodization period, an ATO film with vertically
oriented NT arrays was produced. The performance of the
optimized NT-DSSC device was achieved with a NH4F-
based ATO film at length of 15 um, showing a power con-
version efficiency of 6.2%.
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