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ABSTRACT

Nanoporous-layer-covered TiO, nanotube arrays (Type II TNTs) were fabricated by two-step electrochemical anodization.
For comparison, conventional TiO, nanotube arrays (Type I TNTs) were also prepared by one-step electrochemical anod-
ization. Types I and II TNTs were detached by selective etching and then transferred successfully to a transparent F-doped
SnO, (FTO) substrate by a sol-gel process. Both FTO/Types I and Il TNTs allowed front side illumination to exhibit inci-
dent photon-to-current efficiencies (IPCEs) in the long wavelength region of 300 to 750 nm without the absorption of light
by the iodine-containing electrolyte. The Type Il TNT exhibited longer electron lifetime and faster charge transfer than the
Type I TNT because of its relatively fewer defect states. These beneficial effects lead to a high overall energy conversion
efficiency (5.32 %) of the resulting dye-sensitized solar cell.
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1. Introduction

Mesoporous TiO,-based dye-sensitized solar cells
(DSSCs) are potential low-cost alternatives to com-
mercial Si solar cells [1-4]. These cells comprise a
dye-sensitized TiO, photoanode and a Pt counter
electrode with an electrolyte incorporating a redox
couple (I/13) between them.

To improve the cell performance, the surface mor-
phology and/or particle size of TiO, layers has been
controlled [5,6], and new dyes [7] and electrolytes
have been developed [8]. Conventional TiO, films

consisting of nanoparticles smaller than 30 nm do not
establish a depletion layer at the TiO,/electrolyte
interface. This causes significant back electron trans-
fer from the conduction band of the TiO, to the elec-
trolyte due to defect trap-limited diffusion. Back
electron transfer has been hindered using 1-dimen-
sional (1-D) nanostructures (nanotubes, nanorods,
etc.) with rapid electron transport and slow recombi-
nation rates [4-6,9,10].

TiO; nanotube arrays (TNTs) have been fabricated
by electrochemically anodizing Ti metallic foils in an
F~ion-containing solution. The TNTs grown on the Ti
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metallic foils only allow back side illumination
because of the opaqueness of the Ti metal. With back
side illumination, the counter electrodes (CEs)
should be as transparent as possible, otherwise they
will reflect light and the iodine-based electrolytes
will absorb photons, which reduces the level of light
harvesting significantly [10,11]. Recently, to over-
come this problem, front side-illuminated TNTs have
been recognized by transferring free-standing TNTs
to transparent fluorine-doped tin oxides (FTOs) sub-
strates [11-13].

In this article, two types of TiO, nanotubes arrays
(TNTs) were synthesized: the conventional TNT
(Type I TNT) fabricated by one-step electrochemical
anodization and the nanoporous-layer-covered TNT
(Type II TNT) fabricated by two-step electrochemi-
cal anodization. Both TNTs were then transferred to
the transparent FTO for front side illumination,
which allowed light harvesting of the dye molecules
without the loss of photons by light reflection and
absorption. In particular, the Type II TNTs had rela-
tively fewer defect states compared to the Type I
TNTs, hindering the defect-mediated recombination
rate significantly. As a result, the FTO/Type Il TNT
exhibited much longer electron lifetime and faster
charge transfer, giving rise to a significant enhance-
ment of the overall energy conversion efficiencies.
The significantly improved performance of the
DSSC with the FTO/Type II TNT was studied in
terms of the morphology, electron lifetime, charge
transfer, recombination rate, and incident photon-to-
current efficiency (IPCE).

2. Experiment

2.1. Conventional TiO, nanotube array (Type I TNT)

Ti foil (Good fellow) was used for the anodic
growth of TiO, nanotube arrays. The foil was ground
roughly, cleaned by sonication in acetone and ethanol,
and then rinsed in de-ionized (DI) water. Electrochem-
ical anodization was conducted at 60 V for 3 h with an
approximate 4 cm separation between the working
electrode of the Ti foil and the counter electrode (Pt
mesh). The electrolyte consisted of 0.25 wt.% NH,F in
ethylene glycol containing a trace amount of water.
The 15.5 pm-thick anodic TiO, nanotubes were soni-
cated in ethanol for 5 min to remove the remnants
from the surface and then dried in an air. They were
then annealed at 450 °C for 30 min in air for the for-

mation of crystalline TNTs.

2.2. Nanoporous-layer-covered TiO, nanotube array
(Type I TNT)

The pretreated Ti substrates were first prepared by
the 1-step electrochemical formation of conventional
TiO, nanotubes. They were then removed from the Ti
substrate by sonication in DI water for 5 min. A sec-
ond anodization step was performed under similar
conditions to those of the 1-step TiO, nanotubes to
form the 15.5 pm-thick, nanoporous-layer-covered
TiO, nanotube arrays [4,14]. The resulting 2-step
TiO, nanotubes were sonicated in ethanol for 5 min
to remove the remnants, followed by drying in air.
They were then annealed at 450 °C for 30 min in air
to convert the amorphous structure to an anatase
crystalline TNT (Type II TNT).

2.3. Transferring procedure of the TNTs onto the
transparent FTO substrates

The Ti foil/crystalline TNTs (Types I and II) were
anodized again in the same stock electrolyte for 3 h
with a potential of 20 V to form an amorphous TiO,
layer between the crystalline TNT (c-TNT) and Ti
foil [15]. The samples were then immersed into a 5%
H,0; solution for 2 h to etch the amorphous TiO,
selectively, leading to free-standing c-TNTs. The
freestanding c-TNTs were then adhered to the FTO
substrates with one drop of the Ti precursor-contain-
ing sol (0.1 M titanium isopropoxide (TTIP) in iso-
propanol and 5 wt.% ethyl cellulose). The resulting
films were then annealed at 450 °C for 30 min in air
for the interconnection between the FTO and TNTs
by the formation of a thin TiO; interlayer.

2.4. Cell Fabrication

The FTO/Types I and IT TNTs were dye-sensi-
tized with the Ru-based N3 dye [cis-bis (4,4’- dicar-
boxy-2,2’-bipyridine) dithiocyanato ruthenium (II)]
(Solaronix SA, Switzerland) by immersion in the
dye solution at 40 °C for 24 h. Semitransparent Pt
counter electrodes were prepared by doctor-blading
a Pt nanocluster-containing Pt paste (PT-1, Dyesol
Ltd.) onto the FTO transparent conducting sub-
strates followed by calcination at 450 °C for 30 min
in air. The dye-adsorbed TNT photoanodes and Pt
counter electrodes were sandwiched with a liquid
electrolyte containing the redox couple (I/13) intro-
duced between them.
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2.5. Characterization

The DSSCs with the FTO/TNTs were illuminated
from the front side through the FTO/TNTs. Their
photovoltaic current-voltage characteristics were
measured using a solar simulator (PEC-L11, PEC
cell Ltd.) under 1 Sun illumination (100 mWcm?,
AM 1.5), which was verified using an AIST-cali-
brated Si-solar cell. The Nyquist plots were measured
between 1 Hz and 100 kHz using an electrochemical
impedance analyzer under 1 Sun at the open-circuit
potential.

For the open-circuit voltage decay (OCVD) mea-
surements, the cells were illuminated to a steady volt-
age. The illumination was then cut off using a shutter.
The decay analyses refer only to the values measured
after the shutter obtained full darkness. The incident
photon-to-current conversion efficiency (IPCE) was
measured using an action spectrum measurement
setup (PEC-S20, PEC cell Ltd.) in DC mode without
the white bias. The morphologies of the FTO/TNTs
were characterized by field-emission scanning elec-
tron microscopy (SEM, Hitachi FE-SEM S4800). All
samples had similar active areas of dye-adsorbed
photoanodes, 0.24 cm?.

3. Results and Discussion

Fig. 1 presents FE-SEM surface images viewed (a,
c¢) from the top of the FTO/Type I TNT and (b, d)
from the top of the FTO/Type Il TNT. The insets of
Figs. lc, 1d clearly show the Types I and II TNTs

Fig. 1. FE-SEM surface images viewed (a, c¢) from the top
of the FTO/Type I TNT and (b, d) from the top of the FTO/
Type II TNT. The insets in the (c) and (d) show cross-
sectional SEM images of the FTO/Types I and II TNTs,
respectively.

transferred successfully onto the FTO substrates by
the formation of the TiO, interlayer, in which both of
Types I and I TNTs exhibited similar thicknesses of
15.5 pm. The thickness of the TiO, interlayer was
approximately 750 nm for both. The Type I TNT was
composed of separated nanotubes with a mean diam-
eter and wall thickness of 96 and 24 nm, respectively,
as shown in Fig. 1(c). Fig. 1(d) and its inset showed
that each nanopore corresponds to one nanotube with
a mean diameter and wall thickness of 92 nm and
21 nm, respectively, and the void areas of the surface
are covered by a thin nanoporous TiO; layer [14].
The conventional TNT (Type I sample) exhibited
bundling of the nanotubes, as shown in Fig. 1(a) by
the liquid-meniscus-induced capillary forces, which
causes many microcracks that act as defect state-
related recombination centers [14]. In contrast, the
Type II TNT has relatively fewer defects. This is
because the surface-interconnected nano-pores by the
thin nanoporous TiO; help keep the nanotubes in a
parallel arrangement and prevent them from being
bundled, as shown in the Fig. 1b.

The electron lifetimes were estimated through
open-circuit voltage decay (OCVD) measurements
[16]. Fig. 2a shows the V,. decay curves of the
DSSCs with the Types I and IT TNTs recorded during
relaxation from an illuminated quasi-equilibrium
state to the dark equilibrium. Fig. 2b presents the
electron lifetimes calculated from the OCVD curves
of Fig. 2a, according to the following equation [16]:

— kBT dVoc -l

7, = —7[7} (1)
where kgT is the thermal energy, e is the positive
elementary charge and dV,./dt is the derivative of
the open circuit voltage transient. The photo voltage
decay rate is related directly to the electron lifetime.
This is because, as the illumination of the DSSC at
open circuit is interrupted, excess electrons are
removed through recombination from the TiO, to
the redox couple according to I5™+ 2¢™ (TiO,) — 3T.
Although the TiO, interlayer was employed
between the FTO and TNTs (Types I and II), a sig-
nificant difference in the electron lifetime was
observed between the Types I and I TNTs, indicat-
ing that the electron lifetime was barely affected by
the TiO, interlayer. The Type II TNT exhibited a
much longer electron lifetime than the Type I TNT
(conventional TNT). This can be because, unlike
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the Type I TNT, the Type II TNTs are composed of
well-aligned nanotube arrays without bundling,
which decrease the number of surface defect-related
recombination traps and suppresses the defect-
mediated recombination rate.

Electrochemical impedance spectroscopy was per-
formed to characterize the electron transporting prop-
erties in more detail. Fig. 3 shows Nyquist plots of
the DSSCs with the FTO/Types I and II TNTs mea-
sured at the open circuit voltage (V,.) under 1 Sun
illumination. The Nyquist plots showed two distinct
semicircles, where the semicircles at high- and low-
frequencies are related to electrochemical reaction
resistance at the Pt counter electrode (R2, inset Fig.
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Fig. 2. (a) V, decay curves of the DSSCs with the Types I and
I TNTs recorded during relaxation from an illuminated quasi-
equilibrium state to the dark. (b) Electron lifetimes calculated
from (a).

3) and charge transfer resistance at the TiO,/dye/elec-
trolyte (R3, inset Fig. 3)[17]. The FTO/Type Il TNT
exhibited a much smaller R3 value, indicating faster
charge transfer kinetics. From Fig. 1, the Type II
TNT showed very well-aligned nanotube arrays
without bundling, giving rise to much fewer defect
states. The significantly reduced surface defect states
of the FTO/Type II TNT can not only suppress the
defect-mediated recombination rate, but also facili-
tate electron transport, leading to a significantly
enhanced t. and fast charge transfer.

Fig. 4a shows the photovoltaic current-voltage
curves of the DSSCs with the FTO/Types I and 11
TNTs measured under 1 Sun illumination, as listed
in Table 1. These results were reproducible. The
amounts of N3 dye adsorbed, which was measured
by UV-Vis spectroscopy, were 7.56 x 10 and
7.34 x 10”° molem™ for the FTO/Type I and FTO/
Type II TNTs, respectively. Despite the similar dye
contents, the DSSC with the FTO/Type II TNT pro-
vided a significantly improved overall energy con-
version efficiency (5.32 %), due mainly to the
enhanced short-circuit current (J5.). To confirm the
enhancement of the J. and study it in more detail,
the incident photon-to-current efficiency (IPCE)
curves were measured, as shown in Fig. 4b. The

80 T T T T

#—FTO/Type I TNT
v—FTO/Type Il TNT

60 B

-Z" (Ohm)

20 o 1 .- e
w vv\/ aan o Vg {Z‘% ..-
0 4 1 1 1
0 20 40 60 80 100
Z' (Ohm)

Fig. 3. Nyquist plots of the DSSCs with the FTO/Types 1
and II TNTs measured at the open circuit voltage (Vo)
under 1 Sun illumination. Inset shows an equivalent
electrical circuit.

Table 1. Photovoltaic performances and the amount of the attached dye molecules for the FTO/Types I and II TNT

Samples J(mAcm?) Voo(V) FF(%) 1n(%) Dye amount(molcm™)
FTO/Type I TNT 12.19 0.66 62.14 4.96 7.56 x 10
FTO/Type I TNT 13.35 0.65 61.27 532 7.34 x 10°
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Fig. 4. (a) Photovoltaic current-voltage curves of the
DSSCs with the FTO/Types I and II TNTs measured under
1 Sun illumination. (b) IPCE curves.

IPCE is influenced mainly by three factors, accord-
ing to:[18]

IPCE = LHE X 17,,,; X 1,, )

where the LHE and 7, are the light-harvesting effi-
ciency and the charge-injection efficiency, respec-
tively. 7;,; is close to unity due to the rapid electron
injection from the excited N3 dye to TiO,. The LHE
was determined by the amount of adsorbed dye, light
scattering and the concentration of redox species. The
FTO/Types I and II TNTs showed a similar amount of
adsorbed dyes, indicating a similar LHE value. Note
that the TNTs were transferred to the FTO transparent
conducting substrates by the selective etching and sol-
gel process, which allows front-side illumination. The
DSSC with the Ti foil/TNT should be illuminated on
the back side, due to the opaque Ti metallic foil. The
back-side illuminated DSSC has no apparent IPCE
value below 450 nm due to the light absorption of the

iodine-containing electrolyte and light scattering of the
Pt counter electrode [4]. Fig. 4b clearly shows that the
DSSCs with the FTO/Types I and I TNTs exhibit
IPCE values in the long wavelength from 300 to
750 nm without any IPCE loss by the electrolyte and
counter electrode due to the allowed front-side illumi-
nation. 7. is determined by the competition between
recombination and charge transport. In Figs. 2-3, the
FTO/Type II TNTs provided a significantly enhanced
electron lifetimes and facilitated charge transfer, con-
tributing to an improved 7;... Therefore, the signifi-
cantly increased cell efficiency of the DSSC with the
FTO/Type I TNTs can be attributed to the remarkably
enhanced charge collection performance that increases
the J, value.

4. Conclusions

A nanoporous-layer-covered Type II TNT on the
FTO substrate was fabricated by two-step electro-
chemical anodization followed by a selective etching
and sol-gel process. For comparison, the conven-
tional Type I TNT on the FTO was also prepared.
The DSSCs with the FTO/Types I and II TNTs
allowed front-side illumination to prevent any IPCE
loss by light absorption of the electrolyte and the
light scattering of the Pt counter electrode, leading to
good IPCE values, even below the wavelength of
450 nm. In particular, the FTO/Type II TNTs exhib-
ited relatively fewer surface defects due to well-
aligned nanotube arrays supported by the nanoporous
TiO; thin layer on top of the arrays. As a result, the
FTO/Type II TNT provided not only longer electron
lifetime, but also faster charge transfer in the TiO,
network, which contributed to the significantly
enhanced charge collection efficiency and cell effi-
ciency, as high as 5.32 %. These results provide
insight into 1-D nanostructured electrodes for a range
of applications, such as solar cells, catalysts and pho-
toelectrochemical cells.
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