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a  b  s  t  r  a  c  t

TiCl4-treated,  nanoporous-layer-covered  TiO2 (Type  II)  nanotube  arrays  are  fabricated  through  a  two-
step anodization  process  followed  by  treatment  with  TiCl4. A  dye-sensitized  solar  cell  (DSSC)  with
TiCl4-treated,  nanoporous-layer-covered  Type  II TiO2 nanotubes  is  compared  with  other  DSSCs  based  on
untreated Type  II and  both  untreated  and  TiCl4-treated,  conventional  TiO2 (Type  I)  nanotube  arrays.  The
TiCl4 surface  treatment’s  effects  on  dye  adsorption,  charge  transport,  and  electron  lifetime  are  dependent
eywords:
ye-sensitized solar cell
anotubes
urface treatment

on the morphologies  of  the  TiO2 nanotubes.  The  TiCl4-treated  Type  I  nanotubes  allow  higher  dye  adsorp-
tion,  whilst  the TiCl4-treated  Type  II nanotubes  provide  much  faster  electron  transport  and  enhanced
electron  lifetime.  This is  because  there  are  fewer  defect  traps  in  the  nanostructure  well-aligned  with-
out  bundling,  which  contributes  to  the  significantly  improved  cell performance  over  the  DSSC with  the

tubes
lectron lifetime
lectron transport

TiCl4-treated  Type  I  nano

. Introduction

TiO2-based dye-sensitized solar cells (DSSCs) have attracted
uch attention because of their potential to be low-cost alterna-

ives to commercial Si-based solar cells [1–3]. DSSCs consist of a
ye-sensitized TiO2 layer and a Pt counter electrode, with an elec-
rolyte containing a redox couple (I−/I3−) between them.

Cell performance has been improved mainly by controlling the
urface morphology and/or particle size of the TiO2 layer [4,5],
nd by developing new dyes [6],  and electrolytes [7].  Conventional
esoporous TiO2 films composed of nanoparticles smaller than

0 nm do not develop a depletion layer at the interface between
he TiO2 and electrolyte. This causes large back electron transfer
rom the conduction band of the TiO2 to the electrolyte due to trap-
imited diffusion [8,9]. Suppression of back electron transfer has
een attempted by employing 1-dimensional nanostructures (nan-
tubes, nanorods, etc.) with faster electron transport and slower
ecombination rates [5,10–12]. However, nanostructured DSSCs
ased on nanotube arrays have not exhibited efficiencies as high

s those obtained with nanoparticles, mainly because of reduced
ye adsorption by their lower surface areas [13,14].
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Post-treatment of mesoporous TiO2 films with TiCl4 solution has
been used to increase cells’ efficiencies. TiCl4 surface treatment has
been reported to increase surface area and improve electron trans-
port, light scattering, purification of TiO2 and anchoring of dyes
[4,12,13,15–18]. Although the treatment’s effect strongly depends
on the starting TiO2 material to which it is applied, it has scarcely
been studied [18].

In this paper, two  types of TiO2 nanotubes were synthesized
as different starting materials for TiCl4 surface treatment: conven-
tional TiO2 nanotube arrays (Type I) and nanoporous-layer-covered
TiO2 nanotube arrays (Type II). The TiCl4 surface treatment’s effects
on the morphologies of the TiO2 nanotubes were studied in terms of
dye adsorption, charge transport, and electron lifetime. We  found
that TiCl4 treatment of the Type II nanotubes, which had fewer
defects, led to relatively faster electron transport and enhanced
electron lifetime. As a result, a DSSC containing TiCl4-treated Type II
nanotubes exhibited enhanced overall energy conversion efficiency
compared with a DSSC containing TiCl4-treated, conventional Type
I nanotubes.

2. Experimental

2.1. Conventional TiO2 nanotubes (1-step nanotubes, Type I)

grown on the Ti foils

Ti foil (Goodfellow, 0.1 mm thickness, 99.6% purity) was used
for the anodic growth of TiO2 nanotubes. It was roughly ground,

dx.doi.org/10.1016/j.jpowsour.2011.06.063
http://www.sciencedirect.com/science/journal/03787753
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leaned by sonication in acetone and ethanol and then rinsed in
e-ionized water (DI). Electrochemical anodization was  conducted
t 60 V for 4 h with ca. 4 cm separation between the working (Ti foil)
nd the counter electrode (Pt mesh) in all cases. The electrolyte con-
isted of 0.25 wt.% NH4F in ethylene glycol containing a 1 M water.
he 21 �m-thick, anodic TiO2 nanotubes were sonicated in ethanol
or 5 min  to remove remnants from the surfaces and then dried in
n air stream. They were then annealed at 450 ◦C for 4 h in air for
mproved crystallinity.

.2. Nanoporous-layer-covered TiO2 nanotubes (2-step
anotubes, Type II) grown on the Ti foils

Pretreated Ti substrates were first prepared by the 1-step elec-
rochemical formation of conventional TiO2 nanotubes. These were
hen peeled off from the Ti substrate by sonication in DI water for

 min. A second anodization to form the 21 �m-thick, nanoporous-
ayer-covered TiO2 nanotube arrays was performed under similar
onditions to those of the 1-step TiO2 nanotubes. The resulting 2-
tep TiO2 nanotubes were sonicated in ethanol for 5 min  to remove
emnants from their surfaces and then dried in an air stream. They
ere annealed at 450 ◦C for 4 h in air to convert the amorphous
hase to an anatase structure.

.3. TiCl4 post-treatment

Post-treatment with TiCl4 has been applied by being soaked in
 40 mM TiCl4 aqueous solution for 30 min  at 70 ◦C. After flush-
ng with ethanol and drying, the electrodes were sintered again at
50 ◦C for 30 min.

.4. Cell fabrication

Samples were dye-sensitized with Ru-based N3 dye [cis-
is (4,4′-dicarboxy-2,2′-bipyridine) dithiocyanato ruthenium (II)]
Solaronix SA, Switzerland) by being immersed in dye solution at

0 ◦C for 24 h. Semitransparent Pt counter electrodes were pre-
ared by doctor-blading the Pt nanocluster-containing Pt paste
PT-1, Dyesol. Ltd.) on the F-doped SnO2 (FTO) transparent conduct-
ng substrates followed by the calcination at 450 ◦C for 30 min  in air.

ig. 1. FE-SEM surface morphologies of (a and c) the conventional TiO2 nanotube arrays
nsets  are cross-sectional images.
urces 196 (2011) 8904– 8908 8905

The dye-adsorbed TiO2 nanotube photoanodes and semitranspar-
ent Pt counter electrodes were sandwiched with a liquid electrolyte
containing the redox couple (I−/I3−) introduced between them.
All samples had similar active areas of dye-adsorbed photoanodes,
0.24 cm2.

2.5. Characterization

The DSSCs were illuminated from the back-side, i.e.,  from the
semitransparent Pt counter electrode side (back-illumination) and
those photovoltaic current-voltage characteristics were measured
under 1 Sun illumination (100 mW cm−2, AM 1.5) verified by an
AIST-calibrated Si-solar cell. Nyquist plots were measured between
1 Hz and 100 kHz using an electrochemical impedance analyzer
under 1 Sun at open-circuit potential.

For open-circuit voltage decay (OCVD) measurement, cells were
illuminated to a steady voltage. The illumination was then cut off
by a shutter. The decay analyses refer only to values measured
after the shutter obtained full darkness. Incident photon-to-current
conversion efficiency (IPCE) was  measured on an action spectrum
measurement setup (PEC-S20, Peccell Ltd.). UV–vis spectra were
taken of dye molecules desorbed from the TiO2 in 1 M aqueous
NaOH. The TiO2 nanotube arrays’ morphologies were characterized
by scanning electron microscopy (SEM, Hitachi FE-SEM S4800).

3. Results and discussion

Fig. 1(a) and (c) shows SEM images viewed from the top of the
Type I TiO2 nanotube arrays. The Type I sample comprised sepa-
rated nanotubes with average diameter and wall thickness of 90
(±7) nm and 11 nm,  respectively. The 21 �m-thick, nanoporous-
layer-covered TiO2 nanotubes (Type II) were prepared by removing
the Type I nanotubes followed by the second anodization. Fig. 1(b)
and (d) shows the SEM images viewed from the top of the Type II
nanotube arrays. Fig. 1(d) and its inset show that each nanopore
corresponds to one nanotube (average diameter, 100 (±10) nm;

average wall thickness, 11 nm)  and the void areas on the surface
are covered with a thin nanoporous TiO2 layer [19]. The Type I
sample exhibited the bundling of the nanotubes, due to liquid-
meniscus-induced capillary forces, which causes many defects

 (Type I) and (b and d) nanoporous-layer-covered TiO2 nanotube arrays (Type II).
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Fig. 3. Nyquist plots of DSSCs based on TiO2 nanotube arrays (Types I and II) with
and  without TiCl4 post-treatment measured at Voc under 1 Sun illumination.

0.3

0.4

0.5

0.6

0.7 (a)  Type I
 TiCl4-treated Type 1
 Type II
 TiCl4-treated Type II

V
oc

/V

Time/s

0.4 0.5 0.6 0.7

10-1

100

 Type I
 TiCl4-treated Type 1
 Type II
 TiCl4-treated Type II

 
L

ife
tim

e/
s

 

Voc/V

(b)

Fig. 4. (a) Voc decay curves of DSSCs based on TiO2 nanotube arrays (Types I and II)

lifetimes calculated from the OCVD curves, according to [4,21]:
tubes with and without the TiCl4 treatment by 0.1 M NaOH aqueous solution.

recombination centers) [19]. In contrast, the Type II nanotubes
ave relatively fewer defects, because the surface-interconnected
anopores help to keep the nanotubes in a parallel arrangement
nd prevent them from bundling, as shown in Fig. 1(b) [19]. This
ifference in morphology may  have a significant influence on the
ffects of the TiCl4 surface treatment.

There was no apparent morphological difference for the nan-
tubes (Types I and II) before and after the TiCl4 post-treatments,
ue to the use of low concentration (40 mM)  of the TiCl4 solu-
ion. Fig. 2 shows the UV–vis absorbance spectra of the dye

olecules detached from the nanotubes with and without the
iCl4 treatment by 0.1 M NaOH aqueous solution. The amounts
f adsorbed N3 dye, measured using UV–vis spectroscopy, were
.51 × 10−7, 5.08 × 10−7, 3.38 × 10−7, and 4.55 × 10−7 mol  cm−2 for
ype I, TiCl4-treated Type I, Type II, and TiCl4-treated Type II
amples, respectively. The extent of dye adsorption on the TiO2 cor-
esponds to its active surface area which facilitates the anchoring
f the dyes [13,15]. The Type I sample exhibited greater adsorp-
ion than the Type II, indicating a higher active surface area. TiCl4
urface treatment increased the amount of adsorbed dye for both
ypes I and II. It may  be due to the purification and passivation
f the TiO2 surface, leading to the increased active surface area
4,12,13,15–18].  The TiCl4-treated Type II nanotubes exhibited less
dsorbed dye than the treated Type I nanotubes, because of lower
urface area.

Fig. 3 shows Nyquist plots of DSSCs made from both types of
anotubes with and without the TiCl4 treatment. Measurements
ere taken at open circuit voltage (Voc) under 1 Sun illumination.

he semicircles at high- and low-frequencies arose from electro-
hemical reaction resistance at the Pt counter electrode (R2, inset
ig. 3) and charge transfer resistance at the TiO2/dye/electrolyte
nterface (R3, inset Fig. 3) [15,20]. The Type II cells exhibited lower
3 than the Type I, indicating faster electron transport due to fewer
raps (or recombination centers) in the well-aligned arrays. TiCl4
urface treatment reduced R3 in cells with both types of nanotube
hrough surface passivation of trap states [13,15,20].  The TiCl4-
reated Type II cell had a much lower R3 than the TiCl4-treated
ype I cell, indicating much faster electron transport. Therefore,
he TiCl4 surface treatment of a less defective morphology led to
ignificantly improved electron transport.

Electron lifetimes were estimated through open circuit volt-
ge decay (OCVD) measurements [4,21].  Fig. 4(a) shows Voc decay

urves of DSSCs with both types of nanotube with and without TiCl4
reatment recorded during relaxation from an illuminated quasi-
with and without the TiCl4 post-treatment recorded during relaxation from an illu-
minated quasi-equilibrium to the dark equilibrium. (b) Electron lifetimes estimated
from (a).

equilibrium state to the dark equilibrium. Fig. 4(b) shows electron
�e = −kBT

e

[
dVoc

dt

]−1

(1)
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Fig. 5. (a) Photocurrent-voltage curves of DSSCs based on the TiO2 nanotube arrays
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Table 1
Photovoltaic performances of DSSCs based on TiO2 nanotube arrays (Types I and II)
with and without TiCl4 post-treatment.

Samples Jsc (mA cm−2) Voc (V) FF (%) � (%) Dye (mol cm−2)

Type I 8.9 0.70 42.55 2.7 3.51 × 10−7

TiCl4-treated Type I 9.5 0.67 47.01 3.0 5.08 × 10−7

cell performance over the DSSC with the TiCl4-treated Type I nan-
Types I and II) with and without the TiCl4 post-treatment measured under 1 Sun
llumination. (b) IPCE (incident photon-to-current efficiency) curves.

here the kBT is the thermal energy, e is the positive elementary
harge, and dVoc/dt  is the derivative of the open circuit voltage tran-
ient. The photovoltage decay rate is directly related to electron
ifetime; because, as the illumination of the DSSC at open circuit
s interrupted, excess electrons are removed through recombina-
ion. The Type II cell exhibited longer electron lifetime than the
ype I (with conventional nanotube arrays) (Fig. 4(b)), indicating
hat the Type II had fewer recombination centers because of its
ell-aligned nanostructure having fewer surface defects. The TiCl4-

reated, nanoporous-layer-covered TiO2 nanotube arrays exhibited
ignificantly improved electron lifetime, compared with the TiCl4-
reated, conventional nanotubes. This can be attributed to not only

uch fewer defect sites in the nanostructure well-aligned without
undling but also to the passivation effect of the TiCl4 treatment on
he surface trap states.

TiCl4 surface treatment was beneficial to the amount of the
dsorbed dye, electron transport, and electron lifetime. Further-
ore, the effect of the treatment depended on the morphology

f the nanotubes. TiCl4 treatment of the Type I (conventional)
anotubes led to more increased dye adsorption, compared with
he TiCl4-treatment of the Type II nanotubes. However, the TiCl4-
reated Type II nanotubes provided remarkably improved electron
ransport and electron lifetime. Fig. 5(a) shows photovoltaic per-
ormances of the four DSSCs measured under 1 Sun illumination
summarized in Table 1). TiCl4 post-treatment enhanced overall

nergy conversion efficiencies in cells of both types, because of
ncreased dye adsorption, improved charge transport, and reduced
ecombination. The effects of TiCl4 surface treatment on dye
Type II 10.7 0.67 50.45 3.6 3.38 × 10−7

TiCl4-treated Type II 12.3 0.70 50.90 4.4 4.55 × 10−7

adsorption, charge transport, and electron lifetime were dependent
on the nanostructural morphologies, as discussed above. The DSSC
with TiCl4-treated Type II nanotubes resulted in a cell efficiency
(4.4%) improved by 22% over that of the cell using untreated Type
II nanotubes. The efficiency (3.0%) of the DSSC with TiCl4-treated
Type I nanotubes was  increased 11% over that of the DSSC with
untreated Type I nanotubes. The efficiency gains by TiCl4 treat-
ment were mainly dominated by increased short-circuit current
(Jsc); this was studied in more detail using the incident photon-
to-current efficiency (IPCE) curves (Fig. 5(b)). IPCE is influenced by
three factors, according to [18]:

IPCE = LHE · �inj · �cc (2)

where LHE is the light-harvesting efficiency, �inj is the charge-
injection efficiency, and �cc is the charge-collection efficiency. �inj
was  close to unity, due to the fast electron injection from the excited
N3 dye to the TiO2. LHE was determined by the amount of adsorbed
dye, light scattering, and the concentration of redox species [18].
In Fig. 2, the amount of the adsorbed dyes of the TiCl4-treated
Type I was higher than that of the TiCl4-treated Type II, indicating
that the TiCl4-treated Type I provides higher LHE value. However,
the TiCl4-treated Type II cell exhibited much higher IPCE than the
TiCl4-treated Type I cell, despite having less adsorbed dye. Instead,
the improved cell efficiency of the DSSC with the TiCl4-treated
Type II nanotubes may be related to the charge-collection effi-
ciency (�cc). �cc is largely determined by the competition between
recombination and charge transport. Figs. 3 and 4 show that the
TiCl4-treated Type II sample exhibited faster electron transport and
improved electron lifetime, compared with the TiCl4-treated Type
I sample, because of fewer trap sites in the nanostructure well-
aligned without bundling. Therefore, although the TiCl4-treated
Type II cell exhibited less adsorbed dye compared with the TiCl4-
treated Type I cell, it had a significantly improved IPCE and overall
energy-conversion efficiency because of the enhanced �cc. That is,
significantly improved cell performance of the DSSC with the TiCl4-
treated Type II nanotube can be attributed to remarkably enhanced
electron lifetime and much faster charge transport in addition to the
increase of the active surface area for the adsorption of the dyes.

4. Conclusions

In summary, a DSSC with TiCl4-treated, nanoporous-layer-
covered Type II TiO2 nanotubes was  fabricated and compared with
other DSSCs based on untreated Type II and both untreated and
TiCl4-treated Type I (conventional) nanotubes. The TiCl4 surface
treatment’s effects on dye adsorption, charge transport, and elec-
tron lifetime were dependent on the morphologies of the TiO2
nanotubes. The TiCl4-treated Type I nanotubes allowed higher dye
adsorption, whilst the TiCl4-treated Type II nanotubes provided
much faster electron transport and enhanced electron lifetime. This
was  because there were fewer defect traps in the nanostructure
well-aligned without bundling, which contributed to the improved
otubes. Although more detailed studies of the TiCl4 treatment of
nanostructured morphologies are needed, these findings should
provide good insight into the surface treatment of nanostructured
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