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Fabrication of SrTiO3-TiO, heterojunction photoanode
with enlarged pore diameter for dye-sensitized solar
cellst

Chang Woo Kim,$? Sang Pil Suh,2 Mi Jin Choi,? Yong Soo Kang®
and Young Soo Kang™®

We have demonstrated the N719 dye-SrTiOs-TiO, system for the application in dye-sensitized solar cells,
which is thermodynamically more favorable for electron transport and charge separation efficiency. The
heterojunction SrTiOs-TiO, photoanode with an enlarged pore diameter was fabricated by anodization
of a Ti foil substrate and sequential hydrothermal reaction. Their photoelectrochemical properties were
investigated as dye-sensitized solar cells for the first time. The optimal conditions for enlarged pore
diameter of anodized TiO, nanotube arrays (TNTAs) were suggested using a tetraethylene glycol based
electrolyte, and SrTiOs for the heterojunction photoanode was hydrothermally reacted on TNTAs. The
structure and pore size of the hetero-structured SrTiOs-TiO, nanotubes arrays (ST-TNTAs) were studied
comparatively for their photocatalytic activity in parallel with various SrTiO3; morphologies. The
enhanced photocatalytic property of ST-TNTAs compared with TNTAs could be attributed to the
enhanced suppression of charge recombination by the heterojunction of ST-TNTAs due to easier
crossing of the interface of ST-TNTAs by more the negative conduction band potential of SrTiOs. This is
also possible because of the optimized interfacial area and the distance between SrTiO3 nanoparticles
and TNTAs. With electrochemical impedance spectroscopy, we report promising applications of dye-
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Introduction

Since the first endeavor of Fujishima and Honda on the TiO,
photocatalyst in 1972, dimension-designed photocatalysts have
been attracted numerous attention for their enhanced photo-
catalytic properties from their high surface area, size dependent
properties and special photoreactive facets in the field of photo-
electrochemical cells (PECs).> Considering the dimensions from
nano-to micro structured materials, one-dimensional (1D) struc-
tures such as wires, tubes and rods have been successfully applied
for efficient light-harvesting and charge separation in PECs.® By
comparison to randomly arranged nanoparticle systems which
show limitations of cell performance arising from a relatively
high electron-hole recombination rate,* the vertically oriented
nature of 1D structures has exhibited an extremely improved
energy conversion efficiency from their direct electron and ion
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sensitized solar cells with the hetero-structured photoanode of ST-TNTAs for the first time.

diffusion pathway between interfaces.>® Recently, P. Yang’s group
reported an increased rate of electron transport through the
nanowire geometry of a 1D ZnO nanowire array.® A. J. Frank
determined that the charge collection efficiency of the 1D nano-
tube was markedly enhanced because of their slower recombi-
nation rate. They also reported on the relationship between the
morphology and electron dynamics of oriented TiO, nanotube
arrays.” C. A. Grimes’ group suggested the 1D TiO, nanotube
showing remarkable photoconversion efficiency as their prom-
ising photoanode.? This trend revealed that the 1D structured
photoanode in PECs allowed significantly improved photo-
conversion efficiencies.®*® As such, electrochemical properties
arising from their morphology (such as the wires, tubes and rods)
have facilitated the fabrication of 1D structured semiconductors
and photocatalysts for the improvement of photoconversion
efficiency in PECs."

Although TiO, photocatalysts exhibit a longer electron life
time and large electron diffusion length among various semi-
conductors, water splitting occurs under external bias (0.6 V vs.
Normal Hydrogen Electrode, NHE) when applied as a photo-
electrode in a PECs.">** Moreover, most of the 1D nanostructures
have been prepared with large band gap semiconductor such
as TiO, and ZnO, which respond only in the range of ultravi-
olet** Therefore 1D nanostructured materials with high
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photoconversion efficiency have been required and designed.
Coupling of the lower energy band gap semiconductors such as
Sn0,," CdS,'® CdTe" and PbSe'® with large band gap materials
such as TiO, and ZnO have been studied for the improvement of
charge separation. The doping with other elements on TiO, or
ZnO for the harvesting of visible light was recently applied to
increase their photoelectrochemical performance.*>*

Recently, several groups have reported enhanced photo-
conversion efficiency through heterojunctions such as p-ZnO/
n-TiO,, poly(phenylenevinylene)/Cgo,>* CdTe/TiO,,>* and
LavO,/TiO,.* It is expected that the heterojunction of photo-
anodes facilitates the formation of charge carriers and
suppresses the recombination of charge carriers at the semi-
conductor interface, resulting in the final high efficiency of the
heterostructured photoanodes.>®

An energetically desirable junction between SrTiO; and TiO,
has been calculated theoretically and their improved photo-
catalytic properties have been widely demonstrated as hetero-
junction-structured photocatalysts.>” The Kamat group reported
that the heterojunction structured electrode of SrTiO; on the
outer surface of TiO, anodized tube was approached through an
exchange of cations.”® They revealed that the coupling between
the SrTiO; particle and TiO, nanotube offered an energetically
favourable junction for the maximum amount of forward elec-
tron transfer as a promising electrode. Until now, few papers
have been reported on their coupling although they are an
attractive promising junction for PECs and furthermore, they
have not been applied for dye-sensitized solar cells (DSSCs).

Herein, we demonstrate an N719 dye-SrTiO;-TiO, system for
an application of DSSCs using the heterostructured junction
photoanode with SrTiO; on a TiO, nanotube array with an
enlarged pore diameter for the first time. Especially, compared
with SrTiO; on the outer surface of TiO,, we have tried to
approach the preferable morphology for SrTiO; on both the inner
and outer surfaces of TiO, for an enhanced photoconversion
efficiency. To the best of our knowledge, no application of the
heterojunction-structured SrTiO;-TiO, photoanode in DSSCs has
been reported. Photoelectrochemical properties with controlled
nanotube surface morphology were investigated in detail for
application in DSSCs.

Experimental

Preparation of anodized TiO, nanotube arrays with enlarged
pore size

In the first, pure Ti foil (99.7%, 0.25 mm thick, Sigma Aldrich)
was cut into pieces of 20 x 30 mm. For the cleaning of Ti pieces,
they were sequentially ultrasonicated in acetone, ethanol and
distilled water for 3 min each, followed by drying with a
nitrogen stream. We have slightly modified the process reported
by the Grimes group.? The electrolytic solution for anodization
was prepared with tetraethylene glycol (CsH;305, Sigma Aldrich)
containing ammonium fluoride (99% NH,F, Sigma Aldrich),
0.05 M of H,SO, and distilled water. The composition of the
electrolytic solution was varied to get the optimize it for
morphology control of the TiO, nanotube under a constant
applied potential for 10 h at room temperature (RT).
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Two electrode cells were employed with a cleaned Ti
substrate as the working electrode and with platinum foil as the
counter electrode. A direct current bias (Keithley 2611 model)
was performed as the voltage source for anodization and as a
multimeter for measuring their current. All the anodization was
carried out at RT. After the anodization, the reacted Ti substrate
was washed with ethanol and distilled water. A surface cleaning
to remove debris on the anodized surface would be required
with ultrasonication for 3 min. Finally, anodized Ti foil was
heat-treated at 450 °C for 3 h in air.

Preparation of SrTiO;-TiO, heterojunction photoanode

In a typical experiment, we slightly modified the experimental
procedure reported by P. V. Kamat group.”® A 80 mL of
Sr(OH),-8H,0 solution (0.025 M) was transferred to a Teflon-
lined stainless steel autoclave (100 mL). The previously
annealed substrate was immersed into the strontium solution
in the Teflon inner. The reaction was hydrothermally performed
in an electric oven under various reaction times (0.5 h, 1 h,3 h
and 5 h) at 180 °C. After the hydrothermal reaction, the reactor
was removed from the electric oven and then cooled with
flowing water. The reacted sample was cleaned with distilled
water and then dried by nitrogen gas. To removing moisture on
the reacted sample, they were kept in an oven at 100 °C.

Fabrication of dye sensitized solar cells using
heterojunctioned SrTiO;-TiO, photoanode

After cooling to RT, the hydrothermally reacted sample was
immersed into a Ru(dcbpy),(NCS), (dcbpy = 2,2-bipyridyl-4,4-
dicarboxylato) dye solution (535-bisTBA (N719), Solaronix) with
tert-butanol and acetonitrile (ACN, 1 : 1, v/v) at 30 °C for 18 h.
After that, the dye adsorbed substrate was rinsed with ACN fol-
lowed by drying in the dark. The counter electrode was prepared
by spin coating of a H,PtCl, solution (0.01 M in isopropyl alcohol)
onto FTO glass and sintering at 450 °C for 30 min. A plastic sheet
(Surlyn, 25 pm) was inserted between the photo-electrode and
counter electrode as the spacer, and the space was subsequently
filled with an electrolyte of 0.6 M 1-methyl-3-propylimidazolium
iodide, 0.1 M Lil, 0.05 M L, 0.5 M tert-butylpyridine and 0.05 M
guanidinium thiocyanate in ACN. DSSC assembly was followed as
we stated in our previous report.*’

Photoactivity and morphology characterization

The morphology and elemental composition of the samples
were studied using a scanning electron microscope (SEM, JEOL)
with attached energy dispersive spectroscopy (EDS) facility. For
transmission electron microscopy (TEM) observations, the
samples were prepared by placing one drop of the colloidal
solution onto carbon coated copped grids of 200 mesh size and
dried for few minutes. The porosity of the sample was evaluated
using their TEM micrographs and Brunauer-Emmett-Teller
(BET) measurements. To determine the crystallinity and struc-
ture of the synthesized samples, a Rigaku D'Max 2200 V (Cu K
radiation, = 1.5406 A) wide angle X-ray diffraction system was
utilized. Current-voltage measurement was recorded using a
PL-9 (KST-P1) with a three-electrode system which was a Pt wire
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as counter electrode, Ag/AgCl as reference electrode, and NaOH
solution (0.1 M) as electrolyte. Current-voltage measurements
were performed under 1 sun illumination (AM 1.5, 100
mW cm ?) with a Newport (USA) solar simulator (300 W Xe
source) and a Keithley 2400 source meter (device area is
0.25 cm® with shading mask).

Results and discussions

For the formation of highly ordered TiO, nanotube arrays,
during the initial reaction time the oxidation of Ti to Ti-O
should be controlled critically by the properties of electrolyte.
Electrolytes with a lower dielectric constant allow more charges
to be formed on the Ti-O insulating layer.** After the oxidation of
Ti, the dissolution reaction of Ti** from the Ti-O insulating layer
should be controlled by fluoride ions in their anodizing elec-
trolyte.** Then, finally, the dissolution rate versus reaction time
reaches a constant value. So the ratio of oxidation reaction of Ti
to Ti-O to the dissolution reaction of Ti-O controls critically the
pore size of the TiO, tube. The dissolution rate of Ti to TiF>~
should be optimized by changing the molar ratio of NH,F to H,O
during the anodization.”® The dissolution rate is critically
dependent on the mobility of the F~ ion in the different dielec-
tric constants of electrolyte solutions of various composition.*
Up to now, the combination and compositions of ethylene glycol
have been widely reported for highly ordered TiO, nanotube
arrays (TNTAs).>® Even TNTAs derived from ethylene glycol
systems have produced highly efficient catalytic activities,
however, their morphology is not preferable for the second
material in a heterojunction because of their geometric limita-
tions. An even more preferable morphology would be required
for application in heterojunctions; few researches have been
reported on other combinations for the morphology control of
nanotube array formation. Herein, tetraethylene glycol with a
lower dielectric constant (15.7 at 25 °C) than that (37.7 at 25 °C)
of ethylene glycol was used as electrolyte, along with their
combination. Electrolytes with various dielectric constants were
employed for the pore diameters in Fig. S1 (see ESI{).>**"** For
the preferential morphology of SrTiO; on the inner and outer
surfaces of TNTAs, we have modified the anodization conditions
through the control of the concentration of fluoride ions in the
tetraethylene glycol electrolyte solution. Fig. 1 shows SEM
images of anodized TiO, nanotube samples in a tetraethylene
glycol electrolyte containing 0.3 wt% of NH,F at a 30 V applied
potential depending on various vol% of water and their typical
profile of the current-time behavior during the anodization.
Compared with the anodized sample prepared at 30 vol%
water content as shown in Fig. 1(a), the sample prepared at
20 vol% of water reveals the formation of nanotube arrays in the
larger surface area of the Ti substrate (Fig. 1(b)). As the water
content decreases from 30 to 10 vol% in the electrolyte solution,
the perfect homogeneous formation of self-standing nanotube
arrays was observed on the Ti substrate surface (Fig. 1(c)). Given
that the mobility of the fluoride ion in electrolyte solution criti-
cally affects the dissolution rate of Ti, no TiO, nanotubes could be
formed on the Ti substrate when the water content is higher than
30wt% due to the high dissolution rate of Ti.>* The TNTAs under a
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Fig. 1 SEM images of as-anodized Ti substrate in tetraethylene glycol electrolyte
containing 0.3 wt% NH4F at 30 V with 30 vol% (a), 20 vol% (b), and 10 vol% (c) of
water. (d) Current-time behavior during anodization in tetraethylene glycol of
electrolyte containing 0.3 wt% NH4F and various water contents (10, 20 and 30
vol%) at 30 V.

10 vol% of water content in the electrolyte show a 150 nm pore
size, 25 nm wall thickness and 1.5 um length. The reaction rate
between their dissolution and oxidation of Ti to form TiO,
nanotubes could be explained by their current-time behavior
during the anodization process. Fig. 1(d) shows a chro-
noamperometric curve during anodization obtained at 30 Vin an
electrolyte containing 0.3 wt% NH,F with different water
contents. For a 30 vol% of water, their current curve decreases
sharply and then slowly increases. At a given potential, the Ti-O
layer acted as an insulating layer for a few minutes and then it
started to be dissolved, which is observed in Fig. 1(a), because the
dissolution rate is higher the than oxidation rate of Ti metal.
Hence the current slowly increased during the anodization. On
the other hand, the current curve for a 10 vol% of water decreases
sharply, slightly increases and then keeps constant. This indicates
that a compact insulating layer of TiO, was formed on the surface
of the Ti substrate and an equilibrium between the dissolution
and oxidation of Ti metal maintained to form TNTAs. Finally, this
results in a fluoride-etched Ti surface during anodization. The
initially prepared TiO, insulating layer was continuously etched
by fluoride to produce a longer and larger pore size and a compact
layer could be formed on the surface of the Ti substrate in a 10 vol
% of water. In the final step, constant rates were achieved for the
equilibrium between dissolution of the Ti substrate and pore
length growth to form a compact layer. Owing to the rate between
dissolution of Ti and growth of TiO, nanotubes, their current-
time is constant. When 0.7 wt% of NH,F is employed, the chro-
noamperometric curve shows a remarkably increased current
density versus anodization time, as shown in Fig. 2(c).
Compared with the anodized samples at 0.5 wt% of NH,F, the
higher NH,F content at 0.7 wt% resulted in a more separated tube
morphology. Their wall thickness was decreased from 40 nm
(Fig. 2(a)) to 25 nm (Fig. 2(b)); a decreasing wall thickness is
attributable to the increased chemical etching rate at the higher
F~ concentration. It is expected that TNTAs with enlarged pore
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Fig.2 SEM images of TiO, nanotubes obtained by (a) 0.5 wt% and (b) 0.7 wt% NH4F in tetraethylene glycol electrolyte containing 10 vol% of water content, and (c)

their current-time behavior during 30 V potential anodization.

structure are promising for decoration of secondary photo-
catalysts like SrTiO; nanoparticles on their surface. Compared
with the many reports on Ti anodization in ethylene glycol, it is
clearly noted that TNTAs with an enlarged pore structure
obtained in tetraethylene glycol with a lower dielectric constant
are more promising for the decoration of secondary SrTiOs;
nanoparticles on both the inner and outer surfaces of TiO,
nanotubes. Fig. 3 shows clearly a different surface morphology in
a comparison between SEM images of the top view and cross
sectional view of bare TNTAs and ST-TNTAs.

Especially compared with the secondary materials of SrTiO;
on the outer surface of TNTAs described in the previous report,*®
this approach using self-standing TiO, nanotube arrays with an
enlarged pore structure resulted in a preferable morphology for
the decoration of SrTiO; nanoparticles on both the inner and
outer surfaces of TNTAs. Fig. 4(a) and (b) show TEM images with
the energy dispersive spectrometer (EDS) mapping results of ST-
TNTAs obtained after 1 h hydrothermal treatment. From EDS
mapping lines of TEM images, SrTiO; nanoparticles were formed
and dispersed on both the inner and outer surfaces of the TiO,
nanotubes. This clearly shows the SrTiO; nanoparticles located
in both inner and outer surfaces of the TiO, nanotubes (Fig. 4(c)
and (d)). It is remarkably different from the self-standing TiO,
nanotube with an enlarged pore compared with the ethylene
glycol mediated TiO, nanotube in the previous report.*

Fig. 3 SEM images of bare TiO, nanotube arrays: top view (a), cross sectional
view (c); and SrTiOs-TiO, heterojunction nanotube arrays: top view (b), and cross
sectional view (d), after 1 h of hydrothermal treatment.

This journal is © The Royal Society of Chemistry 2013

Considering this issue, the morphology obtained by hydro-
thermal treatment dependent on reaction time was illustrated
in Fig. 5. Their growth mechanism is supported by the SEM,
EDS mapping and TEM images in Fig. 3 and 4. Fig. 5 presents
SEM images of the nanotube arrays prepared with different
hydrothermal reaction times. Relatively invisible small SrTiO;
nanoparticles were formed on the nanotube surfaces after
reaction for an initial 0.5 h as shown in Fig. 5(a). With subse-
quent reaction, initial small particles of SrTiO; are formed on
the surface of TiO, tube arrays by a dissolution—precipitation
process.*”

TiO, + 20H™ + 2H,0 — [Ti(OH)e*~ (1)
Sr** + [Ti(OH)¢]*~ — SrTiO; + 3H,O (2)
T102 + SI'(OH)z g SI'TIO3 + H20 (3)

Fig. 4 HRTEM with an EDS line profile analysis of top view (a), cross view (b and
¢) and EDS mapping images of Sr (d) of SrTiO3-TiO, heterojunction nanotube
arrays for 1 h hydrothermal treatment (bar, 200 nm). EDS line analysis revealed
the Sr elemental signal (green line) in the region of the small nanocrystallite. The
Ti elemental signal (blue line) corresponds to the existence of TiO,. The signal (red
line) arising from O is derived from both SrTiO3 and TiO..
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Fig. 5 Schematic drawing of SrTiOs-TiO, heterostructured nanotube arrays
depending on reaction time and their SEM images. (a) 0.5 h, (b) 1 h-and (c) 3 h.

SrTiO; nucleates and grows with further reaction (eqn (3)).
As the reaction time increases to 1 h, the surfaces of TNTAs
begin to be covered by larger SrTiO; nanoparticles (Fig. 5(b)).
A further increase of the reaction time to 3 h yields completely
coated thin films of SrTiO; on TiO, nanotube surfaces
(Fig. 5(c)). As the reaction proceeds, initially nucleated SrTiOs
seed crystals begin to grow to nanoparticles on both surfaces
of the TNTAs, followed by Ostwald ripening.*® The roughness
of the prepared heterostructure was changed with the forma-
tion of SrTiO; nanoparticles on the TiO, nanotube surfaces.
The surface area of the resultant heterostructure was
compared with that of anodized TiO, nanotube arrays by
Brunauer-Emmett-Teller (BET) measurements in Fig. S2
(see ESIY).

Compared with the surface area of anodized TNTAs as
33.6 m”> g7, the values of prepared heterostructures with the
hydrothermal reaction times of 0.5 h, 1 h and 3 h were deter-
mined as 34.8 m*g ', 55.5m>g " and 30.1 m* g, respectively.
It is worth noting that their morphologies at different reaction
times are well matched with roughness value variation by BET
measurement.

Such behavior was clearly observed in their XRD patterns
(Fig. 6 and S3 (see ESIt)). 26 values of TNTAs in Fig. 6(c) show
25.12°, 47.78°, 73.95° and 75.96°, corresponding to (101),
(200), (107) and (301) crystal planes of anatase TiO, (PDF#21-
1272, JCPDS). After hydrothermal treatment at 180 °C for 1 h,
the perovskite crystal phase of SrTiO; is observed with 26
values of 32.30°, 46.36° and 57.64° (Fig. 6(b)). The position of
diffraction peaks of 3 h reaction time shows that 2¢ values
around 22.72°, 32.30°, 46.36°, 57.64° and 67.63° indexing to
the perovskite plane of (100), (110), (200), (211) and (220)
appeared and werer matched with the XRD patterns of SrTiO;
(PDF#35-0734, JCPDS). Note that the intensity of the main
plane in the crystal phases of SrTiO; increases as the reaction
time increases. This indicates that the SrTiO; crystalline phase
gradually increases on the surface of TNTAs during the
hydrothermal reaction.

The photoelectrochemical characteristics of bare TNTAs and
ST-TNTAs as photoanodes were comparatively studied using
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Fig. 6 X-Ray diffraction patterns of SrTiOs—TiO, nanotube arrays prepared with
hydrothermal treatment for 3 h (a) and 1 h (b), and bare TiO, nanotube arrays (c).

0.1 M NaOH as the electrolyte and Pt as the counter electrode.
Current-voltage characteristics were recorded depending on the
hydrothermal reaction time (Fig. 7 and S4 (see ESI})). A sample
prepared with a 0.5 h reaction time shows an enhanced pho-
tocatalytic property compared with the bare TiO, material. At
1 h reaction time, a 2.25 mA cm ™2 current density was observed,
which is 2 times higher than that of bare TNTAs. However, as
their reaction time increases over 1 h, the current density
decreases. The optimized electron diffusion distance at the
interface between deposited SrTiO; nanoparticles and TiO,
nanotubes was obtained with 1 h reaction time by increasing
the forward electron diffusion and suppressing backward elec-
tron diffusion from TiO, nanotubes to SrTiO; nanoparticles.
Considering the heterojunction between semiconductors with
different conduction band energies, the photoinduced electron
transfer efficiency is critically dependent on the electron
transfer (diffusion) distance between the electron donor and
acceptor, the energy barrier for the electron transfer through the
interface and the contacting surface area between them. In the
case of too-short electron transfer distance, more electrons are
allowed to be transported (in the back direction) toward
the electron donor. This also results in a lower energy barrier for
the electron transfer, both forward and backward. The opti-
mized electron transport energy barrier of the interface and
electron transfer distance could be obtained from the 1 h
hydrothermal reaction for the SrTiO; nanoparticle formation.
So, the recombination will occurring dominantly. In this
respect, the single particle size of SrTiO; is related to the
interfacial area and distance.

With SEM and XRD results from Fig. 5 and 6, it is clear that
SrTiO; is nucleated and grown on the surface of TiO, nano-
tubes. This means that the surface area of SrTO;, and the
optimized interfacial area and distance between SrTiO; and
TiO, would be critical factors for the high photocurrent value of
heterostructured ST-TNTAs photoanodes. Fig. 7(b) reveals the
highest photocurrent values of the ST-TNTAs heterostructure is
at a 1 h reaction time compared to the less-coated (0.5 h) and
the completely-coated (3 h) layer of SrTiO; on TNTAs. Their
enhanced photoactivity is also possible at higher electron-hole

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 (a) Current-voltage characteristics and (b) IPCE spectra under no applied
external bias under illumination of one sun. (c) Photoresponse of electrode
recorded depending on hydrothermal reaction time. UV light (UV 250 nm-
385 nm) was employed as the light source.

separation because of the larger surface area at the interface
between SrTiO; and TiO,. This is possible by suppressing the
recombination of charge carriers at the interface. Considering
this issue, the coupling between SrTiO; and TiO, facilitates the
electron and hole separation by the larger surface area and
results in their onset potential to be more negative and the
improvement of their current density. However, the current-
voltage value decreases as the hydrothermal reaction time
increases to longer than 1 h. It is assumed that the larger
interfacial area and shorter contact distance between the
secondary SrTiO; nanoparticle and the TiO, surface at 3 h of
hydrothermal reaction time would allow more charge recom-
bination sites and finally result in a decrease of charge transfer
by allowing more charge recombination. It is clear that their
current density decreases although their onset potential is
shifted more negatively when the hydrothermal reaction time
employed is longer than 1 h. Consequently, the hydrothermal
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reaction time for 1 h provides an optimized contact distance
between the SrTiO; nanoparticles and the TiO, interface, and
the largest surface area for the adsorption of dye molecules on
the surface of photoanodes. This allows an optimized contact
area between SrTiO; nanoparticle and TiO, interface for better
diffusion of electrons and holes through the interface. The
maximum efficiencies of SrTiO;-TiO, with 0.5 h,1h,3hand 5h
are 4.8%, 6.6%, 4.5% and 3.5%, respectively, in comparison to
4.0% for bare TiO, nanotube arrays. The improved photo-
conversion efficiency for hetero-structured ST-TNTAs for 1 h
reaction is matched with the largest surface area as shown in
Fig. 7 and S2 (see ESI{).

Heterostructured ST-TNTAs were applied as a photoanode
for photoelectrochemical cells. For the DSSC preparation, dyes
were adsorbed on the surfaces of SrTiO;-TiO, nanotube arrays
by immersion in a 0.3 mM of N719 dye for 18 h. Their photo-
current density and photovoltage curves were recorded under 1
sun illumination (AM 1.5, 100 mW cm™?) and shown in
Fig. 8(a). DSSC with bare TiO, nanotube arrays showed 0.18%,
0.609 V, 0.428 mA cm 2 and 67.72% as photoconversion effi-
ciency, open circuit voltage (V,), short circuit current density
(Jsc) and fill factor (FF), respectively. Interestingly, when the
heterostructured ST-TNTAs were applied as photoanodes in
DSSCs, 0.48% photoconversion efficiency is achieved with
0.708 V of V., 1.08 mA cm 2 of J,. and 62.30% of FF. This
indicates that the ST-TNTAs heterostructured junction allowed
the photoconversion efficiency, V,. and J;. to be enhanced with
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Fig. 8 (a) /-V characteristics of DSSCs using SrTiOs-TiO, hetero-structured
nanotube arrays under simulated AM 1.5 light illumination. (b) Electrochemical
impedance spectra of bare TiO, tube array and SrTiOs-TiO, heterostructured
tube arrays.
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the ST-TNTAs heterostructured photoanode in DSSCs.
Compared with the photovoltaic characteristics of TiO, nano-
tube arrays, the photovoltaic performance is clearly improved by
promoting charge transport via the heterostructured SrTiO;-
TiO, photoanode cell system.

Electrochemical impedance spectroscopy (EIS) was
measured to evaluate the electrochemical characteristics in this
DSSC system (Fig. 8(b)). EIS is a powerful tool to study the
kinetics of charge transfer.*® EIS results of bare TiO, tube arrays
and SrTiO;-TiO, heterostructure show an arc in the higher
frequency region and a straight line in the lower frequency
region. The first arc in DSSC is attributed to the charge-transfer
resistance from the electrode.** The resistance values of the
electrode were 6 Q and 4 Q for bare TNTAs and ST-TNTAs,
respectively. It is noted that the SrTiO,;-TiO, heterojunction
electrode has good efficiency of charge transfer showing a lower
resistance than that of the bare TiO, tube electrode. Also, the
SrTiO; nanoparticles/TNTAs interface allows a lower energy
barrier for the electron transfer compared with TiO, nano-
particle/TNTAs. The lower resistance value of SrTiO; nano-
particles/TNTAs compared to TiO, nanoparticles/TNTAs is well
shown in Fig. 8(b).** This indicates that SrTiO; nanoparticles/
TNTAs have a lower energy barrier for electron transfer through
the interface than TiO, nanoparticle/TNTAs.

The energy band diagram of the components in DSSCs using
a SrTiO;-TiO, heterostructured photoanode is shown in Fig. 9.
The valence band (VB) of SrTiOj; is positioned under the lowest
unoccupied molecular orbital (LUMO) level of the N719 dye and
is located simultaneously above the conduction band (CB) of
the TiO, nanotube arrays.* The VB of SrTiO; is positioned
above that of TNTAs and also lies under the highest occupied
molecular orbital (HOMO) level of the N719 dye. It is noted that
an excited electron from the HOMO level to the LUMO level in
N719 dye is injected to the CB of SrTiO; particles and sequen-
tially transferred to the CB of TNTAs in the working process of
DSSCs. The transfer process of charge carriers is thermody-
namically more favourable from a higher LUMO level of the
N719 to the conduction band of TiO, by suppressing charge
recombination due to the junction with SrTiO; nanoparticles.
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Fig. 9 Energy band diagram of the N719 dye, SrTiO3 and TiO, as components of
dye-sensitized solar cells, with reference with the vacuum level.
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This clearly matches with the EIS result in Fig. 8. The photo-
current density is determined as the efficiency of electron
transfer from the adsorbed N719 dye molecule to the photo-
anode via SrTiO; nanoparticles. The electron transfer from the
N719 dye molecule to SrTiO; occurred by photoinduced long
range electron transfer. The electron transfer from SrTiO; to
TiO, occurred by a diffusion controlled process. Both of the
processes are critically dependent on the electron transfer
distance between the donor and acceptor. The electron transfer
between the N719 dye and SrTiO; is not dependent on the
contact area, but the diffusion controlled electron transfer
between SrTiO; and TiO, is critically dependent on the contact
area at the interface between them. Their energy band diagram
shows that N719 dye-SrTiO;-TiO, system gives favourable
charge separation and a higher efficiency of electron transfer.

Conclusions

In summary, we have developed an N719 dye-SrTiO;-TiO,
system for application in DSSCs. The N719 dye-SrTiO;-TiO,
system is thermodynamically more favourable for electron
transport and charge separation. For the heterostructure junc-
tion of SrTiO;-TiO, nanotube arrays, SrTiO; was synthesized on
newly proposed TiO, nanotube arrays with an enlarged pore
structure with 150 nm, 25 nm and 1.5 pm as their pore size, wall
thickness and length, in a water-NH,F-tetraethylene glycol
system. The nanotube arrays with an enlarged pore structure
are the preferable morphology for secondary reaction of SrTiO;
nanoparticles on both the inner and outer surfaces of TiO,
nanotube arrays for photoconversion activity. Compared with
the photovoltaic characteristic of bare TiO, nanotube arrays,
DSSCs with an SrTiO;-TiO, heterojunction electrode have
shown an improved photoelectrochemical performance
because of their charge separation and suppression of charge
recombination from SrTiO; on TiO, nanotube arrays. We expect
this successful synthetic approach should be preliminary
evidence for other titanate structures for application in PECs
with improved photoconversion efficiency.
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