J Mater Sci (2011) 46:1749-1757
DOI 10.1007/s10853-010-4994-2

Influence of the size-controlled TiO, nanotubes fabricated
by low-temperature chemical synthesis on the dye-sensitized

solar cell properties

Jang-Yul Kim - Tohru Sekino - Shun-Ichiro Tanaka

Received: 26 July 2010/ Accepted: 7 October 2010/ Published online: 21 October 2010

© Springer Science+Business Media, LLC 2010

Abstract Titanium dioxide nanotubes (TiO, NTs) with
various sizes have been prepared by low-temperature
chemical synthesis using commercial anatase TiO, parti-
cles with different crystallite size in NaOH solution and
used as a photoelectrode in a dye-sensitized solar cell
(DSSC). The relationship between the physicochemical
properties of electrode materials and photovoltaic perfor-
mance was investigated. The electrodes made from modi-
fied TiO, NTs showed a strong dependency on their
specific surface area and resultant amount of dye adsorp-
tion; the surface area decreased with increase in the
diameter of the NT from 9.8 to 23.6 nm. The conversion
efficiency of the cell made from TiO, NT, 12.9 nm in
diameter, was enhanced by 12% compared to that of the
smallest NT. These results suggested that the photovoltaic
performance improved by the suppression of photogener-
ated charge recombination in spite of a 25.3% reduction in
the specific surface area. In addition, larger TiO, NTs
could be utilized as a scattering layer on the top of the TiO,
nanoparticulate working electrode. It was observed that this
controlled TiO, photoelectrode architecture exhibited
enhanced conversion efficiency without TiCl, treatment.
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Introduction

Recently, titanium oxide nanotubes (TiO, NTs) [1-3] have
been extensively studied in the field of energy creation and
environmentally friendly systems. Dye-sensitized solar cell
(DSSC) [4], which is a potential alternative to conventional
solar cell, is considered as an application of the TiO, NTs.
For high photovoltaic performance of DSSC, there have been
significant research efforts to discover the nature of this
device, which usually consists of anode electrode materials,
sensitized dye, electrolyte, and counter electrode. Because
anode electrode materials require nanoscale and highly
crystalline semiconductors with large surface area for the
adsorption of sensitized dyes, various one-dimensional (1D)
nanostructured TiO, materials such as nanowire [5], nanorod
[6-10], and nanotubes [11-29] have gained much attention.

In general, TiO, NTs are synthesized for the electrodes
of DSSC by the electrochemical anodic oxidation method
[3, 8, 11-13] or the low-temperature chemical synthesis
route [2, 14], and their various tailoring structures and
morphological features were investigated and determined
depending on their method of synthesis. Vertically oriented
TiO, NT arrays made by anodization of titanium in fluo-
ride-based baths have precisely oriented nature of the NT
array and excellent electron percolation pathways. How-
ever, the photovoltaic conversion efficiency [15, 16] was
inferior to those of TiO, nanoparticle-based DSSCs owing
to the insufficient surface area for dye adsorption and the
relatively larger number of grain boundaries among
nanoparticulate TiO, crystallites.

On the other hand, since Uchida et al. [17] reported
DSSC of low-temperature chemically synthesized TiO,
NTs with the cell efficiency of 2.9%, most researches
have focused on the comparative study of commercial
TiO, nanoparticles such as P25 and TiO, NT [18-20].
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Ohsaki et al. [18] reported the improved cell efficiency of
7.1% of TiO, NT electrode by optimizing electrode prep-
aration condition and electrolyte composition of the cell.
They analyzed electron transport properties and revealed
that the TiO, NT electrode had a longer electron lifetime
and resultant diffusion length than those of P25 electrode.
Remarkably long lifetime of trapped electron in TiO, NT
was also revealed by the photoinduced charge separation
and recombination analysis using time-resolved diffuse
reflectance spectroscopy, showing the advantage of 1D
nanostructured TiO, in charge transport behavior [22].
More recently, Li et al. [20] reported the relatively high
cell efficiency with TiO, NT of 7.6%.

Regarding to the correlation between morphology of
oxide photoelectrode material and its photovoltaic perfor-
mance, there are a few reports on the size effect of 1D
nanostructured TiO, photoelectrode materials, which were
prepared by electrochemical anodization route, on the DSSC
performance [11, 12, 30]. For anodized TiO, nanotubular
photoelectrodes, Ghicov et al. [12] recently reported that
smaller diameters exhibited higher efficiency and pointed
the importance of its aspect ratio as well as its crystallinity.
These results imply that well-controlled aspect ratio of 1D
nanostructured materials can provide larger photocurrent
density and also result in better efficiency. In addition, it is
generally argued that the architecture of the oxide photo-
electrodes such as film thickness, multi-layered structure,
and so on is another important factor to be considered for
enhancing the DSSC performance [7, 30]. Therefore, the
optimization of the balance between the diameter and
thickness of 1D nanomaterial is important and required for
improving the energy conversion performance.

Recently, we synthesized TiO, NTs with different diam-
eters via the low-temperature solution chemical route using
different sizes of raw powders [31]. However, to the best of
our knowledge, the effect of the diameter of TiO, NT syn-
thesized by the low-temperature chemical route on the
photovoltaic properties of DSSC has rarely been reported in
spite of a few reports for the anodized TiO, NTs electrode as
mentioned before. The most significant difference between
chemically prepared TiO, NT and anodized one is its crys-
tallographic feature: the former one is consisted of TiOg
octahedral network with tubular-layered compound-like
structure [2, 21], while the latter one is amorphous TiO, or
aggregate of nanocrystalline TiO, depending on the heat
treatment [3], respectively. Therefore, the morphological
characteristic of chemically prepared NT might strongly
influence on the charge transport and/or recombination
properties as the oxide photoelectrode.

In this study, we fabricated the photoelectrode using a
series of different-sized TiO, NTs synthesized by low-
temperature chemical route, which have an open-end
nanotubular structure, and investigated the relationships
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between morphological characteristics of TiO, NTs and
their photovoltaic performance as anode electrodes at two
aspects. The first one is systematical study of the influence
of various sized 1D nanostructured TiO, NTs photoelec-
trode on the DSSC performance using the conventional
single-layered electrode structure. Secondly, to investigate
the major contribution of electron transport or light scat-
tering in photovoltaic performance, we architecturally
designed double-layered electrode by adapting modified
TiO, NTs as a scattering layer on the TiO, nanoparticulate
layer (here we used commercial P25 powder). Based on the
results, we discuss in detail regarding the critical factor of
photoelectrode in photovoltaic performance.

Experimental
Preparation of size-controlled TiO, NTs

The TiO, NTs with different crystallite sizes were prepared
by annealing commercial anatase powders (Kojundo
Chemical Lab. Co., Ltd., Tokyo, Japan) in a furnace at 500,
1000, and 1300 °C for 4 h [31]; hereafter, preannealed
TiO, powders are denoted as A, and heat-treated ones are,
A 500, A 1000, and A 1300, respectively, for the above-
mentioned temperatures. The TiO, powder (1 g) and
100 mL of a 10-M NaOH aqueous solution were placed in
a 250-mL Nalgene bottle and then treated in an oil bath for
62 h at 110 °C after 30 min of ultrasonication, as described
in some other studies [2, 14]. To eliminate the residual Na
ion in the TiO, NTs and to prevent its influence, we per-
formed the ion-exchange process using 0.1 M HCIl and
distilled water. The precipitate was filtered and dried at
70 °C for 24 h to obtain nanotubular powders (similar to A,
this is also denoted as TNT, TNT 500, TNT 1000, and TNT
1300, respectively). The fundamental morphological
properties are summarized in Table 1.

Fabrication of DSSC

In the present study, synthesized TiO, NTs and commercial
TiO, P25 (Degussa, Germany) powders are used for the

Table 1 Morphological properties of synthesized TiO, NTs: crys-
tallite size of its raw materials [31], typical diameter of synthesized
TiO, NTs, and specific surface area

Sample Crystallite size of ~ Diameter of Specific surface
name raw materials (nm) TiO, NTs (nm) area (mz/g)
TNT 54.3 9.8 282

TNT 500 62.6 12.9 225

TNT 1000 74.0 19.1 115

TNT 1300 117 23.6 105
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preparation of pastes. The pastes containing powders with
ethyl cellulose and o-terpineol in ethanol were dispersed
through ball milling for 24 h at 300 rpm. The films
(10 pm) were deposited on the conducting F-doped tin
oxide (FTO) coated glass (Pilkington TEC 8, sheet resis-
tance 8 /[]) via the screen printing method. For the
desired thickness of about 10 pm, the screen printing
procedure was repeated four or five times and then dried
for 10 min at 125 °C to evaporate volatile components of
the paste. The electrodes coated with the pastes were
gradually heated under an air flow at 500 °C for 30 min to
remove the organic loads and to improve the interconnec-
tion of the particles. The corresponding cells are denoted
by their powder names.

To investigate the role of modified TiO, NTs as a
scattering layer, the double-layered working electrode
architecture was also fabricated as follows. The first layer
was prepared on the FTO substrate using P25 paste pre-
pared in a way similar to the method mentioned above.
Then the modified TiO, NTs pastes were deposited on the
P25 film, maintaining the thickness of about 4 pm. The
next procedure is the same as the above method. In addi-
tion, commercial paste Ti-Nanoxide R/SP (named as R
hereinafter, Solaronix Inc., Switzerland), which consisted
of 400-nm anatase particles, was used as a reference for the
scattering layer on a pre-existing nanostructured P25 TiO,
electrode. Thus, 14-pum-thick double-layered electrodes
were fabricated and named TNT/P25, TNT 500/P25, TNT
1000/P25, TNT 1300/P25, and R/P25.

The TiCl, treatments were performed, if required, by
soaking the electrodes in 40 mM TiCl, aqueous solution at
70 °C for 30 min followed by water and ethanol rinse
solutions and then heating at 450 °C for 30 min. After the
electrodes naturally cooled to 80 °C, it was immersed into
a 0.3-mM ethanolic solution of N719 (commercially
available ruthenium-based dye [RuL,(NCS),]:2 TBA, from
Solaronix Inc., Switzerland) at room temperature for 24 h.
They were then rinsed sufficiently with anhydrous ethanol
to remove excess dye from the surface and air dried at
room ambient.

Counter electrodes were prepared by thermal decom-
position of hexacholorplatinic(IV) acid hexahydrate that
was dissolved in anhydrous isopropanol. A drop of 5-mM
solution was put and spread on the clean FTO substrate and
dried in air. Coated electrodes were annealed at 400 °C for
30 min. The dye-sensitized electrode and the counter
electrode were carefully separated by a 50-pum Surlyn sheet
(Dyesol Ltd., Australia) and sealed by heating. The active
area of cells was 0.25 cm?”. The electrolyte solution, which
composed 0.1 M Lil, 0.05M I,, 0.6 M 1,2-dimethyl-
3-propylimidazlium iodide (DMPImI), and 0.05 M ftert-
butylpyridine in acetonitrile, was introduced into the
interspaces between cells by capillary action.

Characterization

The overall phase of raw materials and synthesized NTs
were analyzed using an X-ray diffractometer (XRD, RINT
2200, Rigaku Co., Tokyo, Japan) with Cu K« radiation
(A = 0.15418 nm). The surface morphology and micro-
structures of samples were investigated by field emission
scanning electron microscopy (FE-SEM, S-4100L, Hitachi,
Ltd.,, Tokyo, Japan) and high-resolution transmission
electron microscopy (HR-TEM, JEM-2010, JEOL Ltd.,
Tokyo, Japan, 200 kV). Specific surface areas of the
samples were estimated using nitrogen adsorption—
desorption isotherm by the Brunauer—-Emmet-Teller (BET,
NOVA 1000, Quantachrome, Florida, USA) method. The
samples were degassed for 1 h at 105 °C under vacuum.
Optical spectra at ultraviolet (UV) and visible (vis) regions
of the electrode films were recorded (V-670 UV-VIS-NIR
Spectrophotometer, JASCO, Japan) to investigate the
optical properties.

Sheet resistivity measurements for the prepared photo-
electrodes were performed by the van der Pauw method
(Resitest 8300, Toyo Corporation, Tokyo, Japan) at tem-
peratures from room to 600 °C to evaluate the electrical
properties of the electrodes and to determine the annealing
temperature of the oxide photoelectrode layer; oxide layers
were screen-printed onto the pure glass substrate to elim-
inate the conduction in the FTO surface layer and then used
to measure the resistivity up to the temperature. The pho-
tocurrent—voltage characteristics of the cells were mea-
sured using a digital source meter (Keithley model 2400,
Tokyo, Japan) by applying external potential bias to the
cell under illumination through light with an energy of
100 mW/cm?> (OTENTO-SUNIII, Bunkoh-Keiki, Tokyo,
Japan). The light intensity of the illumination source was
calibrated using a standard silicon photodiode (BS520,
Bunkoh-Keiki, Tokyo, Japan).

Results and discussion

Morphological characteristics of materials for anode
electrode

The electrode materials for DSSCs were synthesized by
low-temperature chemical synthesis using commercial
anatase TiO, nanoparticles, which were obtained at various
annealing temperatures. Figure 1 shows their enlarged
XRD peaks at (101) and (110). As the annealing temper-
ature increased, grain growth occurred in the powder.
XRD analysis revealed that when the annealing tempera-
ture was below 650 °C, the samples contained the anatase
phase. Both anatase and rutile phases appeared in the
present sample annealed at 1000 °C implying that phase
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Fig. 1 X-ray diffraction patterns of TiO, powder as a starting
material prepared at various annealing temperatures

transformations occurred in the temperature range
600-1100 °C, depending on the preparation conditions,
particle size, and the presence of impurities [32-34]. On
the other hand, the anatase phase disappeared at an
annealing temperature of 1300 °C, indicating that the
complete anatase to rutile phase transformation occurred
between these temperatures (1000-1300 °C). The average
crystallite size was estimated from the line broadening of
the X-ray diffraction reflections of the (101) and (110)
peaks of anatase and rutile TiO,, respectively, using the
Sherrer formula [35]. As can be seen from Fig. 1 and
Table 1, increasing the annealing temperature increased the
crystallinity of TiO, powder and, accordingly, the growth
of TiO, crystallites.

Figure 2 shows TEM images of as-synthesized TiO, NTs,
indicating crystallite size dependency of the starting mate-
rials on the product morphology. The diameter of individual
NTs is 9.8 nm (a), 12.9 nm (b), 19.1 nm (c), and 23.6 nm
(d), respectively. Even though TNT 1300 shows the form of
overlapped NTs owing to the aggregation tendency of TiO,
NTs (see ESM, Fig. 15), the diameter of a single NT is more
than two times the diameter of TNT. Therefore, the typical
diameter of synthesized TiO, NTs is proportional to the
TiO, particle size used for chemical synthesis.

Figure 3 shows the adsorption—desorption isotherms of
as-prepared TiO, NTs samples for synthesis duration of
62 h. The isotherms indicate a typical IUPAC type IV
patterns, suggesting that pore volume decreases as the
crystallite size of raw materials increase. The hysteresis
loops of TNT and TNT 1000 are similar to those of TNT
500 and TNT 1300, respectively. From the BET curves, it
could be inferred that the larger diameter of TiO, NTs
might not be suitable for photoelectrode materials, because
specific surface area is directly related to the amount of dye
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Fig. 2 TEM images of synthesized TiO, NTs after soft chemical
method with a A; b A 500; ¢ A 1000; d A 1300, showing their typical
diameters

adsorption, and it would result in the decrease of short
current density (Js.) and conversion efficiency of cell.

Table 1 summarizes morphological property compari-
sons of modified TiO, NTs. Crystallite sizes of raw
materials that were estimated through XRD measurement
[31] are closely related to the typical diameter of individual
TiO, NTs (measured from TEM images) and specific sur-
face area of synthesized TiO, NTs. Consequently, it is
reasonably considered that the morphological characteris-
tics can be controlled by the synthesis condition of the
present oxide NT.

Electrical properties of oxide photoelectrodes

Figure 4 shows the temperature dependency of sheet
resistivity of anode photoelectrodes (i.e., P25 and repre-
sentative modified TiO, NT, TNT 500) with a thickness of
10 um, which was prepared on the insulating glass sub-
strate to eliminate the effect of FTO coating. The resistivity
was measured at temperatures from room to 600 °C during
the heating and cooling process. It is essentially important
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Fig. 4 Resistivity comparison of P25 and TNT 500 as a function of
temperature (thickness of 10 um)

to control the resistivity of the bulk electrode, which is an
important parameter that decreases cell efficiency. In par-
ticular, as the shape of the material or morphological
properties possibly affect the results, it is worthwhile to
investigate the sheet resistivity of the electrode consisting
of nanocrystalline oxide materials with high intrinsic
resistivity. Four-point-measurement techniques, such as the
van der Pauw method [36], are suitable to investigate the
effect caused by the bulk as well as the overall resistivity of
the electrode samples.

It was revealed that sheet resistivity of both P25 and
TNT 500 electrodes decreased with an increase in the test
temperatures; this behavior was also confirmed for the
other modified TiO, NTs (not shown in Fig. 4). This var-
iation is considered because of the intrinsic nature of the
semiconductor material as well as the elimination of

organic components that were used to prepare the coating
paste and that followed improvement of the mechanical
contact of particles (thus sintering of oxides). The sheet
resistivity values of P25 were mostly lower than those of
TNT 500 regardless of heating, and for both cases, the
resistivity after heating was lower because of the consoli-
dation of the oxide layers. However, after returning to
room temperature, the sheet resistivity of the TNT 500
electrode exhibited more than two orders of lower value
than before, while that of P25 was around two orders of
decrease in magnitude.

These characteristics of sheet resistivity for P25 and
modified TiO, NT may result from the essential difference
between three-dimensional (3D) spherical nanoparticles
and 1D NTs; nanoparticulate material generally has better
sinterability owing to the equiaxial shape, smaller size, and
resultant high driving force of coalescence. In other words,
higher heating temperature results in a dense nanoparticu-
late oxide layer. In the case of 1D nanomaterials, however,
sinterability is considered to be lower than the nanopartic-
ulate system, implying that the NTs can maintain higher
porosity and surface area. All these structural features affect
the total conversion efficiency in photovoltaic electrode
applications. In the present TiO, systems, although the sheet
resistivity of electrodes decreased depending on the heating
temperature, it should, however, be noted that the surface
area also significantly decreased after sintered at 500 °C,
which would result in the decreased amount of the adsorbed
dye. Therefore, it is important to optimize the annealing
temperature at which better crystallinity and high surface
area achieved, while excess neck growth between the NTs
should be prevented. The annealing temperature was then
fixed to be 500 °C, which was determined after SEM and
BET analyses for the samples annealed at different tem-
peratures by considering the above-mentioned morpholog-
ical features and the specific surface area of samples.

J-V curves of modified TiO, NT DSSC

Figure 5 shows the photocurrent density—voltage (J-V)
curves of single-layered electrodes with modified TiO,
NTs after the TiCl, treatment. The J-V curves under the
dark condition are also plotted. Their DSSC performances
which were obtained from each J-V curve as well as
characteristic values are summarized in Table 2.

The overall cell efficiency (1) and fill factor (FF) for the
DSSCs coated with various samples are calculated as the
following equation.

Voe X Jsc X FF

0 (%) = { ] X 100, (1)

P input

where the V. is the open circuit voltage, Jy. is the short
circuit current density, Pj,py 1S the intensity of the incident
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light (In this experiment, the Pj,p, is fixed at 100 mW/
cmz), and FF is defined as the equation

Vimax X Jmax
FF = |— 1 2
(%) { Ve < T } x 100, (2)

where the V,.x X Jmax 18 the maximum power point, P ..
the product of J-V at the maximum power point. Among
the investigated samples, TNT 500 exhibited the highest
cell performance, presenting a Jg., V., FF, and cell effi-
ciency of 12.8 mA/cmz, 0.683 V, 0.668 and 5.83%,
respectively. It is reasonably understood that TNT 500
shows the highest cell efficiency because it has sufficient
surface area and amount of adsorbed dye. Furthermore, it is
likely that conversion efficiency is directly proportional to
the amount of adsorbed dye, specific surface area, and J..
However, considering the fact that TNT 500 demonstrated
smaller specific surface area and amount of adsorbed dye
than those of TNT, there might be another factor that more
dominantly affects the cell performance, specifically on the
electron transport properties.

Although it is not a direct method to detect the recom-
bination process, the comparison of the dark currents of

samples could provide information about the formation of
the energy barrier on the surface of the electrode [37, 38].
However, in the present DSSCs, at high forward bias
(>0.4 V), dark current values decreased with an increase in
the diameter of the modified TiO, NTs; at the same bias
voltage, the dark current value decreased with an I3~ ions
on the electrode surface for the larger diameter of TiO,
NTs. In other words, the larger size of TiO, NT results in
the degradation of the surface area for adsorption of iodide
and, consequently, promotes a decrease in the number of
the surface recombination sites and resultant V. increase
[39].

In addition, the decrease in the dark current with greater
diameter is attributed to a rise in V.. This is in accordance
with Eq. 3, which shows that V. is mainly related to the
electron density in the conduction band [40] and the
number of surface recombination sites:

= (el

where k and T are the Boltzmann constant and the cell
temperature, respectively. e is the charge on the electron,
Jinj is the injected electron current, ny, is the concentration
of electrons at the TiO, surface, and k., is the rate constant
for the reduction of I3~ by conduction band electrons.
From the above equation, it can be assumed that V. is
inversely proportional to the recombination rate, and the
greater diameter of TiO, NT results in an increase of V.
The injection rate of electrons to the larger diameter of
TiO, NT surfaces was also reduced owing to the decreased
amount of the adsorbed dye. Therefore, despite of drop in
Jses Voo increased, and there was compensation for con-
centration of electrons at the TiO, surface or reduction in
I3~ by electrons in the conduction band of the oxide NT
photoelectrodes.

J-V curves of double-layered DSSC
In general, double-layered electrode architecture, which

consists of transparent layer (TiO, particle size is about
20 nm) and light scattering layer (400 nm), is considered to

Table 2 Photocurrent density—voltage curves of modified TiO, NTs using N719-sensitized photoanodes after TiCl, treatment

Sample name Jse (mA/cmz) Voe (V) Vae (V) Cell efficiency BET surface Amount of adsorbed
(%) area (mzlg) dye (mol/cmz)

TNT 12.5 0.679 0.608 0.61 5.19 282 1.46 x 1077

TNT 500 12.8 0.683 0.622 0.66 5.83 225 1.11 x 1077

TNT 1000 10.1 0.703 0.637 0.65 4.63 115 8.62 x 1078

TNT 1300 8.82 0.710 0.655 0.63 3.97 105 7.23 x 1078

The J-V curves in dark are also plotted with open symbol lines. V. value was measured at the dark current density of —2 mA/cm?®. BET data are
obtained from as-synthesized TiO, NTs without annealing
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improve the cell performance by increasing the amount of
adsorbed dye on the surface of electrode and the light
scattering effect in the electrode [41]. Figure 6 shows the
J-V curves of double-layered electrodes fabricated with
modified TiO, NTs on the P25 electrode (a) before and (b)
after TiCl, treatment. In the case of modified TiO, NT with
a single-layered electrode, the contribution of a larger
diameter of TiO, NT on the photovoltaic performance is
not very significant; however, it is worthwhile to investi-
gate the photovoltaic characteristics of modified TiO, NTs
as a light scattering layer.

Because the diameter of TNT 1300 was more than two
times larger than that of TNT and its specific surface area
was reduced as discussed in BET results (see Table 1 and
Fig. 3), dye absorbable sites would certainly be decreased.
However, when the modified TiO, NTs are deposited as a
double-layered structure on the P25 nanoparticle electrode,
it is expected that the cell efficiency will be affected by the
excited electron transport or trapping of incident light.
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Fig. 6 Photocurrent density—voltage curves (J-V) of double-layered
structures of modified TiO, NTs/P25 using N719-sensitized photoa-
nodes a before TiCl, treatment and b after TiCl, treatment. The
J-V curves in dark are also plotted with open symbol lines

The Jy., Voc, FF, and conversion cell efficiency of the
double-layered DSSC are summarized in Table 3. Photo-
voltaic results before TiCl, treatment shown in Fig. 6a
exhibited that TNT 1300/P25 had the best performance
among the modified TiO, NT photoelectrodes, and the cell
efficiency exhibited the proportional dependency on the
diameter of TiO, NT. When the P25 underlayer was
incorporated to the TNT 1300 layer (TNT 1300/P25), the
J. increased from 8.82 to 11.6 mA/cm?, and the conver-
sion cell efficiency was enhanced from 3.97 to 5.12% in
comparison to those of single-layered geometry (TNT
1300, see Table 2) that corresponded to each increment of
31.3 and 29.0%, respectively. This is mainly ascribed to the
light scattering effect in adequately enlarged TiO, NTs
incorporated in the electrode, which may lead to
enhancement of the photoresponse to infrared light [42]. In
single-layered modified TiO, NT, the cell efficiency was
decreased along with increasing diameter (Table 2)
because of the reduction of adsorbed dye. Regardless of
similar materials, however, the TiO, NTs play a significant
role in improving the cell efficiency (Table 3) when they
are combined with the 10-pm-thick P25 underlayer elec-
trode, probably owing to the trapping of the incident light.
With respect to the morphological characteristics of mod-
ified TiO, NTs, it is possible to infer that electron transport
might not be improved because it is not well-connected to
the interface between P25 and TiO, NT owing to packing
difficulty. In addition, the closed-packing, which could be
explained in terms of packing density of the photoelec-
trodes, is more difficult for NTs than that for nanoparticles.
This was indirectly verified by the sheet resistivity of the
electrode, showing the intrinsic structural difference
between 3D spherical nanoparticles and 1D NTs as previ-
ously discussed.

The main role of large particles incorporation onto the
transparent oxide electrode is certainly to enhance the
photoresponse of cell to infrared (IR) light, because Ru
dyes (N719) have low light absorption capability in the IR
region [42]. The widely used scattering layer material is
anatase TiO, consisting of 400-nm-sized particles on top of
the active layer as stated previously. The scattering layer
material should be well considered in the fact of both
improvement of light harvesting efficiency and counteract
such as reduction of surface area and light loss due to back-
scattering. The change in the refractive index between the
active layer and the scattering layer as well as the chemical
bonding strength between particles and N719 are also
critical factors.

As mentioned before, physical and optical properties as
well as architectures of photoelectrode oxides play critical
roles in improving the cell efficiency by contributing
to electron transport path and light scattering effect.
The double-layered structure of TiO, NTs on TiO,
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Table 3 Photocurrent density—

Sample name Jse (mA/cmz) Voe (V) FF Cell efficiency Amount of adsorbed
voltage curves of double- (%) dye (mol, /cmz)
layered structures of modified Y
TiO, NTs/P25 using N719- (a)
sensitized photoanodes (a) 5
before TiCl, treatment and (b) TNT/P25 10.49 0.655 0.65 4.47 1.86 x 10
after TiCly treatment TNT 500/P25 11.21 0.673 0.65 4.92 2.19 x 1077

TNT 1000/P25 11.60 0.663 0.65 5.04 2.02 x 1077
TNT 1300/P25 11.58 0.688 0.64 5.12 1.63 x 1077
R/P25 10.97 0.703 0.67 5.21 1.18 x 1077
(®)
TNT/P25 12.97 0.684 0.65 5.83 2.02 x 1077
TNT 500/P25 13.36 0.684 0.62 5.75 1.75 x 1077
TNT 1000/P25 12.18 0.691 0.65 5.55 1.86 x 1077
TNT 1300/P25 13.11 0.681 0.64 5.79 1.88 x 1077
R/P25 13.42 0.683 0.64 5.88 1.46 x 1077

nanoparticles (P25) in the present study definitely showed
the diameter effect of TiO, NTs. From UV-Vis reflectance
spectra analysis for the TiO, NTs with various sizes and
nanoparticles (P25), it is found that the reflectance of TiO,
NTs becomes higher as the diameter of NT increases (see
ESM, Fig. 2S). It is rationalized that higher reflectance
contributes to the enhanced light scattering and resultant
increase in light absorption by dye molecules, which phe-
nomena finally enhance the photovoltaic efficiency. How-
ever, with respect to the structural feature, 3D material
400-nm-sized anatase “R” seems superior to 1D TiO, NTs,
since the photovoltaic properties of R/P25 showed slightly
higher performance than that of 1D TiO, NTs (Table 3).
More specifically, J,. and amount of adsorbed dye are
lower than those of the other TiO, NTs electrodes
(Table 3a). These factors mean that the scattering effect is
dominant in R/P25 system. This might be ascribed by the
size and morphology of primary particle. Even though
TiO, NTs existed as aggregates with high aspect ratio in
the electrode film, the largest diameter of TiO, NT, TNT
1300, is only 23.6 nm in TEM observation, which is
comparatively smaller than 400 nm TiO, particle (R) as
well as smaller than the wavelength of visible light. Nev-
ertheless, the fact that TNT/P25 system has almost similar
efficiency to R/P25 cell implies that TiO, NTs used as
scattering layer have sufficient amount of adsorbed dye on
the surface owing to their high specific surface area.

Furthermore, by comparing the overall V.. of single-
and double-layered electrodes, it was observed that the
double-layered structure decreased owing to an increase in
the electrode thickness. The behavior of V. in the double-
layered structure also showed the opposite tendency to the
single-layered electrode; both V,. and conversion cell
efficiency tended to increase with the larger diameter of
TiO, NT, which was dissimilar to the single-layered
electrode.

@ Springer

On the other hand, it was revealed that the conversion
cell efficiency became consistent in the range from 5.55 to
5.83% after TiCly, treatment. This is regarded as the con-
tribution of the TiCly treatment, which is thought to deposit
a layer of TiO, 1-2-nm thick on the surface of the porous
film [43]. In other words, when the diameter of the modi-
fied TiO, NT in the second layer on the P25 underlayer was
larger, the role of TiO, NT electrode as a scattering layer
could be more effective than that of the connection of
particle grains; whereas, when the diameter was smaller,
the role of TiO, NTs as a scattering layer was less effec-
tive. However, the electron transport was improved by
TiCly treatment because of the improvement in connections
between the particle grains present in a thick nanoporous
layer. Thus, charge recombination may be more sup-
pressed, when the diameter of TiO, NTs can be selected
appropriately for the improvement of the electron pathway
and the reduction of light loss.

Conclusion

The modified TiO, NTs, which have successfully been
synthesized using TiO, anatase powder with different
crystallite sizes, were utilized as photoanodes for DSSC.
When TNT 500 having 12.9 nm diameter was used as a
single-layered electrode, the DSSC demonstrated the
highest cell efficiency and photocurrent density. This is
ascribed to the enhancement of electron transport with
increased TiO, NT diameter without serious degradation of
specific surface area.

On the other hand, the largest diameter of TiO, NT
(TNT 1300, d = 23.6 nm) exhibited lower photovoltaic
performance because accelerating the electron transport
was not sufficient owing to the reduced specific surface
area. These results indicate that it is important to
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understand not only the influence of 1D morphological
property on the photovoltaic performance but also the well-
defined size-shaped aspect ratio of electrode materials.
However, it was found that larger diameter, such as TNT
1300, was suitable for the double-layered electrode archi-
tecture without TiCl, treatment. This observed improve-
ment in the photovoltaic performance is attributed to the
contribution of light scattering effects, which improves the
light absorption rather than the electron transport.
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