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Abstract

Nanocrystalline TiO, with 3-5 nm in diameter was prepared with a surfactant-assisted sol—gel method. The microstructure measured by XRD
and high resolution TEM was pure high crystallinity anatase phase. Dye-sensitized solar cells were assembled using the prepared nano-scale TiO,
crystals and its photocurrent—voltage performance was investigated. The electrodes give significantly higher Jsc when compared to the cell that
fabricated by big particles. Also the effect of the particle size, surface area, pore structure and the film formation temperature on the performance

of cells is discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, considerable attention has been paid on the synthe-
sis and application of nanocrystalline materials, because of their
novel and spectacular physical and chemical properties. These
particular properties are resulted from the ultrafine structures
(i.e., grain sizes smaller than 50 nm) of these materials and can
be classified in two categories: properties that are relative to the
bulk and to the surface. By employing this very high surface
area, Gritzel group has successfully developed a new type of
solar cell that is based on a nanocrystal mesoporous TiO> film
electrode coated with a monolayer of sensitizer-dyes for light
absorption and electron injection into the TiO;, conduction band.
The dye-sensitized solar cells (DSSC) are immediately derived
and regarded as a regenerative low-cost alternative cells to con-
ventional semiconductor devices, and then they have attracted
considerable academic and practical interests [1-4]. In the cells
[1,2], undoubtedly mesoporous titania film and dye are two
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of the key components for high power-conversion efficiency.
Research efforts have focused on improving this system by cre-
ating a suitable porous structure or porosity in the mesoporous
TiO, film with variety in particle size and morphology of TiO»
[5], optimizing the fabrication and structure of TiO; film [6-9],
developing new sensitizers [10], suppressing charge recombi-
nation [11] and improving interfacial energetics [12]. However,
in the photoelectrochemical cell applications, TiO, film with
large surface area, coated by light sensitizing dye molecules, is
needed to be high crystallinity without crack and cavities and
favorable electrical contiguity to a conducting glass substrate,
so that dyes can be sufficiently adsorbed and electrons can be
quickly transferred. Accordingly, TiO, film plays an essential
role with respect to the efficiency.

Generally, TiO; electrode is made from nanocrystalline tita-
nia which is prepared by a sol-gel process or commercially
available titania such as P-25. The former, sol-gel process, is
highly potential as appropriate process for preparing nanos-
tructure materials because the particle size, morphology and
porosity can be controlled by adjusting preparation parameters.
For example, Li et al. [13] prepared pure anatase type TiO»
nanoparticles with the diameter of 100 nm by using titanium
butoxide in butanol by a sol-gel method. However, the film
electrode showed nearly the same efficiency comparing a film
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electrode consisted of P-25 with a typical size of 25 nm. They
pointed out that the particle with large size decreased the inter-
nal surface and consequently worsened the cell performance but
there are two advantages of the sol—gel layers which compensate
the negative effect. One is the easiness in electrolyte diffusion
within the layer, which is enhanced due to a gradient in the poros-
ity of TiO; film. The other is the well-defined crystal structure
of the sol—gel layers; pure anatase. Also they suggested that the
preparation techniques of the nanocrystalline TiO; film is still a
wide variety to realize high efficiency in DSSC. Later, Kambe
et al. [14] synthesized single-phase anatase TiO; nanocrystals
by a direct hydrolysis of titanium butoxide in organic solvent
under high pressure and high temperature (150-300 °C). The
photovoltaic property of the highly transparent cell composed
of 13 or 11 nm particles with 16 pum film thickness was supe-
rior to that of P-25 film with 11 wm film thickness. Gritzel and
coworkers [1,2,5] used TiO, nanoparticles of 10—15 nm, which
were prepared by a hydrothermal method, as an electrode for
DSSC. This electrode was sensitized by black dye, showing a
high conversion efficiency (1) of 10.4% [15]. In contrast to that,
another method for the formation of TiO; film electrode is the
direct use of commercially available P-25 titania. Although Ito et
al. [16] have investigated extensively the formation process and
coating technique of P-25 film, the conversion efficiency could
not over 7%. Except the composition of P-25 including 30%
rutile structure, other factors, such as the crystallinity, porosity
and crystal size are also key points to be optimized. In particular,
the size of particles is known to be important, which determines
the pore size, porosity and surface area of particle and is the
crucial point for the adsorption of sensitizing dye molecules in
DSSC. And it seems that smaller particles could be expected
to achieve higher conversion efficiency in the DSSC. However,
so far, TiO; electrodes composed of below 10 nm nanoparticles
have been scarcely reported in the DSSC [9]. We have success-
fully prepared a nanocrystalline TiO, electrode with a diameter
of 3—5 nm by a mixed template method, in which we found that
the mixed template method can control the particle diameter and
improve the film structure [9]. In this letter, we report DSSC
performance of nanocrystalline TiO; electrodes as function of
sintering temperature and film thickness in comparision to the
P-25 electrodes. This study is essentially important to optimize
the calcination process of nanocrystal particles and mesoporous
film, and to make clear the relationship among the particles size,
the surface area and the dye adsorption. We also discuss how
the particle-size distribution influences the pore-size distribu-
tion in the film, which, in turn, affects the electrolyte transport
phenomena and consequently the total efficiency in the cell.

2. Experimental
2.1. Colloidal synthesis

Typical synthesis of the nanocrystal TiO, has been described
in our previous work [9] in the mixed template sys-
tem of surfactant cetyltrimethylammonium bromide (CTAB)
and copolymer F127 (poly(ethylene oxide);os—poly(propylene
oxide)7o—poly(ethylene oxide)ipe). In that case, we found that

the gel state is always affected by the addition of the surfactants
that can control the diameter of particles in the system. How-
ever, the nanocrystalline TiO, can be also obtained simply with
only F127, even though the particle size cannot be minimized as
the mixed template. In order to examine DSSC performance as
a function of sintering conditions, we selected copolymer F127
as single template to prepare the nanocrystals by fixing the pH
value with HCI solution. The detail process is as the following.
Six grams of template F127 was firstly added into 60 mL distilled
water by mixed with 0.2 g of 2 M HCI for complete dissolution.
And then an orange-color mixture solution of 6.8 g of tetraiso-
propylorthotitanate (TIPT) and 2.4 g of acetylacetone (ACA)
was poured into the above F127 acid solution. The immediately
formed yellow precipitation was stirred at 40 °C until a uniform
transparent yellow solution was obtained. And the color of the
above solution is generally lightened with the reaction time due
to the hydrolysis of isopropyl groups in TIPT under the acid
condition. Then the resulting bright yellow solution was kept at
80°C in a closed container for over 3 days and a bright yellow,
transparent, soft and stable TiO; gel was formed. Neither sepa-
ration nor supernatant could be observed even after the gel was
leaved in the 80 °C oven over 2 months.

2.2. TiOy electrode preparation

For preparation of photoelectrodes, normal doctor blade tech-
nique was applied to fabricate the TiO, film [9]. Firstly, the gel
was stirred to form an easily mobilized gel and then a little
of the gel was spread onto a conducting glass substrate (ITO,
Geomatec Co. LTD, sheet resistance is 5 €2/(]) in advance sur-
rounded with a adhesive tapes (Scotch, ~40 pm thickness) as
spacers. The layer was dried at 40 °C for several minuets, fol-
lowed by treatment at a determined sintering temperature for
10 min in an oven. And then the hot film was taken out from
the oven and kept at room temperature for several minuets. Suc-
cessively further layers were coated on the hot film and dried
and calcined for 10 min each. A designed thickness of TiO;
films can be fabricated by the repetitive coating—calcining pro-
cess. At last, the film was calcined for various fixed times to
compare the performance of cell. Covering of the TiO, sur-
face with dye was carried out by soaking the film for over
12h in a solution of N719 dye (Solaronix). The dye-adsorbed
TiO, electrode was assembled into a sandwich-type cell with
a counter electrode (platinum-sputtered ITO glass) by clamps.
A drop of electrolyte solution (0.1 M Lil, 0.6 M DMPII (1,2-
dimethyl-3-n-propylimidazolium iodide), 0.05M I», and 0.5 M
TBP (4-tert-butylpyridine) in methoxyacetonitoryl) was intro-
duced into the clamped electrodes.

In order to observe the microstructure of the obtained
nanocrystal TiO», the films before and after adsorption of the
dye were peeled off from the glass substrate and dispersed into
ethanol, and then a drop of the solution was put on a grid covered
with carbon film for the observation by transmission electron
microscopy (TEM). The X-ray diffraction (XRD) pattern was
obtained by measuring directly the calcinated film on the glass
substrate. The sample for nitrogen adsorption—desorption was
prepared by drying the gel on an open container with 1-2 mm
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Fig. 1. SEM images of the cross-section (a), the surface morphology of TiO, film calcined at 550 °C (b) and 350 °C (c), the surface morphology of P-25 film (d).

thickness at 80 °C oven for 1 week and calcining at fixed tem-
peratures for 2 h.

The average crystallite size was calculated according to the
Scherrer equation from XRD. Brunauer—-Emmett—Teller (BET)
surface area (SpgT) was determined using a BEL SORP 18 PLUS
nitrogen adsorption apparatus after all samples were degassed
at 100 °C for 4 h. The morphology and thickness of the meso-
porous TiO; electrodes were characterized by scanning electron
microscopy (SEM; JEOL, JSM-5510). Photocurrent—voltage
measurements were performed using an AM 1.5 solar simula-
tor (100 mW/cm?2, Bunkoh-keiki CEP-2000Model, J apan). The
cell size was 0.25 cm2. The cells made of P-25, a commercial
TiO, containing anatase and rutile phase, were also prepared for
comparison.

3. Results and discussion
3.1. Characterization of nanocrystalline TiO; film

Fig. 1 shows the SEM images of the cross-section and the sur-
face morphology of TiO, film. Fig. 1a indicates that any crack
and gap is not observed in the film although it has been formed
by several-times coating. Also the surfaces are very smooth and
homogeneous without cavities and cracks (Fig. 1b and ¢) com-
paring the surface of P-25 cell (Fig. 1d). The P-25 cell appears to
have big agglomerates constructed by many nanoparticles except
individual particles, resulting in high roughness. Hence, itis very
difficult to obtain clear SEM images with large magnification

(Fig. 1d). And the packing structure of large and small particles
will affect the pore diameter and volume of the film as discussed
in the following. Fig. 1b and ¢ show the surface morphology of
TiO, film calcined at 550 and 350 °C, respectively, and the cal-
cined temperature does not affect the surface morphology of
TiO, film except the slight increasing in particle size. Since no
clear changes are observed in the film roughness, porous struc-
ture, the copolymer F127 template effectively avoids crack in
the film, maintains the homogeneity and also prevents the large
aggregation of particles in coating and calcination. Especially,
the burning and decomposition of the templates in calcinations
make the film directly a porous structure which is simple and
suitable for the formation of solar cell electrode. It is worth to
be noted that the surface images show a clear network structure
composed of small particles connected with each other, which
can be attributed to the use of copolymer F127 for the prepa-
ration of mesoporous materials [17]. And the network structure
has indicated enhanced performance in DSSC due to the huge
surface area [18] and optimum pore diameter and pore volume
[19].

XRD patterns of the TiO, film calcined at different tempera-
tures are shown in Fig. 2 together with that of P-25 films. Peak
2 and 3 are diffraction peaks from the substrate. Diffraction sig-
nal assigned to the anatase (10 1) structure at 25.3° (peak 1) is
clearly observed in both TiO; and P-25 films. The diffraction
signal at 27.5° due to the rutile phase (110) is not observed
in TiO, films except for P-25 film. The intensity ratio of the
diffraction peaks figure out ca. 20% content of rutile in the P-
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Fig. 2. XRD patterns of TiO; films calcined at 350 °C (a), 450 °C (b), 550°C
(c) and P-25 film (d).

Table 1

Physicochemical property of TiO; films with different calcining temperatures
Temperature Crystallite SBET Pore volume Pore size
0 size (nm) m*g™h)  (mlg™h (nm)
350 3.9 151.8 0.404 3.17

450 53 106.2 0.400 5.49

550 7.9 77.8 0.346 5.49
P-25 23 58 0.291 1.04

25 film. Absence of the diffraction due to rutile phase in the
TiO; films means that the sintering process in the film fabrica-
tion does not affect the crystalline phase itself even at a high
temperature of 550 °C. As for the width of peaks and intensity
of diffraction signals with different calcining temperatures, the
diffraction intensity slightly increases and the width decreases
with the calcining temperature, which suggests the increases in
crystallinity and particles size. However, the half-height widths
of the diffraction peaks of TiO; films, which are responded to
the sizes of particles, are very wider than that of P-25 even at
high calcination temperatures. Table 1 shows the size of par-
ticles calculated by Scherre’s equation. The particles sizes are
3.9,5.3 and 7.9 nm calcined at 350, 450 and 550 °C, respectively.
The XRD pattern showed a big change in size and crystallinity
of TiO; particles when the temperature was over 550 °C (not
shown here). Fig. 3 shows the morphology of TiO, particles

that were peeled from glass substrates with different calcined
temperatures. They reveal that the nanoycrystals have an irreg-
ular spherical shape with a size distribution of 3-5nm. With
increasing temperature, the irregularity (deviation from spher-
ical shape) is enhanced and even evolved into a clear hexagon
shape particle with high crystallinity. Furthermore, the diameter
of particles is increased to 3-8 and 3—10 nm at 450 and 550 °C,
respectively, even though large particles were observed occa-
sionally at such temperatures. This fact agrees well with that
expected from XRD data and observed from SEM images. At
350 °C, the randomly packed particles show many grain bound-
ary among the particles, which indicates the low crystallinity in
these parts. With increasing temperature, the boundary becomes
clear and sharp as shown by lattice fringes in the TEM images
(Fig. 3c, white arrows), suggesting that the crystallinity of par-
ticles is improved and enhanced with the heat energy. From
XRD and TEM observations, the TiO, nanoparticles are pri-
mary particles with excellent dispersivity and stability at 350 °C.
With increasing temperature, the diameter of particles is slightly
increased with improved interconnection between the particles.
However, the diameter of major main particles is still lower than
10nm in all cases. We deduce that the copolymer template plays
a key role for keeping the size of TiO; particles after and before
calcination. In the present case, copolymer F127 promotes the
homogeneity of the mixture solution and avoids the large aggre-
gation and recombination of TiO, crystalline nucleuses in the
formation and calcination processes, just as reported in literature
[20].

On the other hand, it should be noted that the necking regions
(typically shown in Fig. 3b, white ellipses) between the particles
are benefit for the formation of network structure as observed in
SEM images, which is expected to be advantageous for the trans-
port of electrons in the skeleton comparing films packed simply
with single particles. The necking regions are developed with the
heat energy by the heat-melting growth or coalescence between
particles, which is also evidenced by the formation of large
particles observed in TEM images with increasing temperature.

3.2. Performance of solar cells based on the
nanocrystalline TiO; film

Fig. 4 shows that the amount of the dye adsorbed on the TiO»
nanocrystalline film formed at 450 °C is more than twice as much
as on the P-25 film at the same thickness. And the dye amount

Fig. 3. TEM images of TiO; particles peeled from calcined films at 350 °C (a), 450 °C (b), and 550 °C (c).
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Fig. 4. Dependence of amount of dye on the thickness of film of nanocrystalline
TiO; (@) and P-25 (0).

is nearly proportional to the thickness of the both TiO; films
but the slope is smaller for the P-25 films. Also the dye amount
adsorbed in the nanocrystalline TiO» film is clearly higher than
those TiO» films reported in Gritzel group [1], which is about
1.3 x 1077 mol cm~2 with the film thickness of 10 wm.

The effect of sintering temperature on the dye adsorption was
also examined. The amounts of dye on a film with the thickness
of 4.3 wm are 1.25, 1.07 and 0.89 x 10~7 mol cm™2, when sin-
tered at 350, 450 and 550 °C, respectively. Slight decrease in
the dye adsorption with increasing sintering temperature may
reflect the decrease in the surface area of films owing to the
necking parts between particles and also larger particles size,
which is agree with the analysis of nitrogen isotherm shown
in Table 1 and SEM, and TEM observation. When the sintering
temperature is increased, the surface area is drastically decreased
from 151 to 77.8m? g~! as shown in Table 1. From the SEM
and TEM images, it can be found that the diameter of parti-
cles is slightly increased by increasing sintering temperature
but the interconnection between particles is highly improved.
The interconnection is the major reason of decreased in the dye
amount adsorbed on the nanocrystalline TiO; film at higher tem-
peratures. The amount of dye on nanocrystalline TiO, film is
nevertheless very higher than that on P-25 films even at high
sintering temperature, which is attribute to the bigger surface
area and higher crystallinity of nanocrystalline TiO; film.

The performance of the DSSC can be characterized by mea-
suring the current—voltage curves of the prepared DSSC from
which the light-to-electricity conversion efficiency can be calcu-
lated. Fig. 5 shows the dependence of the conversion efficiencies
() and photocurrent density on the thickness of nanocrystalline
TiO, films prepared at 450 °C. Each measurement was carried
out using three to six samples to confirm the reproducibility. The
photocurrent density of the TiO; films dependes on the thick-
ness of the films. As the thickness of the TiO; film increases
from 1.1 to 5.7 wm, photocurrent density increases from 4.6
to 12.5mA cm~2. For the P-25 film the photocurrent density is
lower and increases from 4.1 to 7.9 mA cm~2 when the thickness
of film increased from 1.7 to 5.9 um. And it can be found that the
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Fig. 5. Dependence of photocurrent density (closed marks) and efficiency (open
marks) on the thickness of films: nanocrystalline TiO; (cycle) and P-25 (trian-
gle).

increase in the photocurrent density becomes slower when the
thickness is over 5 pm in the two cases. On a parallel with the
above, the conversion efficiency of the two cases shows similiar
increasing trend with the thickness of films. A 6.8% efficiency is
achieved based on the nanocrystalline TiO; film with the thick-
ness of 5.7 wm. However, the highest efficiency obtained in P-25
films is lower with only 4.2% although the thickness is almost
the same.

It should be noted here that the thin nanocrystalline TiO; film
(2.2 pm) shows the same photocurrent density (7.9 mA cm™?)as
the thick P-25 film (5.9 wm), while the former chemisorbes about
one-half of the latter in the dye molecules (Fig. 4). To evaluate
the efficiency of the dye molecules which generate photocurrent,
the photocurrent values are plotted as a function of the amount
of dye per unit area of the films in Fig. 6. Photocurrent density
increased almost linearly with the amount of dye molecules, but
saturation of the photocurrent density is observed at large values
of the dye adsorbed in the films (over 1 x 10~7 mol cm~2). The
saturation tendency in P-25 film happens faster at the amount
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Fig. 6. Dependence of photocurrent density on the amount of dye on nanocrys-
talline TiO; films (O) and P-25 films (+).
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of dye with 0.8 x 10~7 mol cm™2. And the higher photocurrent
density is always observed for nanocrystalline TiO, films not
for P-25 film.

On the other hand, the nanocrystal TiO, film and P-25 film
show a remarkable difference in their pore-size distribution
shown in Fig. 7 at the sintering temperature of 450 °C. P-25
film has the main distribution at very small pores below 5 nm,
the maximum of the curves is found at 1.4 nm in addition to the
large pores distributed weakly in the range of 11-18 nm (Fig. 7).
Differently, the nanocrystal TiO, film has a slight larger pore-
size distribution in the range of 3—7 nm in which the diameter of
5.57 nm corresponds to the maximum distribution. The character
of small pore-size distributions explains the low efficiency in the
P-25 film, because the diffusion of I3~ ion in electrolyte becomes
a slow and limits the current production [21]. The second reason
is due to the lower pore volume compared to nanocrystal TiO»
film. Although P-25 film includes also large pores even larger
than 20 nm, the pore volume is too small to dominate the main
steps.

The effect of sintering temperature on the performance of
cell was also examined. Fig. 8 shows the photocurrent—voltage
curves of nanocrsystal TiO; films calcined at 350, 450 and
550 °C. Clearly the high temperature realizes high photocurrent
and high conversion efficiency of light-to-electricity. However,
the thickness of film is largely different although these films
were fabricated with the same five-times coating by doctor blade
method mentioned already. Usually, every coating can generate
one pre-film with a thickness of about 30-40 pm before cal-
cination. The thickness of film is 6.7, 5.5 and 4.3 wm when
fabricated at 350, 450 and 550 °C, respectively. Therefore, it
can be concluded that the resulted-thickness of film for every
coating is about 0.86, 1.1 and 1.34 um with decreasing sinter-
ing temperature, which suggests that the thick film could be
obtained at low sintering temperature. However, thin film calci-
nated at high temperature achieves high efficiency in the DSSC.
We have mentioned that such a film can adsorbed smaller amount
of dye than that formed at low temperature, indicating that the
film structure, not the thickness may play a key role in DSSC.
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Fig. 8. Photocurrent—voltage curves of nanocrystalline TiO; films calcined at
different temperatures.

Zukalova et al. [18] have also reported that the performance
of DSSC fabricated with organized mesoporous TiO; film is
expected to be improved, if the crystallinity of the mesoporous
TiO, skeleton is enhanced by high sintering temperature. In our
case, the increasing temperature leads to the formation of high
crystallinity coalescenced film shown in TEM, SEM and XRD
measurements, which improves the network structure of film
and enhances the interconnection between particles resulting in
the swift diffusion of electrolyte and good transport of electrons
in the film. Furthermore, the high temperature also decreases
the amount of impurity, for example, carbon residues remained
when copolymer F127 is burned. Such impurity generally makes
worse the crystallinity of oxide and generates the trapping oppor-
tunities for the electrons. At last, we have to mention the effect
of pore-size distribution with different sintering temperatures
shown in Fig. 9. In Fig. 9, the main difference in the pore-size
distribution is observed in the range around 4.2 nm at 350 °C.
With increasing sintering temperature, the pores are enlarged
from 3 to 6.3 nm before adsorption of dye molecules. When
a pore with 3nm diameter is occupied by the dye layer (dye
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Fig. 9. Pore-size distribution of nanocrystalline TiO, films before (closed
marks) and after (open marks) adsorption of dye molecules.
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molecular diameter is 1.5 nm) that is adsorbed on the pore wall,
an empty space of only 1 nm for the diffusion of the electrolyte.
This happens in the film calcined at 350 °C films, because the
pore size at the maximum distribution is about 4 nm. This space
is very similar to the size of the I3 ion, so that the diffusion
kinetics in the electrolyte becomes a limiting step resulting in a
drastic influence on the efficiency [21]. Contrastly, the size of
pore after dye molecules is enough for the transport of I3~ ion
even considering their solvation shell in the cases of 450 and
550°C films. It is clear the efficiency is increase with increas-
ing pore size; i.e., nanocrsystal TiO, films calcined at 550 °C
with large pore size (5.49 nm) has higher efficiency than other
films with small pore size (Figs. 8 and 9). The same results have
been also reported by Karthikeyan et al. [19]. They suggested
that only surface area of the film alone is not sufficient, the pore
volume and pore diameter are also important in determining the
overall performance of the DSSC. However, the pore distribu-
tion indicates no clear difference at 450 and 550 °C films, and
then other parameters, such as the crystallinity would affect the
efficiency at high sintering temperatures.

And it should be mentioned that the TiO» films composed of
very small particles are fully transparent irrespective to the thick-
ness and sintering temperature, while P-25 film is translucent or
opaque depending on the thickness. Hence the scattering of light
due to large particles does not play a role in the photovoltaic
response of the nanocrystalline TiO; film systems comparing
the systems consisted of P-25 film. The IPCE spectra (Fig. 10)
indicates the effect due to scattering of light. Since the IPCE
values are drastically increased in the long wavelength region
(650-750 nm) in P-25 films (10.8 wm thickness), the enhanced
IPCE is generally attributed to the light scattering effect in the
region due to big particles. On the other hand, in such long
wavelength region, the nanocrystalline TiO, film shows only
lower IPCE value. However, in the short wavelength region
(400-600 nm), high IPCE values are always achieved in the
nanocrystalline TiO; film in particular for lower film thickness
(2.2 and 3.9 um in Fig. 10). The difference could be generally
explained by the amount of adsorbed dye molecules. However,
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Fig. 11. The APCE spectra of nanocrystalline TiO, films calcined at different
temperatures.

high IPCE value is also achieved with lower dye amount in
the film with 2.2 wm thickness shown in Figs. 4 and 10. The
results suggested that the dye amount is not a determined fac-
tor, and film structure mentioned above should be reconsidered
in DSSC as pointed by Karthikeyan et al. [19]. Because the
IPCE does not take into account the light harvesting efficiency
of the solar cell, it is not well suited for detailed discussion of
the photonto—current conversion processes; IPCE has to be con-
verted to the absorbed photon-to-current conversion efficiency
(APCE). APCE can be calculated by using of the spectra of
IPCE and dye adsorption of film cells according to the method
mentioned by Hara et al. [22], and the results is shown in Fig. 11.
This clearly shows that the APCE value of nanocrystalline TiO»
film calcined at high temperature is higher than that with lower
sintering temperature. It is about 58, 50 and 43% at 525 nm for
350, 450 and 550 °C, respectively. It further indicates high tem-
perature improved the film structure of nanocrystalline TiO»
film resulting in high absorbed photon-to-current conversion
efficiency (Table 2).

In addition to the pore structure affecting on the efficiency
of nanocrystalline TiO; film, another parameter is the crys-
tal structure. Generally, lattice imperfections in crystal such as
impurities, vacancies or lattice dislocations, interfere with elec-
tron transport in semiconducting materials. Considering that
P-25 is a mixture of ca. 80% anatase and ca. 20% rutile nan-
crystallites (Fig. 2), the high photocurrent generation in the
nanocrystalline TiO, film suggests that the transport of photo-
injected electrons should become effective in the single phase
anatase TiO» film agglomeration.

Table 2

Photovoltaic properties of TiO; cells

Temperature ~ Thickness of  Jsc Voc (V) Fill Efficiency
(°C) film (m) (mA cm™2) factor (%)

350 6.7 6.03 0.76 0.764 3.5

450 5.5 11.1 0.766 0.706 6

550 43 12.3 0.79 0.710 6.9




J. Jiu et al. / Journal of Photochemistry and Photobiology A: Chemistry 189 (2007) 314-321 321

On the other hand, grain boundaries between the particles
should affect the electron transport of injected electrons as
well as the crystallinity of the particles themselves. The atomic
arrangement of nano-scale materials is unlike to that seen in
bulk crystals because of the large volume fraction (greater than
50%) in grain boundaries or interfaces. Coarse-grained materials
have less than 3% of all atoms associated with grain boundaries
or interfaces, while the materials with nano-sized grains allo-
cate 5-50% of all atoms. Grain boundaries in polycrystals are
known to play significant roles on the materials properties. For
example, varistor ceramics prepared from nano-size particles
always produce a more homogenous, smaller and regular grain
size, and a cleaner and closer grain boundary microstructure.
These characteristics are related to a higher breakdown volt-
age, smaller leakage current, larger nonlinear coefficient, smaller
dielectric constant and dielectric loss than conventionally pro-
duced varistors [23]. The present system of the nanocrystalline
TiO; electrodes is consisted of several nm crystallites, and thus
contains a significant amount of grain boundaries with homoge-
nous microstructure and small grain size as shown in TEM
images. The high efficiency of the nanocrystalline TiO, elec-
trodes implies that not only the single and pure phase anatase
crystalline structure but also the smooth neck connection at the
grain boundaries should contribute to the effective electron trans-
port in the DSSC [23]. Linear increment of photocurrent density
depending on the thickness of the TiO, films (Fig. 6) also sup-
ports the formation of the effective crystalline neck connection
in the thicker agglomeration. As for the template of copolymer
F127, the gradual elimination might contribute to the formation
of homogeneous grain boundaries with neck-like connection
during sintering of the agglomeration. In such a way, improve-
ment of the efficiency in the nanocrystalline TiO, films sintered
at high temperature is observed (Fig. 8), which should be also
contributed to the effective crystalline neck-connection at high
temperature although it has small surface area.

With the nanocrystalline TiO, film, 7.54% conversion effi-
ciency, with the open circuit photovoltage of 759 mV, the short
circuit photocurrent of 13.5 mA/cm?, and the fill factor 0.748,
has been obtained with the nanocrystalline TiO; film of 6 pm
in thickness fabricated at 550 °C. However, higher efficiency is
difficult to be achieved with only the nanocrystalline TiO; film
composed of these very small nanoparticles and the sensitizer
dye of N719 due to the low light harvest in the red region. As
it has been suggested that the TiO, photoelectrode morphol-
ogy, made of layers of nanoparticles, light-scattering particles,
and mixture of nanoparticles and light-scattering particles on the
conductive glass at a desirable sequence and thickness, is essen-
tial and necessary for high efficiency [24], an optimum film
morphology composed of the small nanoparticles and scatter-
ing particles has been studied in the our recent work. However,
the small nanocrystals adsorbed much more sensitizer will be a
notable item for improvement of DSSC performance.

4. Conclusions

Nanocrystalline TiO, with 3-5 nm in diameter, high surface
area and single-phase anatase structure, has been synthesized

with a surfactant-assisted sol-gel method. Porous TiO; film
with narrow pore-size distribution and high transmittance were
successfully formed and applied in DSSC. The electrochemical
characters and dye-adsorption depended on the surface area and
structure of film, which is influenced by the fabrication con-
ditions such as sintering temperature, coating times, thickness,
and crystallinity of particles.
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