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A series of mesoporous TiO2 films with different average pore sizes and distributions were prepared by changing the
addition content of cellulosic thickener in the pastes. The BET surface area shows that, for the samples with 3, 5, 10 and
15 wt % cellulosic thickener, the average pore size remained centered at 14–15 nm, but the pore size distribution became
narrower with the increase of cellulosic thickener addition. With further increase of cellulosic thickener to 21 and 30 wt
%, the average pore size decreases to 13 and 11 nm, and the pore size distribution also became much narrower. The sam-
ple, prepared from the paste with 15 wt % cellulosic thickener, shows the best result: short-circuit photocurrent density 13
mA/cm2, open-circuit photovoltage 0.72 V, fill factor 0.68, and conversion efficiency 6.4%.

Dye-sensitized solar cell (DSC) is one of the most promising
candidates for the conventional solar cell owing to its high ef-
ficiency, simple fabrication and low production cost.1–11 High
conversion efficiency of up to 10%, being comparable with
amorphous silicon solar cells, has been reported by the Grätzel
group.2 Recently, many researchers mainly focused on finding
new dyes to improve the light-harvesting of DSCs, on develop-
ing new electron-transfer mediators to replace volatile and cor-
rosive iodide/triiodide redox system, and on studying the
mechanism of DSCs. However, fewer studies were done about
pore size and its distribution of the semiconductor electrodes,
and their influences on the photoelectric performance of DSCs.

Barbé et al. studied the influence of binder addition on the
pore size, pore-size distribution and photovoltaic properties.3

Their results showed that, for the proportion of 0–30 wt % poly-
ethylene glycol (PEG) binder of the TiO2 in pastes, the average
pore size of sintered mesoporous TiO2 films remained centered
at 30 nm, while the distribution became broader toward the
larger pores with increasing PEG content. With PEG increas-
ing up to 50 wt %, the average pore size increased to 50 nm, and
pore size distribution became much broader, with pores as large
as 120 nm. The report also showed that the short-circuit current
and conversion efficiency decreased gradually with increase of
PEG addition. Srikanth et al. also reported the influence of the
PEG addition concentration in the sol–gel TiO2 pastes for spin
coating on the surface morphology and solar cell perfor-
mances.10 The results showed that conversion efficiencies in-
creased with PEG addition up to 40 wt % of TiO2, and de-
creased with further addition. These two papers clearly report-
ed the relation between the preparation conditions of the paste
and the morphology of the resulting mesoporous films, but only
short discussions were presented for the relation between the
morphology of the film and the solar cell performances.

We previously reported that Showa-Titanium (F-6), which
was prepared in vapor phase hydrolysis from TiCl4 and O2,

was found to form nice mesoporous TiO2 films when cellulosic
thickener was employed as additives for the paste suitable for
screen printing. The cells based on the F-6 films showed high
photoelectric performance comparable to the cell with P25
TiO2 film, which is often used as the standard.6 In this paper,
we report the pore size, pore distribution and porosity in the
TiO2 films prepared by changing the cellulosic thickener con-
centration in the pastes, and present the relationship between
the amount of the adsorbed dye on the film and pore size and
porosity of the resulting TiO2 films. The performances of the
dye-sensitized solar cells based on the different TiO2 films were
investigated by means of the morphology. The differences of
the morphological changes of the TiO2 films prepared from
the paste with PEG and cellulosic thickener were also dis-
cussed.

Experimental

Commercial TiO2 nanoparticles (F-6, a mixture of ca. 5% rutile
and 95% anataste, average diameter 16 nm, BET surface area 96
m2/g) were supplied from Showa Titanium, in Japan. Cellulosic
thickener (60MP-50), with viscosity of 100 cps in the 2.5 wt %
aq. solution, was supplied from Matsumoto Yushi-seiyaku in
Japan. The TGA analysis was run on a thermogravimeter analyzer
(Shimadzu, TGA-50). The sample was heated from room temper-
ature to 500 �C at 5 �C/min under aerated conditions.

The TiO2 powder and zirconium oxide beads (diameter: 3 mm)
were put in a plastic bottle with some amount of water containing
cellulosic thickener of different weight ratio to TiO2 in the paste,
and dispersed by using a paint shaker (Red Devil Equipment,
5410). Table 1 shows the composition of different pastes. In order
to acquire smooth films, some pentanol were added to the pastes to
remove the bubbles caused during preparation of pastes and films.
The TiO2 paste was applied to a conducting glass sheet (coated
with F-doped SnO2, 10–12 �/�, Nippon Sheet Glass). The TiO2

film thickness was controlled to be about 10 mm with three layers
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of Scotch Tape adhered to the glass as a spacer. After air drying,
the electrodes were sintered for 30 min at 500 �C. The resulting
film thickness was measured with a profiler (Sloan, Dektak3).
The TiO2 electrodes were immersed overnight in a 0.3 mM (1 M
= 1 mol/dm3) ethanolic solution of ruthenium dye (cis-dithio-
cyanate-N,N0 -bis(4-carboxylate-4-tetrabutylammoniumcarboxyl-
ate-2,20-bipyridine)ruthenium(b); N719). The resulting dye ab-
sorbed electrode was assembled with a Pt-sputtered conducting
glass to form a sandwich-type dye cell. The electrolyte solution
was composed of 0.1 M LiI, 0.3 M 1,2-dimethyl-3-propylimidazo-
lium iodide, 0.05 M I2 and 0.5 M 4-tert-butylpyridine in meth-
oxyacetonitrile. The detailed description for the photocurrent-volt-
age measurement was given elsewhere.5 The amount of dye ad-
sorbed on the film was determined by desorbing the dye from
the TiO2 surface into an aqueous solution of 0.01 M NaOH and
measuring its absorption spectrum.

The BET surface area of the TiO2 film, coated with pastes con-
taining different concentrations of cellulosic thickener, was record-
ed by a nitrogen adsorption–desorption apparatus (Quantachrome,
Autosorb-1), and pore diameters and volume were also determined
using the BJH method of nitrogen desorption measurements.

Results and Discussion

It should be noted that it is difficult to form a nice TiO2 film
without cellulosic thickener additive in the TiO2 (F-6) paste.
Figure 1 shows the influence of cellulosic thickener addition
on the pore size distribution of TiO2 films. It is clear that only
3 wt % cellulosic thickener decreased the average pore size

from 24 nm to 14 nm, which suggests that cellulosic thickener
improved the binding of TiO2 nanoparticles, and then de-
creased the pore size among the particles. One can see from
Fig. 1 that, for the samples with 3, 5, 10, 15 and 21 wt % of cel-
lulosic thickener, the average pore size remained centered at
14–15 nm, but the pore size distribution became narrower with
the increase of cellulosic thickener addition, opposite to the
case reported using PEG as an additive. With further increase
of cellulosic thickener from 21 to 30 wt %, average pore size
decreased from 13 to 11 nm, and the pore size distribution also
became much narrower, which is different from the case of
PEG. Barbé et al. reported the influence of PEG binder additive
on the pore size. Their results show that, for 0–30 wt % PEG
binder in pastes, the average pore size didn’t change; on further
increasing PEG to 50 wt %, the pore size distribution became
broader, and average pore size increased from 30 to 50 nm.3

We previously reported the relationship of the TiO2 morpholo-
gy and solar cell performances, in which PEG was used as the
binder and the size of pores of the mesoporous film was precise-
ly controlled.12 PEG adhere to the surface of TiO2 particles
through hydrogen bonds, but also take a helical structure in
the bulk.13 While under low concentration conditions TiO2

particles in the paste were surrounded by adsorbed PEG mole-
cules through hydrogen bonds, under high concentration condi-
tions, an excess amount of PEG seems to exist as large aggre-
gates with helical structure, which behave like particles in the
paste and burn out during calcination and sintering. Therefore,
the larger amount of PEG can generate large-sized pores in the
TiO2 film after sintering at high temperature. In contrast to
PEG, the pore sizes decrease with increase of cellulosic thick-
ener from 3 to 30 wt %, which might be ascribed to chemical
structure of cellulosic thickener, which is different from that
of PEG. The thickener is soluble in water, because hydroxy
groups of cellulose are randomly substituted to prevent the for-
mation of tight aggregates through the intermolecular hydrogen
bond formation in aqueous solution.6 It would have moderate
hydrophilicity, enough to adsorb on the surface of TiO2 parti-
cles but not enough to form aggregates in the paste. Thus the
hydrophilic (hydroxy and ether) groups in cellulosic thickener
can help to bind hydrophilic TiO2 nanoparticles through hydro-
gen bonds in the TiO2 paste, and the pore size of the sintered
film will decrease with increase of cellulosic thickener content.

Figure 2 shows TGA curve of cellulosic thickener used in the
TiO2 pastes as the additive. TGA curve from room temperature

Table 1. Composition of TiO2 Paste with Different Weight
Ratio of Cellulosic Thickener

Sample No. TiO2 Cellulosic Pentanol H2O
/g thickener/g /g /g

1 7 0.21 5 14.7
2 7 0.35 5 22
3 7 0.7 5 28
4 7 1.05 5 38
5 7 1.5 5 70
6 7 2.1 5 75
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Fig. 1. Influences of the weight ratio of cellulosic thickener
to TiO2 [( ) 3, ( ) 5, (�) 10, ( ) 15, (�) 21, ( ) 30 wt %]
in the paste on pore size distribution of the sintered films.
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Fig. 2. TGA analysis of cellulosic thickener in air.
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to ca. 250 �C represented vaporization of the volatile materials
such as residual absorbed water, from 250 to 400 �C represent-
ed the main thermal degradation of the thickener through va-
porization, combustion and carbonization, and from 400 �C
showed the further burning of the carbonized thickener.

Figure 3 shows an influence of the weight ratio of cellulosic
thickener on surface area and porosity in TiO2 films after
sintering. It can be found that porosity decreased gradually
from 60% to 51% with the increase of cellulosic thickener ad-
dition from 3 to 30 wt %. Therefore, one can speculate that the
cellulosic thickener assists the binding between TiO2 nanopar-
ticles and decreases the pore size during sintering. For the sam-
ples with 3, 5, 10 and 15 wt % cellulosic thickener, the surface
area of TiO2 films remained between 85–89 m2/g while the
average pore size was about 14–15 nm (in Fig. 1). The obser-
vation can be explained as due to effective thermal necking be-
tween TiO2 particles without size growth. With further in-
crease to 21 wt %, the surface area increased to 97 m2/g and
the average pore size decreased to ca. 13 nm. When the cellu-
losic thickener increased to 30 wt %, some TiO2 nanoparticles
might undergo effective necking growth, giving smaller aver-
age pore size (ca. 11 nm), followed by the slight decrease in
the surface area from 97 to 92 m2/g. As discussed above, free
PEG thickener could exist as aggregates in the paste, contribut-
ing to the formation of larger pores after sintering.12 Thus the
increase of PEG addition increases the pore diameter and po-
rosity, and then widens the pore size distribution. In the case
of cellulosic thickener, however, the thickener addition en-
hanced mainly neck growth between the particles and the thick-
ener could not form bulky aggregates in the paste. Further ad-
dition of the thickener induces only necking of the particles
during sintering, resulting in a decrease of the pore diameter.

Figure 4 shows the influence of cellulosic thickener on the
amount of adsorbed dye and photocurrent density. From
Fig. 4, we can find that the amount of adsorbed dye increased
sharply from 1:1� 10�7 to 2:2� 10�7 mol/cm2 with the in-
crease of cellulosic thickener from 3 to 15 wt %, but further in-
crease of cellulosic thickener caused a slight decrease of the

dye amount from 2:2� 10�7 to 1:6� 10�7 mol/cm2. Howev-
er, the change of dye adsorption was not proportional to the
change of surface area. This would be explained as due to
the effective formation of dye-adsorption sites on TiO2

particles. In other words, the amount of dye adsorption would
depend not only on the surface area but also on the specific ad-
sorption sites of the particles, because N719 dye has a rigid
structure and adsorbs on TiO2 surface through two carboxylic
groups.14 Some amorphous phase on the surface and crystalline
surface such as step or kink might change into more favorable
surface structure for dye adsorption during the sintering, in par-
ticular, in the presence of effectual amounts of the thickener
(<15 wt %).15 Neck growth between TiO2 particles was en-
hanced in the presence of cellulosic thickener, but excess of
the thickener might induce the close aggregation reducing the
effective adsorption sites on TiO2 particles.

From Fig. 4, we also can find that photocurrent density in-
creased from 10 to 13 mA/cm2 with the increase of the amount
of adsorbed dye from 1:1� 10�7 to 2:2� 10�7 mol/cm2,
which is ascribed to the effective increase of light absorption
of the increased dye molecules. The photocurrent density of
dye-sensitized solar cells is proportional to the number of ab-
sorbed photons that is determined primarily by the amount of
dye on the TiO2 electrode. The number of photons, however,
will be saturated at shorter wavelength region (� < 550 nm)
when the amount of dye adsorption is too high, and only the in-
crement of absorptivity at longer wavelength region will con-
tribute to the further increase of photocurrent, because N719
dye has a high absorption coefficient at this region. Thus the
photocurrent density deviates from the linear relation with the
amount of dye adsorption. This is also true for the plot of
the photocurrent density vs thickness of TiO2 film.5

Table 2 shows the performance of dye-sensitized solar cells
based on different TiO2 films. Among samples from No. 1 to 6,
No. 4, which was prepared from the paste containing 15 wt %
cellulosic thickener, shows the best result: short-circuit photo-
current density 13 mA/cm2, open-circuit photovoltage 0.72 V,
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Fig. 3. Influence of the weight ratio of cellulosic thickener
to TiO2 in the paste on surface area and porosity of the sin-
tered films.
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to TiO2 in the paste on dye adsorption to the sintered films
and photocurrent density of the dye-sensitized solar cell
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fill factor 0.68, and conversion efficiency 6.4%. The resulting
values are reliable and comparable to those found in the previ-
ous works.

Conclusions

1. The cellulosic thickener starts to burn around 300 �C.
From 300 to 400 �C, the exclusive thermal combustion of the
cellulosic thickener occurs, leading to calcination and carbon-
ization; at higher than 400 �C, the carbonized cellulosic thick-
ener is further combusted gradually.

2. For the samples with 3, 5, 10 and 15 wt % cellulosic thick-
ener, the average pore size remained centered at 14–15 nm, but
the pore size distribution became narrower with the increase of
cellulosic thickener addition. On further increase of the thick-
ener to 21 and 30 wt %, the average pore size decreased to 13
and 11 nm, respectively, and the pore size distribution also be-
came much narrower.

3. Photocurrent density increased from 10 to 13 mA/cm2

with the amount of adsorbed dye increased from 1:1� 10�7

to 2:2� 10�7 mol/cm2. This is ascribed to the fraction of light
adsorbed by dye, expected to determine the current density.
Sample No. 4, with 15 wt % cellulosic thickener, showed the
best result: short-circuit current density 13 mA/cm2, open-cir-
cuit voltage 0.72 V, fill factor 0.68, and conversion efficiency
6.4%.
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Table 2. Performance of Dye-Sensitized Solar Cells Based
on Different TiO2 Films

Sample No. Jsc/mA cm�2 Voc/V FF Eff /%

1 10.0 0.69 0.61 4.24
2 10.2 0.71 0.65 4.55
3 12.4 0.73 0.71 6.36
4 13.0 0.72 0.68 6.40
5 12.6 0.69 0.68 6.00
6 12.1 0.72 0.69 6.00

2418 Bull. Chem. Soc. Jpn., 76, No. 12 (2003) DSC Performance Depending on TiO2 Morphology


