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a b s t r a c t

The effect of the pore size of mesoporous anatase-TiO2 on the photovoltaic performance of dye-sensitized
solar cells (DSSCs) is investigated. The mesoporous TiO2 particles are synthesized by two different
methods using a soft template of tri-block copolymer and a hard template of mesoporous ZnO/Zn(OH)2-
composite. These methods produce the same high surface area (SBET ∼ 210 m2 g−1) but different pore sizes
of 6.8 and 3.0 nm, respectively. With the mesoporous TiO2 having larger pores, the photo-conversion effi-
eywords:
ye-sensitized solar cell (DSSC)
esoporous

itania

ciency (�) is increased significantly to 6.71%, compared with 5.62% that is typically achieved using P25
TiO2 nanopowders. By comparison, only half the performance (3.05%) has been observed with meso-
porous TiO2 that has small pores. Mesoporous TiO2 with suitable pore sizes (∼6.8 nm) makes the most of
its high surface area and thereby allows a high uptake of dye to enhance the current density. In contrast,
the low efficiency of mesoporous TiO2 with small pores is attributed to the low uptake of dye due to
the smaller pore size (∼3.0 nm), which blocks the diffusion and adsorption of dye molecules through the

pores.

. Introduction

Over the past decades, there has been increasing interest in the
pplication of TiO2 with high surface area to catalysts, photocat-
lysts, gas sensors, and self-cleaning panels [1–6]. In particular,
ye-sensitized solar cells (DSSCs) have recently become an impor-
ant application of TiO2 [7–11]. In such devices, the porous TiO2
hotoelectrode plays the essential role of transferring electrons
rom the dye molecules to the transparent conductive oxide (TCO)
node, allowing electrolytes to diffuse inside and supply elec-
rons to the dye molecules adsorbed on the TiO2 surface. A paste
omposed of anatase-TiO2 nanoparticles (12–20 nm) is typically
sed for fabrication of the photoelectrode on TCO by screen print-

ng and annealing [12]. It has often called a mesoporous TiO2

lm due to the presence of mesopores, which are voids formed
mong the necked TiO2 nanoparticles during the annealing process
13]. In addition to these intercrystalline aggregates, there have
een several attempts to synthesize mesoporous TiO2 (denoted
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as MP-TiO2, hereafter) particles with internally integrated pores
by using templates [10,11,14,15]. These mesoporous TiO2 particles
are expected to have a more regular and continuous framework,
thereby allowing better electron and electrolyte diffusion in the
DSSCs applications and even higher surface area for an enhanced
uptake of dye. Nevertheless, the influence of pore size on the perfor-
mance of DSSCs composed of MP-TiO2 has rarely been investigated.
Most recently, Hwang et al. [16] have reported that the adsorp-
tion properties of N719 dye molecules and the photoconversion
efficiency of DSSCs are dependent on the pore size. The authors
synthesized MP-TiO2 using silica templates to generate different
pore sizes, but these samples ultimately had different surface areas
[16].

In the present work, two different MP-TiO2 samples are synthe-
sized to investigate the effect of the pore size on the photovoltaic
performance of DSSCs. The first sample (A) is produced by using
a soft tri-block copolymer template and the second (B) by using
a hard mesoporous ZnO/Zn(OH)2-composite template. These are
engineered to be of the same surface area while having differ-

ent pore sizes. The photoconversion efficiencies of DSSCs based on
MP-TiO2 samples (A) and (B) are measured and compared against
standard Degussa P25 TiO2 nanopowders. Electrical impedance
spectroscopy (EIS) is used to explain differences in the performance
of the MP-TiO2-based DSSCs with respect to pore size.

dx.doi.org/10.1016/j.jpowsour.2010.11.162
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. High-angle X-ray diffraction patterns of P25 and MP-TiO2 (A).

Table 1
Pore characteristics of MP-TiO2 using tri-block copolymer (A) and mesoporous
ZnO/Zn(OH)2 composite (B) templates. Data for (B) were taken from Ref. [15]. For
reference, SBET of P25 was 54 m2g−1.
T.K. Yun et al. / Journal of Pow

. Experimental details

.1. Synthesis of mesoporous titania and characterization

All the details of the synthesis a characterization of MP-TiO2
B) using the hard template of ZnO/Zn(OH)2 composite have been
eported elsewhere [15]. Crystalline mesoporous ZnO/Zn(OH)2
anocomposite spheres were prepared by a facile one-step syn-
hetic route, and subsequently employed as a hard template for
he sol–gel preparation of amorphous mesoporous TiO2 with
i(iPrO)4 as a precursor. The hydrolytically unstable nature of the
nO/Zn(OH)2 spheres made the etching process by HCl solution
oth simple and efficient. The amorphous TiO2 was then crystal-

ized above 350 ◦C to produce anatase-MP-TiO2 (B).
Details of the synthesis and characterization of MP-TiO2 (A)

sing the soft template of tri-block copolymer have been presented
lsewhere [17,18]. MP-TiO2 (A) with an anatase framework was
ynthesized by assembling nanocrystalline particles. A typical syn-
hesis process was as follows. The TiCl4 was dissolved in distilled
ater (0.2 mol L−1) in an ice-water bath. This aqueous solution was

hen added to (NH4)2SO4 in a temperature-controlled bath with
ontinuous stirring at 90 ◦C for 24 h for preparation of the anatase
hase. The resulting mixture was cooled to room temperature, and
hen a P-123 (EO20PO70EO20) solution was added while stirring.
fter stirring for 2 h, the pH value of the reaction was controlled
t approximately 4.0 by adding tetramethylammonium hydroxide
TMAOH). The molar ratio of TiCl4:P–123:H2O was 1:0.036:370. The
nal reaction temperature was kept at 50 ◦C for 48 h. The deposit
as washed with distilled water twice in a centrifugal separator,
ltrated and then dried at 80 ◦C overnight and ground into powder.
he powder was then calcined at 400 ◦C for 6 h in an airflow.

High-angle (20–80◦) X-ray powder diffraction (XRD) patterns
ere obtained on a PANalytical diffractometer (X’pert PRO MRD)
ith CuK� radiation (40 kV and 25 mA). The high-angle XRD scan-
ing rate was 5.6 × 10−4 s−1. Nitrogen adsorption–desorption data
ere collected on a Quantachrome QUADRASORB SI analyzer at

7 K. Prior to experiment, the samples were dehydrated at 200 ◦C
nder vacuum for 2 h. The specific surface area was determined
rom the linear portion of the Brunauer–Emmett–Teller (BET) equa-
ion (P/P0 = 0.05–0.30). The pore-size distribution was calculated
sing the Barret–Joyner–Halenda (BJH) model. The morphologies
f MP-TiO2 samples were observed on Cu grids supported by holey
arbon films using a field emission TEM (a FEI Tecnai G2 F20 S-Twin,
00 kV).

.2. Fabrication of DSSCs and performance measurements

To prepare the working electrodes of DSSCs, the P25, MP-TiO2
A) and (B) samples were first dispersed into a mixture of ethyl
ellulose (EC) binder (EC/TiO2 = 30 wt.%) and terpineol solvent. Fur-
her mixing was followed by using a thinky mixer for 20 min
o form a slurry. The resulting TiO2 paste was then coated on
TO glass plates by the doctor-blade method and gradually cal-
ined under an airflow successively at 325 ◦C for 5 min, at 375 ◦C
or 5 min, at 450 ◦C for 15 min, and at 500 ◦C for 30 min. After
eing cooled to 100 ◦C, the TiO2 electrodes were immersed for
urface treatment in the TiCl4 aqueous solution (40 mM) at 50 ◦C
or 20 min and subsequently in the dye solution at room temper-
ture for 24 h. The dye-adsorbed photoelectrode and Pt counter
lectrode were assembled into a sealed sandwich-type cell. A drop
f electrolyte solution was then placed on a drilled hole in the

ounter electrode of the assembled cell and was driven into the
ell by means of vacuum backfilling. The hole was sealed using
n additional cover glass. Anhydrous ethanol containing N719 dye
Ru[LL′-(NCS)2], L = 2,2′-bipyridyl-4,4′-dicarboxylic acid, L′ = 2,2’-
ipyridyl-4,4′-ditetrabutylammonium carboxylate, 0.3 mM) was
Fig. 2. N2 adsorption–desorption isotherms and BJH pore-size distribution plot
(insert) of MP-TiO2 (A).

used for the dye adsorption, and the electrolyte was composed
of 0.62 M 3-butyl-1-methyl imidazolium iodide, 0.07 M iodine,
0.2 M LiI, 0.5 M tert-butylpyridine, 0.3 M 3-amino-5-methylthio-
1,2,4-triazole and 0.13 M 3-amino-1,2,4-triazole in acetonitrile. The
active area of the dye-coated TiO2 film was 0.180 cm2.

The J–V curves were determined with a potentiostat/galvanostat
(263A, EG&G Princeton Applied Research, USA) under an illumina-
tion of 10–100 mW cm−2 from a 50–500 W Xe lamp (Thermo Oriel
Instruments, USA). The a.c. impedance measurements were car-
ried out under one sun illumination and dark conditions using an
impedance analyzer (1260A, Solartron, UK). FE-SEM images were
obtained with a FEI Sirion.
Samples SBET (m2g−1) Pore size
(nm)

Pore
volume
(mLg−1)

MP-TiO2 (A) using soft template 213 6.8 0.4
MP-TiO2 (B) using hard template 202 3.0 0.26
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Fig. 3. TEM micrographs of MP-T

. Results and discussion

.1. Structural properties of mesoporous titania

The structural properties of the synthesized MP-TiO2 were char-
cterized by XRD and N2 adsorption–desorption. The XRD patterns
f both MP-TiO2 (A) and (B) are consistent with the structure of
natase (JCPDS 21-1272). High-angle XRD patterns of MP-TiO2 (A)

nd P25 are shown in Fig. 1 for comparison. It is noted that the
iffraction pattern of P25 has anatase and rutile (8:2) structures,
hich is similar to the reference data of P25 [19]. The XRD pat-

ern of MP-TiO2 (B) is shown in the supplementary material taken

ig. 4. Cross-sectional SEM images for TiO2 electrodes prepared from (a) P25 and (b) M
ost-treatment and dye dipping.
) with different magnifications.

from Ref. [15]. The nitrogen adsorption–desorption isotherms and
BJH pore-size distribution of MP-TiO2 (A) are presented in Fig. 2,
whereas those of MP-TiO2 (B) are presented in the supplemen-
tary material taken from Ref. [15]. This type IV isotherm with an
H2 hysteresis loop is typical of mesoporous structures [20]. Corre-
spondingly, the high-resolution TEM images in Fig. 3 demonstrate
the aggregation of the highly crystalline nature of the nanoparti-
cles to generate porous microstructures for MP-TiO2 (A). Similar

images are obtained for MP-TiO2 (B) [15]. The BET specific surface
area (SBET), pore size, and pore volume of MP-TiO2 samples are sum-
marized in Table 1. They have the same high SBET (∼210 m2 g−1)
but different pore sizes of 6.8 and 3.0 nm for MP-TiO2 (A) and (B),

P-TiO2 (A)/(B) at different magnifications. Characterization of samples after TiCl4
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Table 2
Photovoltaic performances of DSSCs prepared from P25 and MP-TiO2 with TiCl4
post-treatment.

Samples Voc (mV) Jsc (mAcm−2) FF (%) � (%)

P25 794 9.50 74.5 5.62
MP-TiO2 (A) using soft template 749 11.97 74.9 6.71

may not diffuse through the small pores efficiently; thus, the dye
uptake is much lower in MP-TiO2 (B) without occupying all of the
SBET. The desirable pore size to achieve high uptake of N719 dye
has been reported [19] to be approximately twice the molecular
size of N719 (1.76 nm) [16]. The Nyquist plots obtained by EIS are
ig. 5. (a) J–V curves and (b) IPCE spectra for DSSCs prepared from P25 and MP-TiO2

ith TiCl4 post-treatment.

espectively. Therefore, they are an excellent choice for the sep-
rate investigation of the pore-size effect on the performance of
SSCs composed of MP-TiO2.

Cross-sectional SEM images of photoelectrodes prepared from
25 and MP-TiO2 are given in Fig. 4. The difference is appar-
nt. Uniform thickness is produced by uniformly close-packed P25
anoparticles (∼20 nm) (Fig. 4a), while a rough layer is formed
ith loosely stacked MP-TiO2 micron-size particles (Fig. 4b). A

egular and continuous mesoporous framework is potentially
onstructed inside each micron-size particle. The voids between
P-TiO2 micron-size particles possibly become channels for fast-

ulk electrolyte diffusion through the layer to wet each micron-size
article fully with bulk electrolyte solution. A much shorter diffu-
ion length of electrolyte results from the surface to the core of each
icron-size particle (Fig. 4b), compared with the electrolyte dif-

usion vertically through the close-packed layer composed of P25
anoparticles (Fig. 4a). Fast electrolyte diffusion through the layer
ay, however, pose the counter problem of enhanced electron loss

y recombination of electrolytes from bare TiO2 (uncovered by dye
olecules) and TCO surfaces.

.2. Pore-size effect on photovoltaic performance of DSSCs

The J–V curves and IPCE spectra are shown in Fig. 5, and the

hotovoltaic properties of DSCs prepared from P25 and MP-TiO2
re summarized in Table 2. The short-circuit current density (Jsc)
ncreases significantly for MP-TiO2 (A) with large pores, although
he open-circuit voltage (Voc) slightly decreases, possibly due to
ts inferior crystallinity. By contrast, only half the performance
MP-TiO2 (B) using hard template 795 5.07 75.7 3.05

Voc: open current voltage, Jsc: short-circuit photocurrent density, FF: fill factor, �:
photo-conversion efficiency.

is obtained with MP-TiO2 (B) with small pores. The IPCE spec-
tra (Fig. 5b) are consistent with the J–V curves. The difference
in the performance of MP-TiO2-based cells must result from the
pore-size difference because they have the same SBET on the same
mesoporous framework. It is noted that all the samples were
post-treated by a TiCl4 aqueous solution to facilitate the perco-
lation of photo-injected electrons in the photoelectrode with less
recombination by enhancing the necking between TiO2 particles
[21,22].

The prepared photoelectrodes differed mostly in colour. While
MP-TiO2 (A) with large pores has the typical red-wine colour, MP-
TiO2 (B) with small pores is pink. This result suggests that the dye
Fig. 6. EIS spectra of DSSCs prepared from P25 and MP-TiO2 (a) in dark and (b) under
1-sun illumination. −0.67 V applied in dark, while −0.795, −0.730, and −0.812 V
applied for samples prepared from P25, MP-TiO2 (A) and MP-TiO2 (B), respectively,
under 1-sun illumination.
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hown in Fig. 6. The large arcs at low frequencies comprise electron
ransfer from TiO2 to the electrolyte and diffusion of I3− ions in the
lectrolyte [23–26]. Due to the relatively low resistance in the dark
Fig. 6a), the layer prepared from MP-TiO2 (A) has a structure that is
nherently susceptible to electron loss by recombination. As shown
n Fig. 4, the voids between micron-size particles for MP-TiO2 (A)
nd (B) become free channels for bulk electrolyte transport deeply
hrough the layer to supply electrolytes more proficiently through
he pores. Even with this effect, the small pores in MP-TiO2 (B)
re likely to inhibit electrolyte diffusion through the pores, pos-
ibly because the dye molecules block the openings of the small
ores, and thereby results in the relatively high resistance of MP-
iO2 (B). This is valid for dye diffusion and adsorption through the
ores. Therefore, although MP-TiO2 (B) has the advantage of high
esistance to electron recombination to electrolytes, the exceed-
ngly low extent of dye uptake cancels it out and reduces the Jsc far

ore, as shown in Fig. 5 and Table 2. The shape of the spectrum of
P-TiO2 (A), however, approaches that of P25 under 1-sun illumi-

ation in Fig. 6b. The enhanced resistance in MP-TiO2 (A) indicates
hat electrons are efficiently withdrawn to the TCO anode with
ts continuous framework during cell operation, despite its struc-
ure being susceptible to electron recombination as suggested by
he dark condition (Fig. 6a). In combination with the high uptake
f dye using its high SBET, the Jsc of MP-TiO2 (A) is enhanced sig-
ificantly compared with P25 (11.97–9.50 mA cm−2), as shown in
able 2. The similar small, high-frequency arcs for P25 and MP-TiO2
Fig. 6b) imply that electron recombination at the of the Pt counter
lectrode|electrolyte and the TCO|electrolyte [27–30] interfaces is
ot the most important principle.

. Conclusions

Two anatase-MP-TiO2 samples are prepared with two different
emplates and have the same high SBET but different pore sizes.
hese are used to investigate the effect of the pore size of MP-TiO2
hotoelectrodes on the performance of DSCs. The measured pho-
ovoltaic properties suggest that the MP-TiO2 (B) with small pores
∼3.0 nm) produces low uptake of the dye and does not utilize its
igh SBET inside the pores. By contrast, the MP-TiO2 (A) has suit-

ble pore sizes (∼6.8 nm) and utilizes its high SBET for high uptake
f the dye to enhance the Jsc along with efficient electron trans-
ort in its continuous framework. The photoconversion efficiency
6.71%) of the MP-TiO2 (A) is a marked improvement on the effi-
iency of the reference P25 TiO2 nanoparticles (5.62%), while the

[

[

[

urces 196 (2011) 3678–3682

MP-TiO2 (B) produces only 3.05%. Further experiments on pore-size
optimization for maximum DSC performance are still required.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jpowsour.2010.11.162.
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