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Mesoporous TiO, (meso-TiO,) is a promising photoelectrical
nanomaterial for high dye-sensitised solar cell (DSSC) per-
formance, because its nanochannels offer a large internal
surface area to allow for more dye adsorption. The intercon-
nected grains facilitate rapid electron transport both within
the meso-TiO, film and at the film electrode dye/redox shut-
tle electrolyte interfaces. In this work, a series of DSSCs has
been fabricated on the basis of meso-TiO, with large control-
lable pore sizes (6.5, 8.2 and 11.0 nm). It was found that the
DSSC with the 8.2nm meso-TiO, photoelectrode has the
highest photoelectrical conversion efficiency, which is higher

than that of the conventional P25 nanoparticulate DSSC un-
der the same conditions. The measurements of the N, sorp-
tion isotherms and the photovoltage transient demonstrates
that such improved efficiency can be ascribed to the larger
surface area and the fastest interfacial charge transfer.
Meanwhile, the effect of different pore sizes on the photo-
electrical conversion efficiency has been systematically in-
vestigated, and a possible model for the efficient electrolyte
percolation in the dye-sensitised mesoporous photoelectrode
has been proposed.

Introduction

Since the outstanding work of M. Gritzel in 1991, dye-
sensitised solar cells (DSSCs) have become a possible eco-
nomical alternative to conventional solar energy cells.l!"#
Generally, DSSCs are composed of a nanocrystalline semi-
conductor oxide photoelectrode, a dye sensitiser, a redox
shuttle and a counter electrode.>®! Under illumination, an
electron is injected into the conduction band of the semi-
conductor photoelectrode from the excited state of the sen-
sitiser. The oxidised dye can be recovered by means of a
suitable redox shuttle. The diffusion of the oxidised shuttle
to the counter electrode completes the circuit.”*! In prin-
ciple, fast photoelectron transfer and slow recombination
will bring about a higher photoelectrical conversion effi-
ciency (n). It has been established that there are a number
of factors determining the overall conversion efficiency.
Among them, the structural and physical properties of the
nanocrystalline semiconductor oxide are predominant.!'%

A nanoporous TiO, (np-TiO,) nanoparticulate film is an
excellent starting photoelectrode for DSSCs due to its facile
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fabrication and low cost.[''"13] However, the vast majority
of the nanopores in the films are derived from the intercrys-
talline voids rather than regular and integrated pores. Some
of the internal pores are in the micrometer range, which
prevents adsorbtion of the sensitisers or access to the elec-
trolyte.'4! Therefore, some strategies in recent years have
been attempted to optimise the structures of photoelec-
trodes to increase the # value of DSSCs. One of them was
to replace the np-TiO, with bead-like TiO,, 1D nanomateri-
als, and so on.['>-!7] Another promising strategy was to ap-
ply mesoporous TiO, (meso-TiO,) as a DSSC photoelec-
trode, because the mesostructure within the meso-TiO, of-
fers a large internal surface area, which allows for more dye
adsorption and thus more efficient light absorption com-
pared with np-TiO,. Furthermore, these porous films with
interconnected grains facilitate rapid electron transport
within the meso-TiO, film and highly efficient charge trans-
fer at interfaces of the film electrode dye/redox shuttle elec-
trolyte.'8! Hence, meso-TiO, is an ideal candidate photo-
electrode nanomaterial for DSSCs with a high conversion
efficiency.

DSSCs with meso-TiO, photoelectrodes have been an
active subject around the world.'-231 I. Kartini et al. ap-
plied mesoporous TiO, with a pore diameter of 7.7 nm to
fabricate DSSCs, which achieved an 5 value of 5.05%.!"%)
Mesoporous TiO, with a pore diameter of 6.2 nm was pre-
pared by K. Hou et al. using surfactant P123 as a template,
and the corresponding DSSCs had an 7 value of 5.31%.[20
M. Wei et al. fabricated DSSCs with a 6.1 nm mesoporous
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TiO, photoelectrode. The relationship between the photo-
voltaic performance and the physicochemical properties of
mesoporous TiO,, such as surface area and pore diameter,
was investigated. It was found that the mesopore structure
significantly affected the photovoltaic performances.?!l All
of the above work is interesting and valuable, but these rese-
arches mainly focused on the mesoporous photoelectrodes
with a small and narrow range of pore diameters. The rela-
tion between » and mesoporous TiO, pore diameter size
has also not well been elucidated. Because the dye adsorp-
tion and redox shuffle electrolyte percolation are mainly de-
termined by the pore diameter size, the conversion effi-
ciency of DSSCs is greatly affected by the pore size of the
mesoporous TiO, electrode. Therefore, it is of practical im-
portance to investigate the photoelectrical conversion per-
formance of DSSCs with a large pore diameter (> 6 nm
based on meso-TiO,) and specify the relationship between
7 and different pore diameter sizes.

In this work, DSSCs based on meso-TiO, with controlla-
ble pore diameters (6.5, 8.2 and 11.0 nm) have been fabri-
cated. The DSSC based on the 8.2 nm meso-TiO, photo-
electrode exhibits the highest conversion efficiency, which is
higher than that of conventional P25 nanoparticulate
DSSCs under the same conditions. This is because it has a
larger surface area and the fastest interfacial charge trans-
fer, which is proved by N, sorption isotherms and photo-
voltage transient measurements. Meanwhile, the effect of
different pore sizes on the photoelectrical conversion effi-
ciency will be discussed in detail.

Results and Discussion

Structural Characterisation of meso-TiO,

X-ray powder diffraction (XRD) patterns of meso-TiO,
with controllable pore diameters (SI, S2 and S3), at dif-
ferent sintering temperatures, are shown in Figure 1. All the
samples exhibit characteristic peaks at 20 = 25.2°, 37.7°,
48.0°, 53.8°, 55.0° and 62.7° corresponding to the (101),
(004), (200), (105), (211) and (204) plane of anatase TiO,
(JCPDS No. 21-1272), respectively. After being annealed at
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Figure 1. XRD patterns of meso-TiO, samples of S1 (a), S2 (b) S3
(c), S1-450 (d), S2-450 (e) and S3-450 (f), respectively.
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450 °C, the samples also exhibit the anatase phase, although
no rutile and brookite TiO, can be observed. The average
grain size of anatase nanocrystals was estimated by using
Debye-Scherrer’s equation to be in the range of 8§-10 nm
from the line broadening of the [101] diffraction peak.

Figure 2 depicts the N, sorption isotherm and pore dia-
meter distribution of meso-TiO,. The isotherm exhibits a
type IV pattern with a hysteresis loop, which is a typical
characteristic of mesoporous materials with a narrow pore-
size distribution according to the IUPAC classification.**
This type of hysteresis loop is usually related to capillary
condensation and desorption in open-ended cylindrical
mesopores.?>2¢ The surface area of meso-TiO, was calcu-
lated by using the BET method, and the pore size was esti-
mated by using the adsorption branch of the isotherm and
the Barrett-Joyner—Halenda (BJH) model. The correspond-
ing mean pore sizes were calculated to be 8.3, 10.2 and
14.0 nm for the samples S1, S2 and S3, respectively. The
surface areas of S1, S2 and S3 were found to be 149, 133
and 112m?g !, respectively (Figure S1). After the samples
were sintered at 450 °C, the corresponding mean pore sizes
were calculated to be 6.5, 8.2 and 11.0 nm for the samples
S1-450, S2-450 and S3-450, respectively. The surface areas
of S1-450, S2-450 and S3-450 were found to be 135, 117
and 93 m?g !, respectively.
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Figure 2. Nitrogen sorption isotherms of meso-TiO, samples of S1-
450 (a), S2-450 (b), S3-450 (c) and P25 powder (d). In the inset are
the corresponding Barrett-Joyner-Halenda (BJH) pore size distri-
bution curves.

The P25 nanoparticulate powder does not possess the
mesoporous structure, and its surface area is 50 m?g~!. It
can be noted that, although a higher annealing temperature
reduces the surface area and pore size, the surface area of
meso-Ti0O, is larger than that of P25 nanoparticulate pow-
der. The results of a nitrogen adsorption/desorption experi-
ment indicate that meso-TiO, has a large specific surface,
and the mesopore diameter can be well controlled simply
by adjusting the amount of Ti(OnBu),.

Electron microscopy images and small-angle XRD pat-
terns were used to analyse the typical meso-TiO, (S2) syn-
thesised with different annealing temperatures in order to
understand the features of the obtained meso-TiO,. One
can clearly see from the transmission electron microscopy
(TEM) image [Figure 3(a)] that meso-TiO, with 350 °C an-
4731
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nealing (S2) exhibits a 2D hexagonal structure, which pos-
sesses well-ordered mesopores of about 10 nm in diameter.
Figure 3(b) shows the small-angle XRD patterns of a meso-
TiO, sample with a different annealing temperature. A
sharp peak at 0.3-0.4° for S2 and S2-450 can be observed
which indicates the d,, of the mesostructure. There are also
two relatively weak peaks at around 0.5-0.7°. These results
suggest the prepared meso-TiO, can possess a highly organ-
ised mesoporous structure when the temperature is up to
350 and 450 °C. However, the well-organised mesopores
collapse thoroughly when the calcination temperature is
raised to 550 °C, because no diffraction peaks can be ob-
served from S2-550. Although the mesopore size undergoes
some decrease upon higher calcination temperatures
(450 °C), S2-450 still possesses a 2D ordered mesoporous
structure [Figure 3(c)], which is in good agreement with the
results of small-angle XRD patterns. Figure 3(d) shows the
scanning electron microscopy (SEM) image of meso-TiO,
(S2-450); meso-TiO, is composed of large irregularly
shaped particles formed due to aggregation of several
spherical nanograins. Meanwhile, the subsequent heat treat-
ment at 450 °C results in improving the inter-particle con-
tacts, which could enhance the transport of photoelectrons
to the out-circuit and therefore favour a firm contact be-
tween the meso-TiO, film and the transparent conducting
glass (TCO) substrate. Thus, through a facile evaporation-
induced self-assembly (EISA) route, meso-TiO, with con-
trollable pore size has indeed been obtained.

Figure 3. Typical TEM of S2 (a), small-angle XRD of S2 with dif-
ferent calcination temperatures (b), TEM (c) and SEM (d) image
of meso-TiO, (S2-450) with a pore diameter of 8.2 nm

Surface Photovoltage Spectra (SPS) of meso-TiO,

The surface photovoltage is a well-established contactless
parameter for semiconductor characterisation, and this can
be measured by an illumination-induced change of the sur-
face voltage.

4732

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

SPS provides detailed information about the separation
capability of photo-generated electrons and holes, i.e. the
band gap of the semiconductor for the sample surface layer
(several atomic layers).””! Figure 4 shows the SPS of syn-
thesised meso-TiO, powders (S1-450, S2-450 and S3-450).
We found the photovoltage response peaks at a wavelength
of ca. 346 nm, which can be attributed to the band-band
transition of anatase TiO,. This characterisation indicates
that meso-TiO, powders are photoelectrical material candi-
dates for DSSC photoelectrodes.
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Figure 4. SPS of meso-TiO, nanoparticles with pore diameters of
6.2 nm (a), 8.5 nm (b) and 11.0 nm (c).

Photoelectrical Character of DSSCs with meso-TiO,
Photoelectrodes

It is essential for meso-TiO, to have a large surface area
and appropriate pore size to achieve high-efficiency DSSCs.
If the photoelectron transfer and recombination are the
same, a large surface area provides more sites to load a
large amount of dye molecules, which then gives rise to
higher short-circuit current densities upon light harvesting.
A dye loading/unloading measurement (Figure S2) is car-
ried out to determine the dye adsorption amount. Accord-
ing to the Beer—Lambert law, the molar concentration of
dye unloading from E1’, E2’, E3" and E4’ (for label defini-
tions, see Experimental Section) is 1.6 X107, 1.5X 107,
1.3% 1077 and 1.0 X 107 molcm 2, respectively. This is con-
sistent with surface area data of mesoporous photoelec-
trodes calcined at 450 °C. The appropriate pore size formed
in the meso-TiO, photoelectrode not only provides excellent
mutual connectivity for the efficient diffusion of ions in the
electrolyte but also inhibits the photogenerated electron re-
combination with the redox shuttle electrolyte when elec-
trons are transferred throughout the out-circuit.

In order to investigate the relationship between the 7
value and the different pore sizes along with the surface
area, the DSSC prototype devices were fabricated by using
N719-sensitised E1, E2, E3 and P25 electrodes. The photo-
current/photovoltage curves of Cl, C2, C3 and C4 are
shown in Figure 5. Regarding the fabrication of the cells in
a convenient and reproducible way, a TiO, layer of 5 pum
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was used. The TiO, films were shared with the same batch.
Each value for cell performance was determined as an
average of the results from at least 3 samples, and the light
illumination intensity was 100 mW cm 2. The values of the
open-circuit voltage (V,.), short-circuit current (J,.), fill fac-
tor (FF) and overall conversion efficiency (7), obtained
from the curves of solar cells, are shown in Table 1; C1 and
C2 based on meso-TiO, with 6.5 and 8.2 nm pore sizes have
n values of 5.51 and 5.81%, respectively, which are larger
than that of C4 based on the conventional P25 nanopartic-
ulate photoelectrode (5.44 %), which we had prepared pre-
viously under the same conditions.[?! In contrast, C3 shows
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Figure 5. (A) Photocurrent/photovoltage curves of C1 (a), C2 (b),
C3 (c) and C4 (d) at a light intensity of 50 mWcm 2; (B) photo-
current/photovoltage curves of Cl1’ (a), C2' (b), C3’ (c) and C4’
(d) ata light intensity of 100 mW cm 2, respectively.
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a smaller 7 value of 4.31%. This material was fabricated by
using meso-TiO, with the larger mesopore size of 11.0 nm.
The open-circuit voltage was determined by photoelectron
recombination with the I3 /I redox shuttle electrolyte (K.);
C2 has the proper mesopore size, which can assure a smaller
K., value; CI1 has a smaller pore size that makes electrolyte
diffusion difficult, the excited dye cannot be recovered by
the redox shuttle electrolyte effectively, and so the K value
is larger; C3 has the larger pore size that makes electrolyte
diffusion easy, the photoelectron recombination with the
I;/T redox shuttle electrolyte (K. is also higher. Hence,
C2 has open-circuit voltages higher than Cl and C3; C4
made with the P25 nanoparticulate photoelectrode does not
possess the ordered mesoporous structure, which causes the
slowest photoelectron recombination rate, and so it has the
highest open-circuit voltage. This demonstrates that the
pore size of meso-TiO, plays a significant role in determin-
ing the conversion efficiency of DSSCs. The choice of meso-
TiO, with a proper pore size can effectively improve the
performance of DSSCs. After optimisation of the TiO,
layer, the conversion efficiency could be further improved.
The photocurrent/photovoltage curves of C1’, C2’, C3’ and
C4' are also shown in Figure 5. The utilised TiO, layer
thickness was 10 um, and the light illumination intensity
was 100 mW cm 2; C2' has the highest # value of 6.50%.
It is well known that dye adsorption and photoelectron
transfer, as main factors of the photoelectrode character,
determine the performance of DSSCs when other cell com-
ponents are the same.*’) More dye adsorption and faster
photoelectron transfer will result in a higher photoelectrical
power conversion efficiency. Along with the increase in the
mesopore size, the surface area of meso-TiO, decreases, and
this does not favour a high #» value. However, the decrease
of mesopore size in meso-TiO, leads to a limited space that
could hamper the redox shuffle electrolyte percolation in
the photoelectrode. This will lower the oxidised dyes’ recov-
ery rate and reduce the interfacial charge transfer. There-
fore, we should seek out an optimal pore size for meso-TiO,
that ensures both a large surface area and a large space for
the oxidised dyes’ recovery, so as to maximise the power
conversion efficiency of the cell. Our results show that C2,
which applies meso-TiO, with a pore size of 8.2 nm,
achieves the largest # value among the three investigated
cells. Therefore, the pore size of 8.2 nm falls well within the
size range for meso-TiO, to allow for a high performance of

Table 1. Solar cell parameters of C1, C2, C3, C4, Cl1’, C2’, C3’ and C4/, respectively.[?]

DSSC sample Mesopore size [nm] Surface area [m?g !]/thickness [um] Jo [MAcm 2 Voe [V] FF n [%]
Cl 6.5 135/5 7.10 0.58 0.67 5.51
C2 8.2 117/5 7.00 0.63 0.66 5.81
C3 11.0 93/5 5.76 0.58 0.64 431
C4 bl 50/5 5.41 0.73 0.69 5.44
Cl’ 6.5 135/10 15.8 0.57 0.65 5.85
C2’ 8.2 117/10 15.9 0.59 0.69 6.50
C3’ 11.0 93/10 12.3 0.57 0.68 4.76
Cc4’ o] 50/10 13.0 0.66 0.68 5.83

[a] J: short-circuit photocurrent; V,.: open-circuit photovoltage; FF: fill factor; #: power conversion efficiency. [b] P25 powder is not

mesoporous.
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the DSSC. In the following, the interfacial charge transfer
is further investigated and discussed by the photovoltage
transient.

Interfacial Charge Transfer Studied by Using the
Photovoltage Transient

Photovoltage-transient measurements offer direct infor-
mation about the electron collection efficiency and the in-
terfacial charge recombination.l*”] An electron/hole pair is
generated upon laser illumination. The photogenerated
electrons traverse to the TCO, and photovoltage is obtained
when the electron/hole pair separates. It has been estab-
lished that the longer the distance photogenerated electrons
traverse, the higher the photovoltage.*!l The whole photo-
voltage transient consists of the forward edge and the decay
process. From the forward edge, we can obtain the separa-
tion rate of the electron/hole pair and the time when the
separation distance reaches the maximum, which scales the
electron-collection efficiency quantitatively. The decay pro-
cess reflects the recombination rate of the electron/hole pair.

Figure 6 illustrates the photovoltage transient of DSSCs
with TiO, electrodes of different mesopore size. All the
curves are normalised, because the absolute photovoltage-
transient values are not crucial for the rise time and the
interfacial charge recombination. The rise time was deter-
mined to be 1.32ms for C2, and 1.29 and 1.20 ms for Cl1
and C3, respectively. An increase in the uprising time indi-
cates that C2 has a better electron-collection efficiency than
the other two cells, i.e. photogenerated electrons from the
excited dye move relatively long distances in C2. This is
because C2 provides the proper channel for redox shuttle
percolation leading to the longest travelling distance of the
photogenerated electrons among the three investigated cells.
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Figure 6. Photovoltage transients of C1 (a), C2 (b) and C3 (c),
respectively.

The photovoltage decay involves the electron/hole pair
recombination process. When the electrons are injected into
the conduction band of meso-TiO, from the excited dye,
they will recombine either with the redox shuttle or the sur-
face traps of meso-TiO,. The number (N) of recombined
electrons per unit time is directly proportional to the
number of electrons in the conduction band of meso-TiO,:
4734
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A is the Einstein decay coefficient. After integration, we
obtain

N = Noe 2)

Ny is the photogenerated electron number before decay.
When t, = 1/4, which is defined as decay lifetime, then

N = Noe "™ 3)
When ¢ = 1
N = Noe '™ )

One can see that the decay of all of the photovoltage
transients could be well fitted by a single exponential func-
tion, which proves that the recombination of the photoelec-
tron with the redox shuttle or the surface traps of meso-
TiO, is a simple process. The present investigation indicates
lifetimes of 24.5, 34.8 and 24.3ms for C1, C2 and C3,
respectively. It suggests that C2 can decrease the interfacial
charge recombination compared with C1 and C3. From the
above photovoltage-transient data, we found that the DSSC
with the pore size of 8.2 nm has the fastest interfacial
charge transfer. Hence, C2 has the highest power-conver-
sion efficiency, and this is due to higher dye adsorption,
and the slowest interfacial charge recombination. Although
C3 has a smaller surface area and a faster interfacial charge
recombination, it exhibits a lower efficiency.

Possible Model for the Electrolyte Diffusion in the Dye-
Sensitised Mesoporous Photoelectrode

Based on the above discussion, we will consider how a
large pore size is most suitable for the redox shuttle electro-
lyte percolation in the nanochannels of the dye-sensitised
mesoporous photoelectrodes. Cyclic voltammograms for
mesoporous DSSCs of C1 (a), C2 (b) and C3 (c) were ob-
tained (Figure S3). It can be clearly seen that C3 has the
largest limit current, C2 has a lower one and CI has the
lowest of all. As depicted in Scheme 1, a possible model can
be proposed for the electrolyte diffusion in the nanochan-
nels of dye-sensitised mesoporous photoelectrodes. Com-
pared with conventional np-TiO,, meso-TiO, has numerous
uniform nanochannels in sizes of 6.5, 8.2 and 11.0 nm for
C1’, C2" and C3’, respectively. If the adsorbed dye forms a
monolayer on the inner surfaces of the nanochannels and
the used N719 molecule occupies approximately 1.25 nm in
space,*?l only 4, 5.7 and 8.5 nm, respectively, of space is
left in the nanochannels for electrolyte diffusion after the
monolayer dye coating on the inner nanochannels. If the
N719 molecules adsorb in the inner surface of the channels
as a bilayer or aggregate in the entrances of the nanochan-
nels in some cases, the space for electrolyte diffusion will be
reduced further. It would prohibit more dye adsorption on
the inner surfaces of the nanochannels if the mesopores are
not large enough. Hence, part of the inner surface could
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not be covered by N719 molecules and the electrode film
cannot be used efficiently. However, if the mesopore size is
so large as to exceed the space needed for the redox shuttle
percolation, the photoelectron recombination would be-
come deteriorative. Therefore, a proper mesopore size is im-
portant for high-efficiency DSSCs. From the present studies
of photoelectrical conversion and photovoltage data men-
tioned above, it can be concluded that a mesopore size of
8.2 nm is appropriate, where 5.7 nm is left for electrolyte
diffusion, because C2 has the largest # value among the
three investigated cells.

.f
ATA A AN NS
SNl

e

Scheme 1. Possible model for the electrolyte diffusion in the dye-
sensitised mesoporous photoelectrode with pore diameters of
6.5nm (a), 8.2 nm (b) and 11.0 nm (c), respectively.

Conclusions

In the present work, the efficiency of DSSCs has been
greatly improved by using meso-TiO, photoelectrodes with
a properly selected pore size. The pore size of meso-TiO,
has been demonstrated to have a critical effect on the con-
version efficiency of DSSCs; C2 fabricated by the TiO, pho-
toelectrode with a mesopore size of 8.2 nm achieved the
highest # value of 5.81%, higher than those of C1 (5.51%
with 6.5 nm pores), C3 (4.31% with 11.0 nm pores) and C4
(5.44% with P25 nanoparticles). Such an improved conver-
sion efficiency of DSSCs (with 8.2 nm meso-TiO,) has been
ascribed to the large surface area (117 m?g '), the best elec-
tron-collection efficiency (1.32 ms) and a long decay life-
time (34.8 ms), as evidenced by the measurement of N,
sorption isotherms and the photovoltage transient. After
optimisation of the TiO, layer to 10 um, the conversion effi-
ciency is improved further.
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Experimental Section

Chemicals: Triblock copolymer Pluronic P123 [poly(ethylen glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol), MW =
5800] and tetrabutyl titanate [Ti(OnBu)4] were purchased from Ald-
rich. The transparent conducting glass (TCO, F-doped SnO, layer,
sheet resistance 20 Qsquare™') was used as received for the elec-
trode substrate. The Ru complex dye used was bis(tetrabutylam-
monium) cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxyl-
ato)ruthenium(II) (N719, Solaronix SA). The redox shuttle electro-
lyte was composed of 0.1 M Lil (anhydrous, 99%, Acros), 0.05 M 1,
(= 99.8%), 0.5 M 4-tert-butylpyridine (99 %, Aldrich) and 0.6 m 1-
propyl-2,3-dimethylimidazolium iodide (99%) in 3-methoxypro-
pionitrile (99 %, Fluka). Ultrapure water (18 MQcm) was used dur-
ing the whole experimental process. All the other solvents and
chemicals used in the experiments are at least reagent grade and
were used as received.

Synthesis of meso-TiO, with Controllable Pore Diameters: The
large-pore meso-TiO, was synthesised by the evaporation-induced
self-assembly (EISA) method, which is similar to that in our pre-
vious report.’33 Generally, 10 HCI was slowly added to
Ti(OnBu), under vigorous stirring at room temperature. A solution
of P123 dissolved in ethanol was then added, followed by further
stirring for 2 h. The typical weights in grams of each reactant were
Ti(OnBu),/HCI/P123/EtOH = x:3.2:1:12, where x is 2.6, 2.7 and
3.4. After the resultant sols were aged at room temperature with
50-60% relative humidity for 24 h, they were then calcined at
350 °C (ramp of 1°Cmin~!) in air for 4 h to remove the block
copolymer surfactant. The large pore size of meso-TiO, could be
tailored by simply adjusting the amounts of Ti(OnBu),. The ob-
tained meso-TiO, samples with pore diameters of 8.3, 10.2 and
14 nm were labelled as S1, S2 and S3, respectively. The samples of
S1, S2 and S3 were then calcined at 450 °C (ramp of 1 °Cmin ')
for 30 min in order to obtain better crystallinity, and they were
labelled as S1-450, S2-450 and S3-450, respectively. The sample S2-
450 calcined at 550 °C (ramp of 1°Cmin~!) was labelled as S2-
550.

Dye-Sensitised meso-TiO, Photoelectrode Fabrication and DSSCs
Assembly: The compositions of three kinds of mesoporous TiO,
paste with S1-450, S2-450 and S3-450 were as follows: 1 g of meso-
porous TiO, powder, 2 mL of distilled water, 5 drops of Triton X-
100 and 2 drops of acetylacetone. A doctor-blade technique was
used to fabricate the photoelectrodes on a TCO substrate. A thin
film was obtained by using a glass rod to scrape off the excessive
paste. After being air-dried for 30 min, they were sintered at 450 °C
(ramping rate 1 °Cmin ') for 30 min. Repetitive coating was carried
out as the first electrodes cooled down to room temperature by
repeating the above procedure. All film electrodes were fabricated
with two different thicknesses (5 pum and 10 pm) as determined by
SEM images. The available photoelectrodes of 5 pm thickness with
S1-450, S2-450 and S3-450 were labelled as E1, E2 and E3, respec-
tively. The available photoelectrodes of 10 pm thickness with S1-
450, S2-450 and S3-450 were labelled as E1’, E2" and E3’, respec-
tively. As a control, the P25 electrode was also prepared according
to the conventional method,*> and the P25 photoelectrodes with
a thickness of 5 um or 10 pum were labeled as E4 and E4’, respec-
tively. These meso-TiO, photoelectrodes were sensitised by immers-
ing in 0.5 mM N719 dye solution for 48 h so that the dye could be
adsorbed onto the surface of the TiO, electrodes sufficiently. The
counter electrode was prepared according to previous work.[** The
dye-sensitised E1, E2, E3 and E1’, E2’, E3’ with a Pt counter elec-
trode were adhered together with epoxy resin. The space between
the electrodes was filled with the electrolyte by capillary action.
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The fabricated DSSCs based on photoelectrodes of E1, E2, E3 and
El’, E2’, E3' were labelled as C1, C2, C3 and C1’, C2’, C3’, respec-
tively. The DSSCs based on E4 and E4’ were also fabricated ac-
cording to the common method!*! and labelled as C4 and C4',
respectively.

Characterisation: XRD patterns were obtained by using a Rigaku
D/max-IIIB diffractometer with Cu-K, radiation (1 = 1.5406 A).
The nitrogen adsorption/desorption isotherms were measured by
using a TriStar 1T 3020 instrument at 77 K. The TEM experiment
was performed with a JEM-3010 electron microscope (JEOL, Ja-
pan) ba using an acceleration voltage of 200 kV. Carbon-coated
copper grids were used as the sample holders. SEM images were
taken with a Hitachi S-4800 instrument operating at 15 kV. The
surface photovoltage spectra (SPS) were carried out with a labora-
tory-built surface photovoltage spectrometer. A 150 W xenon lamp
with a monochromator was used as the light source. The illumina-
tion direction was from the TiO, electrode. The generation of a
photovoltage arose from the creation of electron/hole pairs fol-
lowed by the separation under a built-in electric field (the space-
charge layer). The dye-sensitised photoelectrodes were desorbed in
a 0.02 M NaOH solution in alcohol (EtOH)/H,O (1:1, v/v) for 6 h
to measure the adsorption dye amount. Photocurrent/photovoltage
curves were recorded with a BAS100B electrochemical analyser
(Bioanalytical Systems Inc., USA). A 400 W xenon lamp with a
UV filter was used as the light source. Its illumination intensity
was about 50 mW cm 2 for DSSCs with a 5 pm mesoporous photo-
electrode and 100 mW cm 2 for DSSCs with a 10 pm mesoporous
photoelectrode. The area of the DSSCs was 1.5 cm? With the
mask, the irradiation area was 0.12 cm?. The photovoltage tran-
sient measurements were recorded with a TDS 5054 Digital Phos-
phor Oscilloscope (Tektronix, USA). A Polaris II Nd:YAG laser
(New Wave Research Inc., USA) was used to excite the samples
Cl1, C2 and C3. The 532 nm wavelength of the laser was selected
because the N719 dye has the maximum absorption at about
512 nm, and the average energy of each laser pulse was about
100 pJ with a standard deviation of 20 pJ. The photovoltage tran-
sient measurement was carried out under open-circuit conditions,
and the incident light was from the photoelectrode side of the
DSSCs. The setup scheme, the principles of SPS and the photovolt-
age transient are shown in our previous work.?”) Cyclic voltamme-
try (CV) was performed with the BAS100B electrochemical ana-
lyser (Bioanalytical Systems Inc., USA) with a scan rate of
0.1 VS,

Supporting Information (see footnote on the first page of this arti-
cle): Nitrogen sorption isotherms of meso-TiO, samples of S1, S2
and S3 with the corresponding Barrett-Joyner-Halenda (BJH)
pore-size distribution curves; absorption spectra of N719 dye un-
loading from C1’, C2', C3" and C4’', respectively; cyclic voltammo-
grams for mesoporous DSSCs of C1, C2 and C3, respectively.
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