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In this study, hierarchical TiO, with macro- and mesostructure is prepared and applied in Dye-sensitized solar cell (DSSCs).

To achieve the hierarchical structure, hard and soft tamplating is combined. Polystyrene spheres serve as the hard

www.rsc.org/

template for um-scale macropores, and triblock copolymers act as the soft template of nm-scale mesopores. The prepared

hierarchical TiO, is analyzed by TEM, XRD and N, sorption, and results indicate meso/macroporous structure are

successfully obtained. Mesoporous structure provides a larger surface area for dye adsorption, and macroporous structure

induces a faster electron transportation property. Combining the advantages of mesopore and macropore, the prepared

hierarchical TiO, DSSCs shows a higher photon to electron efficiency in comparison to individual mesoporous and

macroporous sample.

Introduction

Energy crisis has become a worldwide problem during the past
decades because of the exhaustion of fossil energy. Because of
pollution-free and inexhaustible, solar energy is a promising
solution to solve the problem. Solar cell is a typical way to take
use of the solar energy, and it has been widely studied and
applied in our daily lives. Traditional silicon-based solar cell is
high-cost because of the demand for ultra-high purity silicon.
Dye-sensitized solar cell (DSSCs) has advantage such as low
cost and easy fabrication, and it has drawn more and more
attentions of researchers.’”

In DSSCs devices, a layer of semiconductor (mostly TiO,) is
necessary and has a significant effect on the power conversion
efficiency. The semiconductor layer serves as the support of
the dye sensitizers, collector of the electrons and the bridge
for charge transfer. Therefore, the semiconductor layer should
provide large surface area and fast charge transfer efficiency.
The former supplies more sites for dye adsorption, and the
latter can reduce the energy loss from the recombination of
photocharges in transfer process. Researchers have done a lot
of work on the morphology of the semiconductor material and
then improved the power conversion efficiency of DSSCs.* &7
Take TiO, semiconductor as an example, to improve the
adsorption of dye, mesoporous or nanocrystal TiO, have been
developed.z' &9 1o suppress the recombinations of the
photocharges, morphologies suit for charge transportation
have been developed, such as single crystal,lo'11 nanotube,lz’ 13
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nanorod'” and macroporous structure.
hierarchical structures tend to achieve a higher efficiency.
Edward reported mesoporous single crystal TiO, and applied it
in DSSCs, the prepared DSSCs presented much higher
effit:iency.22 Zhang developed 1D nanorods into hierarchical
branch-like structure and enhanced the performance of
DSSCs.®  Liao prepared hierarchical TiO, by combining
nanoribbons and microspheres structures, resulting in fast
electron transportation and longer electron lifetime.” In
general, hierarchical structures improve DSSCs performances
mainly due to following two reasons: (i) increased surface area
improves the dye adsorption; (ii) faster electron transportation
leads to the inhibition of charge recombinations.

Therefore, in this study, we fabricated a novel hierarchical
(mesoporous/ macroporous) structure for the application in
DSSCs. We aim at combining the advantages of the
mesoporous and macroporous structure, which means more
dye adsorption ability induced by mesopores and faster
electron transportation property induced by macropores. Here,
the hierarchical (mesoporous/ macroporous) TiO, is prepared
by respectively using polystyrene spheres and triblock
copolymer molecules as the templates of mesopores and
macropores. As reference samples, individual mesoporous
TiO, and macroporous TiO, are also synthesized. The
hierarchical samples shows more dye adsorption ability and
faster charge transfer property. As a result, hierarchical TiO,
DSSCs shows higher photon to electron conversion efficiency.

Moreover,
19-21

Experimental Section

Synthetic procedures

The preparation of mesoporous titania (Mes-TiO,):
Mesoporous titania was prepared according to the reported
sol-gel method.?* In a typical synthesis, 5.6 mL of titanium
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isopropoxide (TTIP), 1 mL of acetylacetone, 0.83 mL of
hydrochloric acid and 4.6 mL of H,O were added to 50 mL of
ethanol under moderate stirring. After stirring 2 h, 1.03 g of
Triblock copolymer Pluronic F127 (EO;06-PO70-EOQ;196) was
added to the solution and dissolved at 45 °C. After stirring 1 h,
the sol was transferred into petri-dishes and kept at 40 °C for
24 h and then 80 °C for 24h. After that, the obtained gel was
calcined at 450 °C for 2 h, and the obtained white powder is
Mes-TiO,.

The preparation of mesoporous/macroporous titania (Hier-
TiO,): Hierarchical titania was synthesized by using F127 and
polystyrene sphere (PS) as the template for mesopores and
macropores. PS colloidal suspension (340 nm) was synthesized
according to our previous work.?> PS colloidal suspension was
mixed with the mentioned precursor solution of mes-TiO,
according to volume ratio of 3:1 under vigorous stirring for 5
min. The mixture was poured into a petri-dish, and then
transferred into a 40 °C oven for 24 h, and then 80 °C for 24h.
After that, the obtained solid was calcined at 450 °C for 2 h,
giving Hier-TiO, as white powder.

The preparation of macroporous titania (Mac-TiO,): The
synthesis process of macroporous titania is almost same as
that of hierarchical titania, except for no addition of F127 in
the process.

Fabrication of Dye-sensitized solar cells: The fabrication of
DSSCs was achieved according to the reported reference.’ To
form a block layer of the photoanode, FTO glass were
immersed in TiCl, (40 mM) solution at 70 °C for 30 min and
then washed repeatedly. Three kinds of titania (Mes-, Hier-,

Mac-TiO,) were applied to prepare the screen-printing pastes.
To form the transparent layer of the photoanode, these pastes
were coated on the TiO, blocked FTO by screen-printing (mesh
count: 300T mesh/inch, scale: 5 mm X5 mm). In screen-
printing process, the procedure was repeated to obtain an
appropriate thickness (12-14 um), and the flatting time is 5
min and drying temperature is 125 °C for each time. There is
no light-scattering layer in this process. The electrodes were
heated at 500 °C for 30 min. After cooling down, the
electrodes were immersed again in TiCl, (40 mM) solution at
70 °C for 30 min and then calcined at 500 °C for 30 min. When
they were cooling to 80 °C, the TiO, electrodes were
transferred quickly into cis-di(thiocyanato)-N-N’-bis(2,2’-
bipyridyl-4-carboxylic acid-4’-tetrabutylammonium carboxylate)
ruthenium(ll) (N719) dye solution (0.5 mM) of acetonitrile and
tetrabutyl alcohol (volume ratio 1:1), and kept at 25 °C for 24 h.
As a result, three kinds of TiO, photoanode were prepared.

To prepare the counter Pt electrode, a hole with 0.8 mm
diameter was drilled on the FTO glass. After that, the drilled
FTO glasses were washed repeatedly by water and ethanol.
The cleaned FTO glasses were coated by a drop (10 pL) of
H,PtClg solution. After flatting, the electrodes were heated at
150 °C for 10 min and then 400 °C for 15 min.

To assemble a solar cell, the prepared photoanode and Pt
electrode were sealed with a hot-melt Surlyn 1702 ring (45 pum)
with an open area (7 mm X7 mm) at 125 °C for 20 s under 0.3
MPa pressure. After that, electrolyte was injected into the
middle space and vacuum backfilling was applied to remove
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the inside air bubbles. The electrolyte was a solution of
butylmethylimidazolium iodide (0.6 M), iodine (0.03 M),
guanidinium thiocyanate (0.1 M) and 4-tertbutylpyridine (0.5
M) in the mixture of valeronitrile and acetonitrile (volume
ratio, 15:85). At last, the hole was sealed with a small cover
glass using hot-melt Surlyn. To decrease the contact resistance
between solar cell and clips of measurement instrument, the
edge of FTO outside is covered by a layer of silver.

Characterizations

X-ray powder diffraction (XRD) patterns were analyzed on
Rigaku D/max 2550 VB/PC. Transmission electron microscopy
(TEM) was performed on JEM-2100 to observe the
morphologies of the titania. Scanning electron microscopy
(SEM) was performed on TESCAN nova-3 to measure the
thickness of the titania film (cross section). BET surface areas
and nitrogen isotherms were recorded on Micromeritics ASAP
2020, and the samples were degassed in vacuum at 300 °C for
6 h. Dye adsorption ability measurements were performed as
follows: At first, TiO, samples were immersed in above N719
solution for 2 days to achieve completely dye adsorption. Dye
adsorbed TiO, were then washed by acetonitrile, dried and
weighted. The weighted powders were dispersed into 20 mL
eluent (0.1 M NaOH solution of ethanol and water, volume
ratio is 1:1), and then kept shaking for 10 min to release the
dye completely. After centrifuging, the concentrations of the
dye solution are analyzed quantitatively by the UV-Vis
spectrophotometer via standard curve method. Photovoltaic
measurements were performed by using an AM1.5 sun
simulator (NEWPORT 3A) as light source. Before measurement
the power of the light was calibrated to 100 mW/cm2 by using
a reference Si solar cell. I-V curves were measured on ZAHNER
electric potentiostat, and the voltage step was 10 mV and
delay time was 40 ms. The electrochemical impedance
spectroscopy (EIS) measurements were recorded over a
frequency range of 0.1-100 KHz with ac amplitude of 10 mV.

Results and discussion
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Figure 1. N, sorption curves of Hier-TiO,, Mac-TiO, and Mes-TiO,
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Table 1. Parameters of Hier-TiO,, Mac-TiO, and Mes-TiO; (calculated from a Macropore
isotherms) Pl of
K
Samples Hier-TiO; Mac-TiO, Mes-TiO,
BET surface area
94 59 90
(my/g)
Pore diameter (nm) 3.4 - 3.3

Figure 1 shows the N, sorption isotherms of The TiO, samples.
The curve of mes-TiO, presents an obvious hysteresis loop at 200 nm #
the region of 0.4-0.6, proving the existence of mesoporous i
structure. Moreover, no abrupt change is observed at the high C
pressure region of 0.9-1.0, indicating that there is no
macroporous structure in Mes-TiO, sample. In contrast, Mac-
TiO, presents an opposite result, suggesting that there is no
mesoporous but macroporous structure. In the case of Hier-
TiO,, the characters of mesopores and macropores are both
observed, and it is obviously that the mesopores and
macropores both exist in Hier-TiO, sample.

To further confirm the morphology of samples, transmission
electron microscope was applied (Figure 2). In TEM images of
Hier-TiO,, it is obviously that the pore size of macropore is
about 250 nm, which is obtained from the PS template.
Because of the shrinkage in calcination, the pore is smaller
than PS template sphere (340 nm). Moreover, on the walls of
the macropores, there are lots of mesopores, which formed by
the F127 template. The pore size of mesopores is about 3.4 nm,
which is coincident with the result calculated from N,
desorption isotherms (Table 1). In contrast, Mac-TiO, sample
shows only macropores of 250 nm and Mes-TiO, sample
presents only mesopores of 3.3 nm. The results confirm that
mesoporous, macroporous and hierarchical titania were
successfully prepared.

The X-ray diffraction patterns (XRD) of the samples are shown
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Figure 2. TEM images of Hier-TiO2 (a, b), Mac-TiO2 (c, d) and Mes-TiO2 (d, e)

in Figure 3. Obviously, these three kinds of titania are all a m:z}:gz
composed by anatase phase (Figure 3a), and the peaks around Hler=10

25°, 38° 48°, 54°, 55° 63°nd 75° are respectively attributed
to the (101), 004), (200), (105), (211), (204) and (215) crystal
phase of anatase (PDF#12-2172). Moreover, peak width at half
height of Mes-TiO, sample is the smallest, indicating the
crystal size of Mes-TiO, is the biggest, but crystal size of Mac-
and Hier-TiO, are much smaller. This phenomenon can be
explained by the isolation effect of PS template in titania

Intensity (a.u.)

crystal growing process.”” From small angle XRD patterns of 60 70 80
the samples (Figure 3b), it can be seen that the curve of Mes- -
TiO, presents a peak at 0.7°, which is same as that mentioned b _ﬁ.‘:ﬂ.‘é’f

in reference.”® Mes-TiO, presents the peak because of its long
range ordered structure, but the length of mesoporous
structure in Hier-TiO, is limited by the thickness of macropore
wall, resulting in the absence of signal in small angle XRD
pattern.

In DSSCs devices, dye adsorption ability is very important to
the efficiency. Because of the difference in morphology and
surface area, the samples may present different dye
adsorption ability. To estimate the dye adsorption ability, dye-
adsorbed TiO, were immersed in alkali solvent to release the
dye completely. The N719 adsorption is attributed to the com- Figure 3. Wide angle (a) and small angle (b) XRD patterns of the samples

Intensity (a.u.)
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Table 2. The dye adsorption ability of the samples

Samples Mes-TiO, Mac-TiO, Hier-TiO,
Mass (g) 0.0945 0.128 0.104
Absorbance of dye
R 0.111 1.66 1.648
solution
Dye adsorption
- 0.07 0.772 0.943
ability (mmol/g)

bination of -COOH and —OH, which can be destroyed by alkali.
Therefore, dye adsorbed on titania can be eluted and then
quantified. The result is shown in Table 2. Obviously, Hier-TiO,
shows the highest dye adsorption ability, which is attributed to
the interconnected structure of macropores and the large
surface area of mesopores. Obviously, Mes-TiO, sample has a
large surface area but shows the lowest adsorption ability,
which can be explained by the length of mesopores (Figure 4).
Mes-TiO, has long straight mesoporous structure, and dye
molecules tend to adsorb at the ends of mesopores. In result,
mesopores will be blocked and the inner space will not adsorb
dye molecules (Figure 4a). Therefore, Mes-TiO, shows very
weak dye adsorption ability. In the case of Hier-TiO,, the
length of mesopores is reduced because of the thickness limit
from macropore walls, resulting in further development of dye
adsorption (Figure 4b). Mac-TiO, has macropores but no
mesopores, and dye molecules are only adsorbed on the walls
of macropores (Figure 4c). Thus, its dye adsorption ability is a
little lower than Hier-TiO,.

In order to evaluate the effect of hierarchical structure on
DSSCs, three kinds of titania were all applied to assemble solar
cells, and their photo to current conversion efficiencies are
shown in |-V curves (Figure 5). Mes-TiO, presents the lowest
efficiency, which due to its poor dye adsorption ability. Hier-
TiO, and Mac-TiO, show higher open circuit potential, because
of the charge collection effect of the interconnected
macroporous structure.”! Therefore, the charge transfer
between photoanode and electrolyte can be promoted. To
confirm the superiority of macroporous structure in charge
transportation, the EIS spectra of the photoanodes were
carried out, and their Nyquist plots are shown in Figure 6. The
semicircle sizes of Hier- and Mac-TiO, photoanodes are much
smaller than that of Mes-TiO,, indicating lower resistance of
charge transfer between photoanode and electrolyte.
Moreover, hierarchical sample presents higher photocurrent
density in comparison to macroporous sample, which can be
explained by the addition of mesopores provides more surface
area for dye adsorption. Therefore, it is confirmed that hierar-

a |, pye b c
£
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Figure 4. Models of dye adsorbed on different TiO, samples.
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Figure 5. |-V curves of different DSSCs

Table 3. Parameters of different DSSCs

Sample Mes-TiO; Mac-TiO, Hier-TiO,
Voc (mV) 0.680 0.748 0.755
Jsc (mA/cm,) 8.7 10.8 12.0
FF 0.67 0.58 0.60
n 4.0% 4.7% 5.4%

chical TiO, can improve photo to current conversion efficiency
by combining the advantages of macropores and mesopores.
Notably, Hier-TiO, shows much higher dye adsorption but only
a few improvements in conversion efficiency. This conflict can
be explained by the recombination of the photo-charges.
Photoanode adsorbed more dyes generates more
photoelectrons and photoholes under the solar light
irradiation, but more photocharges have extra recombination
opportunities, resulting in a drastic energy loss.
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Figure 6. Electrochemical impedance spectroscopy (EIS) of the photoanodes.

Conclusions

We prepared a kind of hierarchical TiO, by using polystyrene
spheres and F127 as template. Characterizations such as N,
isotherms, XRD, and TEM proved macroporous and
mesoporous structure both exsit in hierarchical TiO,. What’s

This journal is © The Royal Society of Chemistry 20xx
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more, the charge collection effect of macroporous structure
and large surface area of mesoporous morphology are
combined to improve the photo to current conversion
efficiency of DCCSs. Compared with mesoporous or
macroporous TiO,, the hierarchical sample shows superior
DSSCs efficiency.
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