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ABSTRACT We describe a flexible and competent solution for fabrication of non-prefabricated nanocrystal mesoporous TiO,-based
photoanodes whose thicknesses are tunable from several hundreds of nanometers up to 12.4 um. The combination of rapid thermal
process and layer-by-layer spin-coating is successfully used to manipulate the structure and morphology of non-prefabricated
nanocrystal mesoporous TiO, films. The photovoltaic performances of mesoporous TiO,-based dye-sensitized solar cells depended
on the thickness and the annealing temperature of mesoporous photoanodes. We systematically investigated and noted that the
non-prefabricated nanocrystal mesoporous TiO, films ~6.3 um thick annealed at 500 °C displayed better features in the short-circuit

current density and overall conversion efficiency of mesoporous TiO,-based dye-sensitized solar cells.
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1. INTRODUCTION

epending on low cost and environmental compat-
D ibility, TiO,-based photoanode materials have at-

tracted great attention in energy conversion devices
such as dye-sensitized solar cells (DSSCs) (1~7). In the past
decades, TiO,-based photoanodes were mainstream and
almost based on the prefabricated TiO, nanocrystals in
DSSCs. Recently, TiO, micro/nanostructures (e.g., TiO, tubes
and mesopores) have been successfully applied as the
photoanodes (8-10). In particular, the non-prefabricated
nanocrystal mesoporous TiO, films have been one promis-
ing alternative photoanode candidate because of its large
surface area, good grain contact, uniform mesopores, excel-
lent mechanical stability, and tight adhesion on the sub-
strates (11-13). All these characteristics are advantageous
in light harvesting, electron transfer, and electrolyte diffusion
in DSSCs (14-17). As for fabrication, the evaporation-
induced self-assembly (EISA) process, a classical method for
synthesizing mesoporous films, has been implemented for
preparing mesoporous TiO,-based photoanodes without a
prefabricated-nanocrystal procedure (18-28). However, in
a typical EISA process, a uniform layer of only ~300—500
nm thick takes more than 48 h. To the best of our knowl-
edge, there are few reports on how to prepare and tune non-
prefabricated nanocrystal mesoporous TiO,-based photoan-
odes and improve the time/thickness efficiency by a simple
and flexible process.
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In this paper, we report the preparation and tuning of
non-prefabricated nanocrystal mesoporous TiO,-based pho-
toanodes. By using a practicable non-prefabricated-nano-
crystal procedure combining rapid thermal process and
layer-by-layer spin-coating, we flexibly prepared and tuned
mesoporous TiO, films up to ~12 um in thickness within
16 h. The photovoltaic properties of non-prefabricated nano-
crystal mesoporous TiO,-based DSSCs are then investigated
by tuning the thickness and annealing temperature of the
mesoporous TiO, films.

2. EXPERIMENTAL SECTION

Preparation of Non-Prefabricated Crystal Mesoporous
TiO, Films. Mesoporous TiO, films were prepared according
to the following procedure. Typically, 3.0 mL concentrated
hydrochloric (HCI, 36.5 %) were added to 5 mL titanium tetrai-
sopropoxide (abbreviated as TTIP) at room temperature under
vigorous stirring. Then, 1.3 g of triblock copolymer P123
(Aldrich) dissolved in 15 mL of ethanol was added to the above
solution of HCI/TTIP. The mixed solution was subsequently
stirred for about 3 h at room temperature. Each mesoporous
TiO, layer was obtained by spin-coating (2000 rpm, 20 s) the
fresh precursor solution onto the precleaned conductive fluorine
doped tin oxide (FTO) glass, followed by a rapid thermal process
at 400 °C for 5 min and a cooling process at ambient temper-
ature. The film thicknesses were adjusted by the cycle times of
spin-coating and rapid thermal process. Finally, the films were
calcined at 400—550 °C for 2 h.

Characterization of Mesoporous TiO, Films. X-ray diffrac-
tion (XRD) patterns were recorded on Rigaku D/max 2550
diffractometer using a high-power Cu Ko source operating at
40 kV and 150 mA. Scanning electron microscopy (SEM) images
were obtained on FEI Sirion200 SEM with an accelerating
voltage of 15 kV. Nitrogen adsorption/desorption isotherms
were recorded on a Micromeritics ASAP 2400 nitrogen adsorp-
tion apparatus, for which the mesoporous TiO, films were
scraped from FTO glass.
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FIGURE 1. (a) SEM images of surface and cross-section (the inset) of non-prefabricated nanocrystal mesoporous TiO, films prepared by 35
cycles on FTO glass; (b) small- and wide-angle XRD patterns of mesoporous TiO, films on FTO glass.

[—%*— Adsorption a
—e— Desorption

Volume Adsorbed(a.u.)
~
N,

04 06 08
Relative Pressure

0.0 0.2 1.0

Pore volume(cm:’/g)

0.20 b
0.161 ﬁ
oo
0.12+ ?,\
oo
0.08-6 1
0.04 \.
’ .."\o—o o
0 200 400 600 800 1000 1200
Pore Diameter(A)

FIGURE 2. The plots for(a) N, adsorption/desorption isotherms and (b) BJH pore size distribution of non-prefabricated nanocrystal mesoporous

TiO, films.

Preparation and Characterization of Mesoporous TiO,-
Based DSSCs. As-prepared mesoporous TiO, films were heated
at 70 °C for 1 h, and then immersed ina 5 x 107* M ethanol
solution of N719 (RuL,(NCS),/2TBA, L = 2,2"-bipyridyl-4,4’-
dicarboxylic acid, TBA = tetrabutylammonium) dye for 24 h.
The photoanodes were air-dried at room temperature after
being rinsed with ethanol to remove excess dye on the surface.
The TiO; electrode absorbing N719 and a counterelectrode with
Pt films of ~100 nm thick were assembled and sealed into a
sandwich type cell with Dupont Surlyn 1702 (25 um). The
electrolyte was employed a solution of 0.6 M BMII (1-butyl-3-
methylimidazolium iodide), 0.1 M I, 0.1 M Lil, and 0.5 M
4-tertbutylpyridine in acetonitrile. The absorption spectra of
mesoporous TiO, films sensitized with N719 were recorded on
Perkin-Elemer Lambda 2S spectrophotometer by using blank
FTO glass as baseline. The irradiation source for the photo-
current—voltage (/—V) measurement is an AM 1.5 solar simula-
tor (16S-002, Solar Light Co. Ltd., USA). The incident light
intensity was 100 mW/cm? calibrated with a standard Si solar
cell. The current—voltage curves were obtained by the linear
sweep voltammetry (LSV) method using an electrochemical
workstation (LK9805, Tianjing Lanlike Co., China). The mea-
surement of incident photon-to-current conversion efficiency
(IPCE) was performed by a Hypermonolight (SM-25, Jasco Co.
Ltd., Japan).

3. RESULTS AND DISCUSSION
The non-prefabricated nanocrystal mesoporous TiO, films

were prepared using a layer-by-layer cycle process by com-
bining spin-coating and rapid thermal procedures on clean
FTO substrates. The SEM images in Figure 1a shows the
presence of mesopores in the TiO, films. Herein, the meso-
porous TiO, film of ~10.8 um thick (the inset in Figure 1a)
was obtained by repeating 35 cycles of spin-coating and
rapid thermal processes followed by a final heating proce-
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dure at 500 °C for 2 h. During the rapid thermal process at
400 °C, self-assembled copolymers (e.g., P123) were re-
moved, and a crystalline TiO, framework with pores in
nanometer scale then formed. As implied in Figure 1a, we
can obtain mesoporous films 7—9 nm in size. It seems that
the order of the mesoporous films was not as perfect as the
one via EISA process (28, 29). However, the relatively high
annealing temperature of about 500 °C and rapid thermal
process in our case should be taken into account. The small-
angle XRD pattern in Figure 1b shows a sharp diffraction
peak at 20~0.72°. This confirms the presence of the me-
soporous structure. The well resolved peaks in wide-angle
XRD pattern (the inset in Figure 1b) are indexed into (101),
(004), (200), etc., attributing to diffraction peaks of anatase
TiO,. The average crystallite size is ~16 nm, as determined
from (101) diffraction peak using Scherrer equation. Meso-
porous structures in the as-prepared TiO, thick films were
further verified by the N, adsorption and desorption method.
Panels a and b in Figure 2 show the plots for N, adsorption/
desorption isotherms and BJH pore size distribution of
mesoporous TiO, films, respectively. The data imply the BET
surface area of ~112 m?/g with a pore volume of ~0.33
cm?/g and an average pore diameter of ~8 nm. This further
verifies the mesoprous structures and morphologies in TiO,
films. The large surface area is helpful for the absorbance of
dye and thus improve the short-circuit current density and
conversion efficiency of TiO,-based DSSCs.

As mentioned above, we can tune mesoporous TiO, films
from hundreds of nanometers to tens of micrometers in
thickness by varying cycle time and spin-coating rate. Figure
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FIGURE 4. Absorption spectra of non-prefabricated nanocrystal
mesoporous TiO, films sensitized with N719 with different cycle

layers. Here, mesoporous films were first immersedina5 x 1074 M
solution of N719 in ethanol for 24 h.
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3 shows the relationship between the total film thickness and
cycle numbers. All thicknesses are derived from the cross-
section SEM images of the mesoporous TiO, films after
annealing at 500 °C for 2 h. It is obvious that the film
thickness increases linearly with cycle numbers, and the
linear slope of ~0.31. This implies that the thickness of each
layer is ~0.31 um, in agreement with SEM measurement.
For example, a procudure of 40 cycle-times produced a film
of ~12.4 um thick. It is also important for the film thickness
to adjust the rate of spin-coating and the viscosity of liquid
precursor. In our case, we spent less than 16 h to obtain a
film of ~12.4 um thick. In contrast, it takes more than 3 days
to achieve several um thick TiO, films homemade in a
typical EISA process. Hence, our method provides a facile
and fast tuning of mesoporous TiO, films thickness, so that
the time/thickness efficiency is dramatically improved.
Figure 4 shows the absorption spectra of mesoporous
films of 2- to 40-layer thick films. In all cases, the mesopo-
rous films were first immersed in a 5 x 107* M solution of
N719 in ethanol. It can be seen that all spectra cover nearly
the whole visible region. The relative absorbance intensities
increase almost linearly with the thickness of films, resulting

www.acsami.org

from the linear increase in the content of N719 dye absorbed
in the films with the increase in film thickness. All these will
help for photocurrent response at a wide spectrum scale.

These non-prefabricated nanocrystal mesoporous TiO,
films are available and competent in DSSCs by tuning the
thickness and morphology, as shown in Figures 5 and 6.
Panels a and b in Figure 5 display the typical incident
photon-to-current conversion efficiency (IPCE) spectrum and
I=V curve of non-prefabricated nanocrystal mesoporous
TiO,-based photoanodes (20 layers, ~6.3 um thick) when
N719 was used. A wide spectrum range for photocurrent
response is observed in consistent with absorption spectra
of mesoporous TiO, photoanodes sensitized with dye. The
primary cell possesses a short-circuit current density of 13.2
mA cm™?, an open-circuit voltage of 640 mV, a fill factor of
0.652, and a light conversion efficiency of ~5.51 % under a
simulated AM 1.5 illumination. The selected active areas of
solar cells were about 0.159 cm™. It is found that the short-
circuit current density and conversion efficiency also depend
on the thickness of mesoporous TiO,-based photoanodes as
implied in panels ¢ and d in Figure 5. Both the conversion
efficiency and short-circuit current density increase with film
thickness up to 20 layers (~6.3 um), and then decrease at
the range from 20 layers to 35 layers. The variation in
conversion efficiency and photocurrent density may be
related to the electron photogeneration, transfer, and re-
combination. An increase in photoanode thickness directly
increases the inner surface area, leading to higher loading
amount of dye. Therefore, a thicker photoanode can absorb
more photons for improving the light harvesting efficiency,
resulting in higher photocurrent density and conversion
efficiency. On the other hand, thicker photoanode also yields
more recombination centers and longer electron transfer
path that may in turn increase electron recombination and
loss. This may explain the decrease in photocurrent density
and conversion efficiency for much thicker films above 20
layers. Therefore, the conversion efficiency and short-circuit
current density increase as the thickness up to 20 layers, and
then begin to decrease when the thicknesses were further
increased, as shown in panels c and d in Figure 5.

We also investigated the dependence of the photovoltaic
performances of DSSCs on the annealing temperature of
non-prefabricated nanocrystal mesoporous TiO,-based pho-
toanodes. The annealing temperature affected the mesopo-
rous microstructure and then the performances of TiO,-
based photoanodes (30-32). The structure of mesoporous
TiO, materials strongly depended on the annealing temper-
ature according to wide-angle and small-angle XRD data
presented in Figures S2 and S3 in the Supporting Informa-
tion (33, 34). As confirmed in Figure S4 in the Supporting
Information, the surface area decreased with the annealing
temperature increase because of the growth in crystallites
and variation in mesoporous structure to some degree. The
peaks of anatase phase in wide-angle XRD became shaper
and stronger with enhanced annealing temperature from
400 to 550 °C. This resulted from the increase of average
crystallite size and degree of crystallinity. The small-angle
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FIGURE 5. Photocurrent—voltage (I— V) measurements of non-prefabricated nanocrystal mesoporous TiO,-based DSSCs under illumination of
simulated AM 1.5 solar light (100 mW c¢cm™?): (a) IPCE characteristics when using 20 layers (~6.3 um) as photoanode and N719 as dye; (b) [-V
curve when using 20 layers (~6.3 um) as photoanode and N719 as dye; (c) the dependence of short-circuit current density on layer number;

(d) conversion efficiency on layer number. Here, mesoporous photoanodes were annealed at 500 °C for 2 h.
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FIGURE 6. (a) I-V measurements of non-prefabricated nanocrystal mesoporous TiO,-based DSSCs with different photoanodes under
illumination of simulated AM 1.5 solar light (100 mW cm?); (b) IPCE spectra of mesoporous-TiO,-based DSSCs; (c) conversion efficiencies of
mesoporous TiO,-based DSSCs. In these cases, all films were prepared by 5 cycles on FTO glass and then annealed at 400, 450, 500, and 550

°C for 2 h, respectively.

XRD data imply that the films maintained mesoporous
structure after annealed 400—500 °C. However, the diffrac-
tion peak in the small degrees disappeared after the film was
annealed at 550 °C. This may be related to the damage and
great variation in mesoporous structures at relatively higher
temperature.

Figure 6 shows the [—V curves, IPCE spectra, and conver-
sion efficiencies of non-prefabricated nanocrystal mesopo-
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rous TiO,-based photoanodes with N719. The photoanodes
were prepared on FTO glass by 5 cycles and then annealed
at 400, 450, 500, and 550 °C, respectively. The short-circuit
current density first increases up to 500 °C, and then
decrease beyond 500 °C. The IPCE spectra exhibit a similar
trend. The conversion efficiency increase from 1.71 % at 400
°Cto2.43% at500 °C, and then decreased to 1.67 % at 550
°C. All these imply that the photoanodes annealed at 500

Tao et al. www.acsami.org



°C is more benefit to mesoporous TiO,-based DSSCs. At 400
°C, mesoporous photoanodes maintain large surface area
and can absorb more dye molecules (seen in Figure S4 in
the Supporting Information). However, the films have a low
degree of anatase crystallinity and thus possess quantities
of surface states. Therefore, photoexcited electron can not
be effective injected into the conduction band of TiO, and
electron transfer in photoanode would be hindered. At 550
°C, with the coarsening of TiO; crystallites, the mesoporous
structure maybe partly damaged (seen in small-angle XRD
of Figure S3 in the Supporting Information), and the surface
area of photoanodes strongly decreased (see Figure S4 in
the Supporting Information). Lower surface area means a
lower absorption amount of dye molecules, resulting in
lower light harvesting efficiency and then photovoltaic
performance. Furthermore, annealing temperature also plays
an important role in the conductivity and light transmittance
(see Figure S5 in the Supporting Information) of the substrate
used as a current collector.

4. CONCLUSION

In summary, we have demonstrated the preparation and
tuning of robust mesoporous-TiO,-based photoanodes by
combining layer-by-layer spin-coating and rapid thermal
processes without a prefabricated nanocrystal procedure.
The film thickness can be adjusted from several hundred
nanometers up to 12.4 um. Non-prefabricated nanocrystal
mesoporous TiO, films have been used as the photoanodes,
and the thickness and morphology dependence of cell
photovoltaic performances were systematically studied. In
our experiments, the non-prefabricated crystal mesoporous
TiO, films of ~6.3 um thick annealed at 500 °C displayed
better features in DSSCs. We expect that the mesoporous
TiO,-based DSSCs can be further improved by optimizing
the structures and morphologies of photoanodes, as well as
the device structures (e.g., adding compact interlayer and
light-scattering layer) (35-38).
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