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Abstract A monobasal solid-state dye-sensitized solar
cell (ssDSC) with mesoporous TiO, beads was developed
and an efficiency of 4% was achieved under air mass (AM)
1.5 illumination. Scattering properties and electron diffu-
sion coefficients of TiO, mesoporous beads and P25 nano-
particles were investigated. The results show that TiO,
mesoporous beads display higher scatterance than P25
nano-particles, and TiO, mesoporous beads have higher
electron diffusion coefficients (2.86 x 107 cm?+s™") than
P25 nano-particles (2.26 x 107° cm?-s™).
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1 Introduction

Dye-sensitized solar cells (DSCs) have attracted significant
attention as cost-effective alternatives to conventional solar
cells since the first report of a highly efficient DSC [1].
Recently, DSCs based on liquid electrolyte have reached a
power conversion efficiency (PCE) of 12.3% under
standard AM1.5G full sunlight [2]. However, these devices
are still based on volatile liquid electrolyte which suffers
from the problem of leakage. Solid-state dye-sensitized
solar cells (ssDSCs) that applying hole transporting
materials (HTMs) instead of liquid electrolyte show
potential advantage of practical application due to easier
encapsulation [3—8]. Over the past decade, significant
progress had been achieved for ssDSCs and the highest
efficiency of over 7% was obtained based on organic small
molecule spiro-OMeTAD (2,2',7,7'-tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9’-spirobifluorene) as the HTM
[6]. However, this efficiency for ssDSC is still much lower
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than that of the best DSCs with liquid electrolyte. The main
reason is the incomplete light harvesting since the
optimized TiO, film thickness is only around 2 um for
ssDSCs. To increase light absorption of thin TiO, film, one
strategy is to develop dyes with high molar extinction
coefficient which can absorb sufficient light in thin active
layer [5,6]. Another strategy is to utilize more efficient
photoanode which combines high surface factor for
sufficient dye loading, large pores for filling of HTMs,
and fast charge transport for efficient charge collection. Up
to date, several novel working electrodes for HTM based
on ssDSCs have been developed, such as TiO, nanotubes
[9], nanorods [10], nanofibers [11] and nanowires [12].
However, devices using these photoanodes are still less
efficient than the conventional ssDSCs based on nanopor-
ous TiO, particles.

In this paper, we employ mesoporous TiO, beads as
photoanode to fabricate monobasal ssDSCs based on
spiro-OMeTAD and carbon counter electrode. The mono-
basal ssDSCs based on P3HT and carbon counter electrode
were developed by our group previously [13]. The
motivation for us to use mesoporous TiO, beads is based
on the following considerations. First, mesoporous TiO,
beads provides a large surface area for dye absorption [14].
Secondly, the light scattering ability of beads could further
help to increase light harvesting in thin TiO, film [14].
Thirdly, the large pores formed between the beads should
be beneficial for pore filling of the HTM [14]. By utilizing
an indoline dye D102, we achieved a high efficiency of
4.0%, which is comparable to the ssDSCs based on
conventional nanoporous TiO, particles with the same dye

[5].

2 Experimental section

The device structure is schematically shown in Fig. 1. The
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Fig. 1 Schemed structure of ssDSC based on mesoporous TiO,
beads. Spiro-MeOTAD is filled in the pores of mesoporous TiO,
beads layer, ZrO, insulating layer and carbon counter electrode
layer

fluorine-doped SnO, substrates were etched with Zn power
and HCI (1 mol/L) to form two detached electrode pattern
before being ultrasonically cleaned with detergent, deio-
nized water and ethanol respectively. After that, the
patterned substrates were coated with a 100 nm compact
TiO, layer by aerosol spray pyrolysis. Then a 2 um
mesoporous TiO, beads layer was deposited on top of the
compact layer by screen printing. The mesoporous TiO,
beads was synthesized with hydrothermal methods by our
group previously [15]. After being sintered at 450°C for
30 min, the films were soaked in TiCly aqueous solution
(20 mmol/L) for 30min at 70°C. The samples were
sintered again at 450°C for 20 min after rinsing with
deionized water. Then, a 3 um insulating ZrO, layer was
printed on the top of the TiO, beads layer by screen
printing and dried at 70°C. Subsequently, a 20 pum carbon
layer was deposited on the top of the ZrO, layer by the
doctor-blade method as a counter electrode, and then the
substrates were sintered at 400°C for 30 min. After cooled
to 70°C, the samples were soaked in D102 solution (0.5
mmol/L in CH3CN : t-BuOH (1:1)) overnight in the dark.
After sensitization, the films were rinsed in dry ethanol for
3 times (10 min every time) and dried in air flow. Then,
a chlorobenzene solution containing 0.17 mol/L spiro-

MeOTAD (Merk), 0.2 mmol/L Li(CF3SO,),N (Aldrich)
and 0.11 mmol/L fert-buytlpyridine (Aldrich) was depos-
ited onto the carbon layer. Finally, the devices were
finished by drying gradually at 60°C.

The structure of mesoporous TiO, beads film was
observed using scanning electron microscopes (SEM, FEI
Sirion 200). The photocurrent density-voltage character-
istics were taken with a Keithley 2400 sourcemeter under
illumination with an Oriel solar simulator composed of a
1000 W xenon arc lamp and AMI1.5G filters. Light
intensity was calibrated with a normative silicon cell. And
the test area is 0.13 cm®. The incident photon conversion
efficiency (IPCE) was measured using a 150 W xenon
lamp (Oriel) fitted with a monochromator (Cornerstone
260) as a monochromatic light source. The intensity
modulated photovoltage spectroscopy (IMVS)/intensity
modulated photocurrent spectroscopy (IMPS) measure-
ments were carried out using high-intensity green LEDs
(530 nm) driven by a ZAHNER Xpot frequency response
analyzer over a frequency range of 100 mHz to 10 kHz at a
bias intensity of 0.06 sun. The LED supplied the ac
(modulation depth 10%) and dc components of the
illumination.

Figure 2 displays the SEM images of mesoporous TiO,
beads film. Mesoporous TiO, beads were synthesized with
hydrothermal method according to our previously reported
paper. Large pores among beads can be clearly seen in
Fig. 2(a) and this is beneficial to HTM filling. The beads
size was polydisperse with diameter between 300 and
600 nm. And the beads were composed of well inter-
connected nanocrystals (Fig. 2(b)) with particle size of
approximately 20 nm.

3 Results and discussion

For comparison, ssDSCs composed of P25 and TiO, beads

WD 8.2 mm

Fig. 2 Low- and high-magnification SEM images of mesoporous TiO, beads film. (a) Low magnification; (b) high magnification
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Table 1

P25 titania electrodes. Devices 2 and 4 are based on mesoporous TiO, beads electrodes. For devices 3 and 4, TiO, electrodes are both treated with

Summary of photovoltaic performance at an illumination intensity of one sun (AM1.5 global, 100 mW - cm ). Devices 1 and 3 are based on

TiCl, aqueous solution. For devices 1 and 2, TiO, electrodes are not treated with TiCl, aqueous solution. (Jsc: short circuit current density, Voc: open

circuit potential, FF: fill factor and #: conversion efficiency)

device Jsc/(mA - cm °) Voc/mV FF n/%
1 (P25) 3.24 785 0.49 1.24
2 (Beads) 6.72 828 0.59 3.29
3 (P25) 6.31 787 0.62 3.1
4 (Beads) 7.28 846 0.65 4.0

sensitized with D102 dye are fabricated, both before and
after TiCl, post-treatment. The photovoltaic characteristics
of these devices are shown in Table 1. The optimized film
thicknesses of P25 and beads photoanodes are 1.7 and 1.5

um, respectively. The best cell exhibits a short circuit 8
current density (Jsc) of 7.28 mA-c¢cm™, an open circuit e
voltage (Vo) of 846 mV, and an efficiency of 4% for beads “‘; 4
with TiCly post-treatment. This performance is much better 2
than that for P25 with TiCl, treatment (Jgc: 6.31 mA -cm 2, =
Voc: 787 mV, 1: 3.1%). The higher Jyc for beads than P25 g 2

could be mainly attributed to two factors. First, beads can
absorb more dye molecular than P25 for the same
thickness due to larger surface area [14]. Secondly, better
light scattering property for beads further increase the
number of photon absorbed by dyes. We also investigated
the effect of TiCl, post-treatment for the cells. With TiCly
post-treatment, devices demonstrated better performance
compared to those without TiCl, post-treatment for both
beads and P25. This is consistent with early reports for
ssDSCs [16].

Figure 3(a) shows the photocurrent density-voltage
curves of the cells based on P25 and beads with TiCl,
post-treatment, at sunlight intensity of 100 mW - cm™. The
external quantum efficiency of the two cells is displayed in
Fig. 3(b). For beads electrode, the IPCE is superior from
400 to 600 nm, where the D102 dye absorbs efficiently.
The IPCE attains a maximum of 56% at 480 nm. By
contrast, the maximum IPCE of P25 titania electrode was
only 43% at the same wavelength. Such an enhancement
verified the increased Jgc for beads.

To have further understanding of the effect of different
photoanodes on device performance, intensity modulated
photocurrent spectroscopy (IMPS) and intensity modu-
lated photovoltage spectroscopy (IMVS) have also been
employed to investigate the charge transport and recombi-
nation characteristics in mesoporous TiO, beads and P25
titania-based cells. In these measurements, frequency-
dependent photocurrent or photovoltage responses of a
typical cell to modulated incident light were recorded. The
IMPS and IMVS measurements are shown in Figs. 4(a)
and 4(b) respectively. The transport time (z4) of injected
electrons through TiO, film can be obtained from the
equation g = nfamin) ' [11], where fomim is the

;

(=2}
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Fig. 3 Photocurrent density-voltage curves (a) and IPCE spectra
(b) of ssDSCs based on mesoporous TiO, beads and P25 titania
electrode with TiCl, treatment

characteristic frequency at the minimum of the IMPS
imaginary component. Therefore, 74 values are estimated
to be 0.38 and 0.48 ms in mesoporous TiO, beads and P25
films, respectively. In addition, from the equation D, =
d*(2.35t4)" [11], in which d is the thickness of the
photoanodes (1.6 um), the electron diffusion coefficients
(D,) in mesoporous TiO, beads and P25 films are
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Fig. 4 IMPS (a) and IMVS (b) of ssDSCs based on mesoporous

TiO, beads and P25 titania electrode

calculated to be 2.86 x 10 and 2.26 x 10°cm?-s',
respectively. The slightly higher D,, for mesoporous TiO,
beads film indicates that the well interconnected particles
in beads could be beneficial to charge transportation.

The recombination lifetime (z,) was calculated using
the equation 7, = (2nfymin) ' [11], Where f,min is the
characteristic frequency at the minimum of the IMVS
imaginary component. Thus, 7, values are estimated to be
1.79 and 2.01 ms for mesoporous TiO, beads and P25
films, respectively. The electron lifetime for mesoporous
TiO, beads was a little lower than that for P25. In
consideration of the larger surface area of mesoporous
TiO, beads than P25 tiatania film, this could be attributed
to that large surface area of mesoporous TiO, beads
electrode results in large contact area between TiO,
photoanode and HTM, and then more chance for charge
recombination. However, the Vo for beads based devices
is around 60 mV higher than that for P25 based devices.
Photovoltage is defined as the difference between the
Fermi level of photoanode and the Fermi level of HTM.
Because mesoporous beads electrode can absorb more
dyes than P25 titania electrode with the same film

thickness, more electrons are injected into mesoporous
beads electrode than P25 titania electrode. Higher electron
density leads to higher Fermi level for mesoporous beads
electrode than P25 titania electrode and higher Vqc.

To further confirm the reason for improved photocurrent
for beads, we investigated the charge collection efficiency
(mr), Which is described by the equation 77, = 1 -4z, "
nme for beads and P25 based devices were calculated to be
78.8% and 76.1% respectively. The similar charge
collection efficiency indicates that the different photo-
current for beads and P25 was not attributed to the
difference in charge collection efficiency. Consequently,
the higher photocurrent for beads could mainly be resulted
from the different light harvesting ability for beads and
P25.

4 Conclusions

In summary, mesoporous TiO, beads have demonstrated
great potential as photoanode in ssDSCs and an efficiency
of 4% could be achieved with D102 dye. This efficiency is
comparable to the ssDSCs based on conventional TiO,
nanoparticles with the same dye [5]. Devices based on
mesoporous TiO, beads exhibit higher Jsc and Vo than
devices based on P25 titania electrodes. The better
photovoltaic performance for beads based devices is
mainly due to the better light harvesting ability. Further
improvements could be expected by controlling the beads
size and utilizing sensitizers with broader absorption
spectrum.
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