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Abstract

The introduction of light scattering in the photoanodes of dye-sensitized solar cells is one of the most effective approaches to enhance
their photovoltaic performance. In this work, we prepared submicron SiO,/TiO, core/shell particles and embedded these particles in the
nanostructured TiO, photoanodes for light to scatter in the dye-sensitized solar cells. Due to the large difference in the refractive index
between the SiO, core and the TiO, shell, the embedded submicron SiO,/TiO, core/shell particles showed strong light scattering effect.
Light absorbance of the dyed photoanode with the embedded SiO,/TiO, particles for light scattering was found to be three times
stronger than the one without light scattering particles over a wide wavelength range. The power conversion efficiency of dye-sensitized
solar cells was increased by about 50% after the introduction of light scattering SiO,/TiO, core/shell particles in the photoanode. This
work will provide a base for further enhancement in the photovoltaic performance of dye-sensitized solar cells by optimizing the
submicron SiO,/TiO, core/shell particles and the photoanodes.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Due to its low manufacturing cost and potential high
power conversion efficiency (PCE), dye-sensitized solar cell
(DSSC) has been considered to be one of the most
competitive photovoltaic devices in the future [1-4]. Com-
pared with other types of solar cells, such as crystalline
silicon solar cells, DSSC has its own unique advantages.
The manufacturing process for DSSC is much simpler, and
its impact on the environment during production is also
relatively low. Nevertheless, at present, DSSC still has much
lower PCE than that of the crystalline silicon solar cell.
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In recent years, many research efforts have been made to
enhance the PCE of DSSC. One of the most effective
approaches to improve the photovoltaic performance of
DSSC is to introduce a means of light scattering mechan-
ism within the photoanode. A light scattering mechanism
can significantly increase the optical traveling distance of
sunlight within the photoanode so that the dyes have an
opportunity to absorb more photons and consequently
generate a greater number of free carriers for the DSSC.
Thus, a DSSC equipped with such a light scattering
mechanism will have a higher PCE.

Many techniques [5—-12] have been employed to build light
scattering mechanisms within the photoanodes for DSSCs,
and large improvements in the PCE have been obtained. Liu
et al. [7] prepared a trilayered photoanode for DSSC, where
the top layer is composed of TiO, microflower particles and
functions as a light scattering layer for the cell. In their work,
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the short-circuit current density Jy. was enhanced by 60%
over the cell without a light scattering layer. Fan et al. [§]
fabricated a bilayered photoanode for DSSC, where the
top and bottom layers were composed of TiO, nanorods
(20-80 nm in diameter and 200400 nm in length) and P25
TiO, nanoparticles. They found that the PCE of the DSSC
increased by 66.5% via the light scattering layer. Yu et al. [9]
fabricated DSSCs with bilayered photoanodes, in which the
top layer intended for light scattering was composed of
submicron TiO, particles with high porosity, while the
bottom layer was built with TiO, nanoparticles. In their
work, the PCE of DSSCs was found to increase from 6.92%
to 9.04%. Dadgostar et al. [10] prepared hollow TiO,
particles in the submicron scale and fabricated bilayered
photoanodes for DSSCs, where the top layer for light
scattering was composed of these hollow TiO, submicron
particles. They observed a large enhancement in the PCE.

Due to its low cost and technical simplicity, the screen
printing technique is generally employed to prepare the photo-
anode films for DSSCs. Preparation of the bilayer- or trilayer-
structured photoanodes for light scattering in DSSCs usually
requires two or three cycles of screen printing process. This will
add on to the manufacturing cost for DSSCs, and is therefore
not favored for mass production. It is desirable to prepare the
photoanodes with light scattering capability in one step.
Recently, Pham et al. [11] and Chou et al. [12] fabricated
photoanodes with light scattering capability in one step. Pham
et al. [11] prepared TiO, pastes by mixing TiO, nanoparticles,
submicron polystryrene spheres (PS), and other additives, and
then the paste was screen printed onto FTO glass. During
sintering, the PS beads burnt out and were transformed into
submicron cavities within the photoanode. These cavities were
found to have strong scattering performance for the incoming
sunlight. Besides an improvement in the photovoltaic perfor-
mance for those DSSCs, another benefit is that the dye loading
was also reduced by about 30%. Chou et al. [12] prepared TiO,
pastes by mixing P25 TiO, nanoparticles, submicron TiO,
particles, and other additives, and the paste was then used to
fabricate the photoanodes in one step. These submicron TiO,
particles acted as light scattering particles. They showed that
the PCE was enhanced by a large amount.

In this work, we fabricated photoanodes with strong
light scattering capabilities for DSSCs in one step. Instead
of using cavities [11] or submicron TiO, particles [12] for
light to scatter within the photoanode, we employed
submicron SiO,/TiO, core/shell particles, which were
mixed with P25 TiO, nanoparticles to obtain the screen-
printing paste for photoanode. In addition to the reduction
of dye loading for DSSCs as shown by Pham et al. [11], the
submicron SiO,/TiO, core/shell particle should be more
advantageous to the submicron cavities [11] and submicron
TiO, particles [12] for light scattering in terms of the
following two aspects:

1. The presence of submicron cavities within the photo-
anode of DSSC as in Ref. [11] can potentially deterio-
rate the mechanical stability of the photoanode. This

can be harmful to the reliability of the DSSC devices.
The use of submicron SiO,/TiO, core/shell particles in
this work should avoid such a reliability issue.

2. The submicron TiO, particles within the photoanode of
DSSC as in Ref. [12] should have limited capability for
light to scatter. This is because they have the same
refractive index as that of the surrounding TiO, nano-
particles. According to the Mie Scattering theory [13],
for a scattering particle, the larger the difference in
refractive index between the scattering particle and the
surrounding media, the greater the effective scattering
area for the scattering particle. The refractive index of
SiO, is about 1.46, while TiO, has a refractive index of
about 2.56, much higher than the former. Thus, the
submicron SiO,/TiO, core/shell particles embedded
within the photoandoe of DSSC should have a better
performance in terms of light scattering than the TiO,
particles.

Another point to be noted is that although the core SiO,
is insulated, the shell TiO, can transport electrons gener-
ated by the adsorbed dyes. This work demonstrated that
the photovoltaic performance of DSSC can be greatly
enhanced by embedding submicron SiO,/TiO, core/shell
particles in the photoanode.

2. Experimental
2.1. Preparation of submicron SiO, particles

Submicron SiO, particles with different sizes were
prepared using the modified Stober method [14]. Ammo-
nia, ethanol, and tetraethyl orthosilicate (TEOS) were of
analytic purity. At first, ammonia with a concentration of
28%, ethanol, and deionized water in a volume ratio
(9:16.25:24.75) were added into a breaker, and the 50 ml
mixed solution was stirred at a speed of 1100 rpm for
S5min. In the meantime, we mixed 4.5ml TEOS with
45.5 ml ethanol to obtain solution B. Solution B was then
quickly poured into solution A which was stirred con-
stantly at the speed of 1100 rpm. After stirring for 1 min,
the stirring speed was reduced to 400 rpm. At that time the
beaker was sealed with parafilm and left for two more
hours for a complete reaction to obtain submicron SiO,
particles. At last, the submicron SiO, particles were
collected by a high-speed centrifugation at 8000 rpm, and
washed with ethanol. This process was repeated three times
before drying the submicron SiO, particles at 80 °C. The
size of SiO, particles can be readily controlled by changing
the mixing ratio of ammonia and deionized water in
solution A.

2.2. Preparation of SiO,/TiO; core/shell particles

The synthesis of SiO,/TiO, core/shell particles was
carried out as follows [15]: (1) Sml tetrabutyl titanate
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(TBOT) was dissolved in 10 ml ethanol to obtain a mixed
solution A; (2) 0.5g as-prepared SiO, particles were
dispersed in the solution A with the aid of ultrasonication
for 10 min; (3) 20 ml ethanol and deionized water mixture
(volume ratio=15:1) were injected dropwise to solution A,
and the mixture was kept stirring for 1h; (4) the mixed
solution was put into centrifuge tube and centrifuged for
10 min at the speed of 7000 rpm; (5) the products were
collected and washed with ethanol; (6) steps (4) and (5)
were repeated for three times and the mixed suspension
was dried at 80 °C; and (7) the final products were
collected and then calcined at 500 °C for 3 h to obtain
the submicron SiO,/TiO, core/shell particles.

2.3. Preparation of the photoanode for DSSC

The procedure to fabricate photoanodes for DSSCs with
the submicron SiO,/TiO, core/shell particles for light to
scatter is as follows [16]. (1) P25 TiO, nanoparticles were
dispersed in ethanol with the aid of ultrasonication for
30 min to obtain TiO, nanoparticle colloid. (2) The as-
prepared submicron SiO,/TiO, core/shell particles were
added into the colloid and kept ultrasonicating for 30 min
to obtain the hybrid colloid. The weight ratio of the P25
TiO, nanoparticles to the submicron SiO,/TiO, core/shell
particles was 90:10. (3) The hybrid colloid was put on a
60 °C hot plate with constant stirring until it became a
thick paste. (4) Terpineol and ethyl cellulose were added to
the above thick paste to obtain a screen-printing paste. (5)
The paste was screen-printed onto the FTO-glass sub-
strates, which had been soaked in the solution of 40 mM
TiCl, at the temperature of 70 °C. The screen-printed
substrates were then dried on a hotplate at 125 °C for
6 min. (6) After drying, the screen-printed substrates were
then sintered in the following procedure, at 300 °C for
15 min, 400 °C for 20 min, and 500 °C for 30 min, and
cooled down in the furnace to room temperature. The
photoanodes were obtained, and their thickness was about
10 um. (7) For dye loading, the photoanodes were
immersed in the solution of N-719 dye (5 x 10~*mol/L)
for 24 h. (8) The dyed photoanodes were finally dried in N,
atmosphere for the next day.

2.4. Assembling and characterization of DSSC

The counter electrode was obtained by depositing
platinum (Pt) film on FTO-glass substrate via an electron
beam evaporator. The width of two electrodes was
adjusted to about 25 pm for embarking the liquid electro-
Iyte. The space between electrodes was filled with a liquid
electrolyte including 0.1 M Lil, 0.12M I,, 0.5M 4-TBP
and 1.0 M tetrabutylammonium iodide in acetonitrile from
the opening of the sealing frame. A solar simulator (Class
AAB, Abet 2000) providing an illumination of AM1.5G
simulated sunlight and a Keithley 2440 source meter were
employed to measure the photovoltaic properties of the
assembled DSSC [17].

3. Results and discussion
3.1. Submicron SiO; particles

As reported previously, the size of submicron SiO,
particles can be conveniently controlled by varying the
ratio of ammonia to deionized water. Table 1 shows the
different sizes (from 180 nm to 350 nm) for the submicron
SiO, particles prepared in this work by using different
amounts of ammonia and deionized water for the
synthesis.

Fig. 1 shows the field emission scanning electron micro-
scopy (FESEM, Hitachi S4800) images of the SiO,
particles D3 (see Table 1). In agreement with the results
reported by other researchers [14], these submicron SiO,
particles, which were used as the cores to prepare SiO,/
TiO, core/shell particles, were of spherical shape and
almost monodispersed. In addition, they were nonaggre-
gated and their surfaces were smooth.

3.2. SiO,/TiO; core/shell particles

The phase structures of the submicron SiO,/TiO, core/
shell particles were characterized using the X-ray diffrac-
tion technique (XRD, Bruker D8 Focus). Fig. 2 shows the
XRD pattern of the submicron SiO,/TiO, core/shell

Table 1

Submicron SiO, particles with different sizes.
Chemicals used for synthesis SiO,
Ammonia (ml) Water (ml) TEOS (ml) diameter (nm)

D1 4.5 30 4.5 180

D2 4.5 18.5 4.5 240

D3 9 18.5 4.5 270

D4 9 24.75 4.5 300

D5 6.5 18.5 4.5 350

54800 3.0kV 8.0mm x100k SE(M,LAD)

Fig. 1. FESEM image of the submicron SiO, particles (D3 in Table 1).
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Fig. 2. XRD pattern of the SiO,/TiO, core/shell particles. The diffraction
peaks were indexed as the anatase TiO,.

particles. All of the diffraction peaks in Fig. 2 can be
readily indexed as the crystal planes of the anatase TiO,
phase, while the diffuse peak located at 16-30° was
attributed to the amorphous SiO,.

The FESEM images in Fig. 3 show the morphologies of
the SiO,/TiO, core/shell particles, which are quite different
from the cores as shown in Fig. 1. It is noted that the cores
(see Fig. 1) were very smooth, while the shells (Fig. 3) were
a bit rough and composed of TiO, nanoparticles. The
existence of the core/shell structure can be better viewed on
the particle as pointed by an arrow in Fig. 4a. It is noted in
Fig. 4a that a small portion of the shell on the particle
pointed by the arrow was peeled off, and the core was
clearly exposed. The transmission electron microscopy
(TEM, JEOL 2010) image in Fig. 4b also shows the
morphologies of the submicron SiO,/TiO, core/shell par-
ticles. It can be seen in Fig. 3 that the SiO,/TiO, core/shell
particles became larger than the core SiO, particles (see
Table 1). It is noted that the SiO, core particles D1-D5 in

Fig. 3. FESEM images of the submicron SiO,/TiO, core/shell particles. Particles in images a, b, ¢, d, and e are designed as W1, W2, W3, W4, and W5,
respectively. WI-WS5 correspond to D1-DS5 in order in Table 1. The rough surface is the TiO, shell.
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Fig. 4. FESEM (a) and TEM image (b) of the SiO,/TiO, core/shell
particles (W3). The particle pointed by the arrow was slightly peeled with
the core exposed.

Table 1 became the SiO,/TiO, core/shell particles W1-W5
in sequence (Fig. 3). The sizes of the SiO,/TiO, core/shell
particles WI-W5 were about 200 nm, 260 nm, 300 nm,
320 nm, and 370 nm, in sequence. TiO, nanoparticles on
the surfaces of the SiO, cores can be clearly seen in Fig. 4,
and these shell TiO, nanoparticles had a diameter of about
20 nm.

3.3. Photoanodes and their optical properties

As stated in the Experimental Section 2.3, the submicron
SiO,/TiO, core/shell particles were embedded in the
photoanode for light to scatter. The cross-section mor-
phology of the photoanode was observed using FESEM
after breaking it off. Fig. 5 shows the cross-section
FESEM image of the photoanode with embedded

Fig. 5. FESEM image of the cross section of the photoanode with
embedded SiO,/TiO, core/shell particles (W3, marked with the white
arrows).

Absorbance (a.u)

400 500 600 700 800
Wavelength (nm)

Fig. 6. Absorbance of the dyed photoanodes, EI-E5 with SiO,/TiO,
core/shell particles W1-WS5 in order (see Fig. 3), EO for reference with no
light scattering particles.

submicron SiO,/TiO, core/shell particles. As pointed by the
white arrows in Fig. 5, the submicron SiO,/TiO, core/shell
particles were submerged within the surrounding TiO, nano-
particles, which had a size of about 20 nm. In addition to the
strong light scattering by these submicron SiO,/TiO, core/shell
particles, the TiO, shell nanoparticles can also transport
electrons inspite of the insulating SiO, cores. Thus, these
submicron SiO,/TiO, core/shell particles embedded in the
photoanode should have similar electrical functionality to that
of the submicron TiO, particles used in Ref. [12].
Photoanodes with embedded submicron SiO,/TiO, core/
shell particles W1-WS5 of different sizes (see Section 3.2)
were dyed for 24 h, and they were designated as photo-
anodes E1-E3, in sequence. For comparison, the reference
photoanode without light scattering particles was named
as E0. The optical absorbance of these dyed photoanodes
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was then characterized. Fig. 6 shows the absorbance plots
of these photoanodes EO-E5 over the wavelength range
350-800 nm. Photoanodes E1-E5 had much higher absor-
bance than that of E0Q over the entire wavelength range.
The absorbance peak at about 540 nm—550 nm was attrib-
uted to the fact that the N719 dye has the maximal optical
absorption wavelength in this range [18]. It is noted in
Fig. 6 that the absorbance of ES in this wavelength range is
over three times stronger than E0 over a wide wavelength
range, implying a strong light scattering effect by the
submicron SiO,/TiO; core/shell particles.

Another characteristic in the absorbance plots (Fig. 6)
for the photoanodes E1-ES5 is that the absorbance gen-
erally increases with size of the submicron SiO,/TiO, core/
shell particles. This means that the submicron SiO,/TiO,
core/shell particles with the largest size (W5, about 370 nm
in diameter) in this work showed the strongest light
scattering performance. It is known that the smaller
core/shell particles can adsorb relatively more dyes and
therefore these core/shell particles may absorb more
photons by themselves. However, the light scattering
capability of the core/shell particles increases for a much
higher value with their size. These larger core/shell parti-
cles therefore greatly lengthen the light traveling path
within the photoanode so that much more photons can
be absorbed by the dyes on their adjacent particles. This
explains the results in Fig. 6.

3.4. Photovoltaic properties of DSSC

In this section, the DSSC cells fabricated from the
photoanodes EO-E5 (see Section 3.3) were designated as
S0-S5, in sequence. Table 2 shows the photovoltaic
properties, including the open-circuit voltage V., the
short-circuit current density ., the fill factor FF, and the
power conversion efficiency #n of these solar cells SO-S5.
The J-V curves for these DSSCs are shown in Fig. 7. It is
obvious that these DSSCs (S1-S5) with light scattering
particles had much higher # than that of the reference
DSSC S0, which had no light scattering particles. DSSC S5
had the highest efficiency #=5.1%, while the reference
DSSC SO had an efficiency 7=3.5%. This means that the
submicron SiO,/TiO, core/shell particles increased the
efficiency of DSSC by about 50%. It is noted that the
DSSCs showed higher 5 with the increase in the diameter
of the core/shell SiO,/TiO, light scattering particles. This

Table 2

Jse» Voo, FF, and 5 of the DSSCs.

Cell Ji. (mAjcm?) Ve (mV) FF (%) n (%)

SO 7.64 719.024 62.90 3.5+0.02
S1 10.95 684.922 59.50 4.540.02
S2 12.06 681.791 56.10 4.6 +0.01
S3 11.45 702.677 58.80 4.740.02
S4 12.27 691.318 57.70 4.940.01
S5 12.72 682.61 58.90 5.140.02

- -
N £
L. 1

-
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Current density (mA cm?)
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0 T T b T : T i
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Voltage (V)

Fig. 7. J-V curves of the DSSCs. Cells SI-S5 had photoanodes E1-ES5 in
order (see Fig. 6), while cell SO had photoanode EO.

result is generally in agreement with the optical absorbance
data of these photoanodes (Fig. 6), suggesting that the
light scattering effect from the submicron SiO,/TiO, core/
shell particles embedded in the photoanodes was respon-
sible for the improvement in the photovoltaic properties of
the DSSCs. It should be possible to further enhance the
PCE of DSSC by optimizing the submicron SiO,/TiO,
core/shell particles and their concentration in the
photoanode.

4. Conclusions

We prepared submicron SiO,/TiO, core/shell particles
and embedded these particles in the nanostructured TiO,
photoanodes for light to scatter in the dye-sensitized solar
cells. The diameter of the core SiO, particles was from
180 nm to 350 nm, while the SiO,/TiO, core/shell particles
had a diameter from 200 nm to 370 nm. The embedded
submicron SiO,/TiO, core/shell particles showed strong
light scattering effect, and the light absorbance of the dyed
photoanode embedded with the SiO,/TiO, light scattering
particles was found to be three times stronger than the one
without light scattering particles over a wide wavelength
range. The power conversion efficiency of dye-sensitized
solar cell was increased by about 50% after the introduc-
tion of light scattering SiO,/TiO, core/shell particles in the
photoanode. These results suggest that it is worthwhile to
further optimize the submicron SiO,/TiO, core/shell par-
ticles and their concentration in the photoanodes for the
highest power conversion efficiency of dye-sensitized
solar cells.
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