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Abstract

Dye-sensitized solar cells (DSCCs) in the form of mixed nanostructures containing TiO, nanoparticles and nanowires with different
weight ratios and phase compositions are reported. X-ray diffraction and field emission scanning electron microscopy analyses revealed
that the synthesized TiO, nanoparticles had average crystallite size in the range 21-39 nm, whereas TiO, nanowires showed diameter in
the range 20-50 nm. The indirect optical band gap energy of TiO, nanowires, anatase- and rutile-TiO, nanoparticles was calculated to
be 3.35, 3.28 and 3.17 eV, respectively. The power conversion efficiency of the solar cells changed with nanowire to nanoparticle weight
ratio, reaching a maximum at a specific value. An increase of 4.3% in cell efficiency was achieved by introducing 10 wt% nanowire into
the as-synthesized TiO, nanoparticles (WP1 cell). Furthermore, an increase of 27.6% in cell efficiency was achieved by using crystalline
anatase-TiO, nanoparticles rather than as-synthesized TiO, nanoparticles in WP1 solar cell. It was found that the power conversion
efficiency and short circuit current of WP1 cell were decreased down to around 30.8% and 39.1%, respectively using rutile nanoparticles
rather than anatase nanoparticles. The improvement of cell efficiency was related to rapid electron transport and less recombination of
photogenerated electrons, as confirmed by electrochemical impedance spectroscopy.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Recently, dye-sensitized solar cells (DSSCs) have been
regarded as a promising candidate for third solar cells
generation owning to their ease of manufacturing, good
power conversion efficiency, low cost, optional high
vacuum and materials purification steps compared with
p—n junction photovoltaic devices. The mesoporous films
made of 20 nm diameter particles are characterized by
power conversion efficiency exceeding 12% [1-3]. Following
excitation by sunlight, the dye molecules inject electrons
in the TiO, conductive band and holes in the electrolyte.
The conduction mechanism of dye-sensitized solar cells is
based on majority carrier transport despite the minority
carrier transport of conventional p—n junction in organic
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solar cells [4,5]. In order to reach high conversion efficien-
cies for the DSSCs, it is important to collect these photo-
generated charge carriers as electric current before they
recombine. To achieve this goal, the charge carrier collec-
tion has to be significantly faster than their recombination.
However, DSSCs made of nanoparticles, rely on limited
diffusion for electron transport; a slow mechanism that can
limit device efficiency, especially at longer wavelengths.
One promising solution to this impasse is to increase the
electron diffusion length in the photoanode by replacing
the nanoparticle film with one-dimensional TiO, such as
nanowires [6], nanotubes [7] and nanobelts [8]. Generally,
high electron mobility, excellent electron—hole separation
power and long-distance transport ability are unique
advantages of one-dimensional TiO, compared to that of
bulk TiO; [9,10]. However, the insufficient surface area of
one-dimensional nanostructures constrains the power con-
version efficiency to relatively low levels in order of 1-2%
[6,11]. In order to use nanowires and nanoparticles
advantages simultancously, TiO, solar cells in the form
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of mixed nanostructures composed of a mixture of one-
dimensional TiO, nanostructures and nanoparticles with
various weight ratios have been reported. Asagoe et al. [12]
reported that the DSSC made of 10 wt% anatase nanowire
and 90 wt% P-25 nanoparticle showed higher photovoltaic
performance (with power conversion efficiency of 6.53%)
than the DSSC made of pure P-25 nanoparticle (with
power conversion efficiency of 5.59%). Tan and Wu [13]
fabricated dye-sensitized solar cells based on nanoparticle/
nanowire composite films and investigated effect of nano-
wire to nanoparticle weight ratio on their performance.
They found that a mixture of 20 wt% nanowire and
80 wt% nanoparticle had the maximum power conversion
efficiency of 8.6%. The similar results have been reported
by Su et al. [14] as well. Pan et al. [15] prepared dye-
sensitized solar cells based on P-25 nanoparticle and
nanobelt composite films with different weight ratios.
The results revealed that the composite film containing
2 wt% nanobelt showed the highest cell efficiency of
6.96%. Lee et al. [16] studied photovoltaic performance
of a DSSC containing mixtures of TiO, nanoparticles and
nanotubes synthesized by the sol-gel and hydrothermal
methods, respectively. The cell efficiency of mixed nanos-
tructures containing 0 wt%, 10 wt% and 20 wt% nano-
tubes was measured to be 3.84%, 4.57% and 4.07%,
respectively. Pavasupree et al. [11] reported that photo-
anode eclectrode made of a mixture of TiO, nanorods and
nanoparticles, synthesized by hydrothermal process, had
higher power conversion efficiency than that made of pure
nanoparticles. So far, no significant work has been studied
on the influences of nanowire to nanoparticle weight ratio
on the internal resistances, electron lifetime and electron
transit time of TiO, DSSCs.

In the present work, a new formulation of TiO, paste
was developed for fabrication of DSSCs composed of
mixtures of synthesized nanoparticles and nanowires.
Electron transport improvement of TiO, DSSCs was
achieved by using mixed nanostructures. In addition, the
influences of nanowire to nanoparticle weight ratio and
phase composition of the nanoparticles on photovoltaic
characteristics of fabricated DSSCs were studied. The
improvement mechanism of DSSCs was investigated by
measurement of their internal resistances, electron lifetime
and electron transit time using electrochemical impedance
spectroscopy (EIS).

2. Experimental
2.1. Preparation of anatase-TiO, nanowires

TiO, nanowires were grown by a two consecutive
hydrothermal operation. Hydrogen titanate nanowires
were firstly prepared by hydrothermal process according
to an analogous procedure reported in the literature [17].
Hydrogen titanate nanowires were then converted into
TiO, nanowires by a rehydrothermal process. In the first
step, 1 g TiO, powder (anatase, Alfa Aesar, 99%) was

placed into 47 ml Teflon-lined stainless steel autoclave,
which was then filled with 10 M NaOH aqueous solution
up to 80% of the total volume. The autoclave was heated
at 180 °C for 48 h and subsequently cooled naturally to
room temperature. The collected precipitates (i.e., hydro-
gen titanate nanowires) were washed with dilute HCI and
water several times and dried at 25 °C. In the second step,
hydrogen titanate nanowires were placed into the Teflon-
lined autoclave, which was then filled with deionised water
(pH=7) up to 80% of the total volume. The autoclave was
heated at 180 °C for 12 h and subsequently cooled to room
temperature naturally. Finally, the resulting TiO, nano-
wires were collected and dried at room temperature.

2.2. Preparation of TiO, nanoparticles

TiO, nanoparticles were prepared by particulate sol-gel
process according to our previous study [18]. Titanium
tetraisopropoxide (TTIP) with a purity of 97% (Aldrich,
UK) was used as a titanium precursor; analytical grade
hydrochloric acid (HCI) 37% (Fisher, UK) was used as a
catalyst for the peptisation and deionised water was used
as a dispersing media. The water—acid mixture (pH=2)
was stabilised at a constant temperature. TTIP was added,
forming a white thick precipitate, which was gradually
peptised after 2 h to form a clear sol. The molar ratio of
TTIP:HCLI:H,O was 0.1:0.06:50, which makes a 0.1 M
TiO, sol. As-synthesized TiO»> nanoparticles were prepared
by heating the sol at 70 °C for 24 h. Since the as-
synthesized nanoparticles had almost crystalline anatase
structure, they were treated in two different methods in
order to obtain highly crystalline anatase and rutile
structures. They were annealed at 900 °C for 2 h to obtain
crystalline rutile nanoparticles, whereas they were treated
by hydrothermal process using deionised water (pH=7) at
230 °C for 8 h to obtain crystalline anatase nanoparticles.

2.3. Preparation of DSSCs

Basically, two categories of TiO, DSSCs were fabricated
in order to study the effect of nanowire to nanoparticle
(W:P) weight ratio and phase composition of the nano-
particles on cell performance, as shown in Table 1. The
first category consisted of seven different TiO, pastes with
various W:P (i.e., anatase nanowires to as-synthesized
nanoparticles) weight ratios. The optimal W:P weight ratio
was determined from the photovoltaic performance of
fabricated DSSCs. The second category consisted of two
different TiO, pastes with various nanoparticle phase
compositions (i.e., crystalline anatase and rutile phases).
A new formulation of TiO, paste was developed in our lab.
Both categories of TiO, pastes were prepared by mixing
the synthesized nanowires and nanoparticles, the solvent,
the dispersing agents and binders. One solar cell was also
fabricated from commercial TiO, powder as a reference
(called commercial cell) to compare with the rest of
fabricated solar cells.



Table 1

Characteristics of fabricated TiO, dye-sensitized solar cells.

Category I1

Category I

Effect of nanoparticle phase composition for WP1 cell

Effect of W:P weight ratio using the as-synthesized nanoparticles

Rutile phase
WPIR

Anatase phase

50:50 100:0
WPI1A

40:60

30:70

0:100 10:90 20:80
WP1 WP3

W:P
DSSC

WPS5

WP4

WP2
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TiO, monolayer films were coated on FTO (15 Q/sq)
substrate by spin coating technique using a Pasargad
Nanotechnology spin coater. The deposited TiO, films
with thickness around 14 um, as photoanode electrodes,
were sintered at 500 °C for 2 h in air atmosphere. The
post-treatment with TiCl, solution was applied to freshly
sintered TiO, electrodes as reported in the literature [19].
An aqueous stock solution of 2 M TiCly was diluted to
0.04 M. TiO, electrodes were immersed into the solution
and stored in an oven at 70 °C for 30 min in a closed
vessel. After flushing with distilled water, the electrodes
were sintered again at 450 °C for 30 min. The resulting
TiO, electrodes were soaked in 0.5 mM ruthenium (IT) dye
(Ruthenium 535-bisTBA dye, or N719, Solaronix) solu-
tion (using ethanol as a solvent) for 18 h. The electrodes
were washed with ethanol, dried and then immediately
used for photovoltaic measurements.

The redox electrolyte was composed of 0.6 M dimethyl-
propylimidazolium iodide, 0.1 M Lil, 0.05M 1I,, and
0.5 M 4-tertbutylpyridine in acetonitrile [20]. Platinum
coated FTO substrate, with a small hole, was prepared
as a counter electrode. The Platinum electrode was placed
over the dye-adsorbed TiO, electrode, and the edges of the
cell were sealed with sealing sheet (SX 1170-60, Solaronix).
Sealing was accomplished by hot-pressing the two electro-
des together at 120 °C. The redox electrolyte was injected
into the cell through the small hole of the counter
electrode and sealed with a small square of sealing sheet.

2.4. Characterization and measurements

TiO, photoanode electrodes were characterized by X-
ray diffraction diffractometer (XRD) using a Philips
X’pert PW3020, Cu-K, and field emission scanning
electron microscope (FE-SEM) using a JEOL 6340. The
thickness of TiO» electrodes was measured with a Tensor
Alpha-step Profiler. The absorption spectrum was ana-
lyzed by Ultraviolet—visible (UV-vis) spectroscopy using a
6705 JENWAY spectrometer. The density of TiO, nanos-
tructures was measured by a Micromeritics AccuPyc 1330
pycnometer analyzer. They were also characterized in
specific surface area and pore volume by nitrogen absorp-
tion, from Brunauer—-Emmett—Teller (BET) and Barret—
Joyner—Halenda (BJH) equations, respectively at 77.35 K
using a Micromeritics Tristar 3000 analyzer. External
surface area of the samples was calculated by De-Boer
equation [21]. Prior to BET measurement, powders were
degassed for 20h at 100 °C with pressure of 0.1 Pa.
Photovoltaic measurements were performed under 1 Sun
AM 1.5G using Luzchem simulated sunlight. The electro-
chemical impedance spectroscopy (EIS) measurements of
the DSSCs were recorded with a potentiostat/galvanostat
(PGSTAT 302N, Autolab, Eco-Chemie, the Netherlands)
under 100 mW/cm?. The frequency range was explored
from 0.01 Hz to 10° Hz. EIS spectra were simulated using
Zview software.
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3. Results and discussion
3.1. Microstructure

Fig. 1 shows surface morphology of deposited TiO,
photoanode electrodes. It is evident that the deposited
films had uniform, homogeneous and porous structure as a
result of removal of the dispersing agents, binders and
solvents. The electrodes were uniformly covered with
different weight ratios of TiO, nanowires and nanoparticles.
TiO, nanowires had length of several pm and diameter in the
range 20-50 nm, whereas TiO, nanoparticles showed diameter
in the range 21-39 nm. As can be observed, the porosity of
deposited films depends on nanowire to nanoparticle weight
ratio since TiO, nanoparticles were settled down between the
porosity of TiO, nanowires. Defects (i.e., porosity) in the
deposited films may act as electron traps. The depth of the
traps that participate in the electron motion affects the value
of the diffusion coefficient [22]. Moreover, TiO, nanoparticles
usually have higher surface area than TiO, nanowires. This is
an essential parameter for a high-efficient DSSC, because it
allows adsorption of sufficiently large number of dye mole-
cules needed for efficient light harvesting. Consequently, the
cell efficiency of TiO, electrodes containing pure nanowires is
expected to be improved by introducing TiO, nanoparticles in
the form of mixed nanostructures.

3.2. Crystal structure

Fig. 2 shows XRD patterns of prepared nanostructures.
Basically, the as-grown nanowires prepared by one step
hydrothermal process consisted of hydrogen titanate phase
(H,Ti307) rather than anatase-TiO, phase (Fig. 2a). Forma-
tion mechanism of hydrogen titanate during hydrothermal
process can be explained by the following reactions [23]:

3Ti0>+2NaOH — Na Tiz 07+ H>O (1)

Na,TizO7+2HCl— H,TizO7+2NaCl 2)

We found that hydrogen titanate nanowires can be
converted into TiO, nanowires by a rehydrothermal
process in presence of deionised water. Therefore, a two
consecutive hydrothermal operation was employed to
produce TiO, nanowires. The rehydrothermally grown
nanowires and nanoparticles treated by hydrothermal
process had crystalline anatase structure with the strongest
peak at 20=25.3° (1 0 1), whereas nanoparticle sintered at
900 °C showed crystalline rutile structure with the stron-
gest peak at 20=27.4° (1 10). The broad peaks indicated
that ultra-fine primary particles were obtained. The aver-
age crystallite size of crystalline anatase and rutile nano-
particles was calculated to be around 18 nm and 24 nm,

1um

Fig. 1. FE-SEM images of surface morphology of TiO, photoanode electrodes: (a) P, (b) WP1, (c) WP2, (d) WP3, (e) WP4, (f) WP5 and (g) W.
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Fig. 2. XRD patterns of prepared nanostructures: (a) hydrothermally grown nanowires (H,Ti305), (b) as-synthesized nanoparticles (with almost crystalline
anatase structure), (c) nanoparticles treated by hydrothermal process (with crystalline anatase structure), (d) nanoparticles annealed at 900 °C (with crystalline
rutile structure) and (e) rehydrothermally grown nanowires (with crystalline anatase structure). H: Hydrogen titanate, A: anatase-TiO, and R: rutile-TiO,.
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Fig. 3. XRD patterns of 500°C annealed TiO, photoanode electrodes: (a) P, (b) WP1, (c) WPIR, (d) WP1A, (e) WP2, (f) WP3, (g) WP4, (h) WP5 and

(i) W. A: anatase-TiO; and R: rutile-TiO,.

respectively by the Scherrer equation as follows [24]:

 k
" Bcos 0

3)

where d is the crystallite size, k is a constant of 0.9, A is the
X-ray wavelength of Cu which is 1.5406 A°, 0 is the Bragg

angle in degree, and B is the full width at half maximum
(FWHM) of the peak.

Fig. 3 shows XRD patterns of 500 °C annealed TiO,
photoanode electrodes in the form of mixed nanostruc-
tures containing TiO, nanowires and as-synthesis nano-
particles. It can be observed that W had anatase structure
with the strongest peak at 20=25.3° (101) (Fig. 3i),
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whereas other electrodes showed a mixture of anatase and
rutile phases by dominant peaks at 26=25.3° (10 1), and
20=27.4° (1 10), respectively (Fig. 3a—h). Since the broo-
kite content is negligible at temperatures higher than
500 °C, the mass fraction of rutile (Xz) in the crystal
lattice can be calculated based on the relationship between
the integrated intensities of anatase (1 0 1) and rutile (1 1 0)
peaks by the following formula developed by Spurr and
Myers [25]:
1
~ 14+K(I4/1Ir)

where 14 and I, are the integrated peak intensities of the
anatase and rutile peaks, respectively. The empirical con-
stant K was determined via XRD powders analyses of
known proportions of pure anatase and pure rutile TiO,,
and is equal to 0.79. The mass fraction of anatase and
rutile phases as well as their average crystallite size is
shown in Table 2. It is evident that, anatase content of
mixed nanostructure films was increased with increasing
nanowire to nanoparticle weight ratio. This can be related
to the phase composition of nanowires and nanoparticles,
being pure anatase and a mixture of anatase and rutile
phases, respectively. Moreover, the average crystallite size
of deposited electrodes was decreased with an increase of
nanowire to nanoparticle weight ratio. There is more
supporting evidence in favour of anatase as the most
promising for solar cell application [26]. However, as
mentioned in the Introduction section, TiO, nanoparticles
have higher dye sensitization capability than the nanowires
due to possessing higher surface area. Consequently, it is
expected an optimum weight ratio of nanowire to nano-
particle shows the best photovoltaic performance.

4)

Xr

3.3. BET analysis

Fig. 4 illustrates the N, adsorption—desorption iso-
therms of prepared TiO, nanoparticles and nanowires.
N, adsorption characteristics of the nanostructures were
also summarized in Table 3. TiO, nanoparticles had higher
surface area than TiO, nanowires, resulting in large
adsorption of dye molecules on the surface of nanoparticles.
As expected, surface area of the as-synthesized nanoparticles

Table 2
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reduced drastically, while their pore volume and pore size
increased after annealing at 500 °C. Therefore, the as-
synthesized nanoparticles showed the highest surface area
(i.e., 154 m?/g) amongst all nanostructures.

3.4. UV-vis analysis

Optical absorbance spectra of TiO, nanowires and
nanoparticles are shown in Fig. 5. It has been reported
that bulk rutile has a direct band gap of 3.06 ¢V and an
indirect band gap of 3.10eV, while bulk anatase only
shows an indirect band gap of 3.23 eV [27-29]. To quantify
the optical band gap of the films, Tauc Model [30] was
employed in the high absorbance region of the transmit-
tance spectra according to the following equation:

ahv = A(hv—E,) (%)

where /v is the photon energy, E,, is the optical band gap,
A is a constant which does not depend on photon energy, r
has four numeric values (1/2 for allowed direct, 2 for
allowed indirect, 3 for forbidden direct and 3/2 for
forbidden indirect optical transitions) and o is the absorp-
tion coefficient which is calculated from the following
equation:
2.303Kp
TTLe

where K is the absorbance of the sample; p is the density of
TiO, nanostructure; C is the concentration of the particles

(6)

100
- Nanowires

I ’
\s-sy Nanoparticle:

=
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»
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Quantity Adsorbed (cm¥g)

n
o

0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
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Fig. 4. Nitrogen adsorption—desorption isotherm of prepared TiO,
nanostructures.

The percentage of anatase and rutile phases of deposited TiO, photoanode electrodes.

Anatase (%)

Rutile (%) Crystallite size (nm)

P 36.6
WP1 42.9
WP2 49.3
WP3 55.6
WP4 62.0
WP5 68.3
w 100

WPIA 72.2

WPIR 36.9

63.4 354
57.1 33.1
50.7 315
44.4 30.2
38.0 28.8
31.7 27.9

0 22.4
27.8 20.0
63.1 39.7
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Table 3
N, adsorption characteristics of TiO, nanostructures.

Sample Sger (m*/g) Sexe. (m’/g) Vrot (cm?/g) P (nm)
As-synthesized nanoparticles 154.5 78.6 0.083 02.1
Anatase nanoparticles 49.3 64.5 0.111 09.0
Rutile nanoparticles 39.2 54.2 0.096 09.8
As-grown nanowires 29.4 21.9 0.106 14.5

Sget: BET specific surface area; Sk, : external surface area calculated from 7-method by D-Boer equation; Vr.,: total pore
volume calculated by BJH method; P: pore size calculated by BJH method.
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Fig. 5. Optical absorbance spectra and the plots of («/v)’> versus photon

energy of: (a) TiO, nanowires, (b) anatase nanoparticles and (c) rutile
nanoparticles.

and L is the optical path length. The density of TiO,
nanowires, anatase and rutile nanoparticles was measured
to be 3.35, 3.85 and 4.25 g/em®, respectively.

Photo current density {mAicm?)

04 05 09
Voltage (V)

Fig. 6. Photocurrent density—voltage curve of TiO, solar cells with
different nanowire to nanoparticle weight ratios.

The indirect band gap of nanostructures was determined
by plotting (ohv)® versus hv, with the extrapolation of the
linear region to the low energies, being 3.35, 3.28 and
3.17 eV for TiO, nanowires, anatase and rutile nanoparti-
cles, respectively. Therefore, all nanostructures displayed a
blue shift relative to that of bulk TiO, due to the quantum
confinement effect. Furthermore, TiO, nanoparticles
showed more positive conduction band (CB) level, since
their band gap energy was less than that of the nanowires.
Therefore, the energy difference between the LUMO level
of dye molecules and CB of TiO, nanoparticles was larger
than that between the lowest unoccupied molecular orbital
(LUMO) level of dye molecules and CB of TiO, nano-
wires, resulted in an increase of the photoelectron injection
driving force (i.e., Gibbs free energy, AG) of nanoparticles.
Consequently, a larger photocurrent was obtained for
TiO, nanowires than that of TiO, nanoparticles due to
possessing a lower AG.

3.5. Photovoltaic performance of DSSCs

3.5.1. Effect of nanowire to nanoparticle weight ratio

The photocurrent density—voltage (J-V) characteristics
of fabricated TiO, DSSCs, with the same thickness, were
illustrated in Fig. 6. In addition, the corresponding
photovoltaic parameters such as short circuit current
(Jsc), open circuit voltage (Vo(), fill factor (FF), adsorbed
dye and power conversion efficiency (1) were summarized
in Table 4.

The maximum Jgc- was obtained for P solar cell, whereas
WP1 solar cell had the highest V. The difference in Jg¢
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Table 4
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Photovoltaic parameters of TiO, DSSCs with different nanowire to nanoparticle weight ratios.

DSSC Voc (mV) Jsc (mA/em?) FF (%) 7 (%) Adsorbed dye (10% mol/cm?)
P 737 13.91 47 4.69 9.41
WPI1 850 9.66 60 4.89 9.04
WP2 836 9.23 56 425 8.71
WP3 838 7.71 61 3.91 8.35
WP4 814 7.52 56 3.33 8.01
WP5 821 5.05 67 2.79 7.69
w 782 2.71 64 1.35 4.27

ABS (a.u.)

Wavelength (nm)

Fig. 7. Optical absorbance spectra of N719-coated TiO, mixed nanos-
tructures with different nanowire:nanoparticle weight ratios: (a) P,
(b) WP1, (c) WP2, (d) WP3, (e) WP4, (f) WP5 and (g) W.

— WP1R

— WP1A

— WPt

—— Commercial

Photo current density (mA/cm?)

0 0.1 02 03 04 07 08

06

05
Voltage (V)

09 1

Fig. 8. Photocurrent density—voltage curve of WP1 and commercial solar
cells with different nanoparticle phase composition.

of the solar cells can be related to the higher surface area of
the nanoparticles compared with that of the nanowires per
cell volume, resulting in greater dye sensitization of
nanoparticles. The amount of adsorbed dye was deter-
mined by a spectroscopic method by measuring the
concentration of desorbed dye on the titania surface into
solution of 0.1 M NaOH. According to Beer—Lambert law,
the amount of adsorbed dye was calculated with regards to
the macroscopic geometric area of the TiO, electrode [31].
The absorbance of N719 dye on the P cell was found to be
2.2 times greater than that of W cell at the dye spectral

maximum (310 nm), as shown in Fig. 7. Consequently, dye
sensitization of the solar cells decreased with an increase of
nanowire to nanoparticle weight ratio. As can be observed,
the solar cell made of pure nanoparticles (i.e., P cell) had
smaller Vo than that of made of pure nanowire (i.e., W
cell) as a result of smaller energy difference between the
conductive band of nanoparticles and the iodine redox
potential [32]. Furthermore, the solar cell made of
W:P=50:50 (i.e., WPS5 cell) showed the highest fill factor
of 67% amongst all fabricated solar cells. This can be
explained by the internal resistance of the cells as the most
effective parameter on the fill factor. It is evident that, the
power conversion efficiency of the solar cells changed with
nanowire to nanoparticle weight ratio, reaching a max-
imum at a specific value. WP1 solar cell showed the highest
power conversion efficiency of 4.89% amongst all fabri-
cated solar cells. The improvement in the photovoltaic
performance of WP1 solar cell can be explained due to its
synergic effect. On one side, the nanoparticles had the
highest surface area, resulting in high adsorption of dye
molecules. The nanowires, on the other hand, induced
improvement of light scattering and electron transport rate
by multiple scattering of photons, resulting in an increase
in optical path length. Consequently, a systematic design
of mixed nanostructures by tailoring their phase composition
and morphology can improve the photovoltaic performance
of TiO, dye-sensitized solar cells.

3.5.2. Effect of nanoparticle phase composition

As described in Section 2.3, two TiO, solar cells
containing mixtures of nanowires and as-synthesized
nanoparticles with W:P=10:90 (wt%) and different phase
compositions of nanoparticles (i.e., crystalline anatase and
rutile phases) were prepared. One solar cell was also
fabricated from commercial TiO, powder as a reference.
The photocurrent density—voltage (J—V) characteristics of
fabricated DSSCs were illustrated in Fig. 8. In addition,
the corresponding photovoltaic parameters were summar-
ized in Table 5. It is evident that, all photovoltaic
parameters, except FF, of the cell made of commercial
TiO, powder were lower than those of cells containing
TiO, nanostructures. Furthermore, short circuit current
(Jsc) of the cells was increased by introducing of crystal-
line anatase nanoparticles. The most likely reason for the
enhanced Jgc is attributed to the increase of dye
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Table 5

Photovoltaic parameters of WP1 and commercial DSSCs with different nanoparticle phase compositions.

DSSC Voc (mV) Jsc (mA/em?) FF (%) 1 (%) Adsorbed dye (10% mol/cm?)
WP1 850 09.66 60 4.89 9.04
WPIR 824 09.47 59 477 8.87
WP1A 789 13.67 58 6.24 9.91
Commercial 752 05.03 63 2.41 7.35
a b
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Fig. 9. Electrochemical impedance spectroscopy Nyquist plots of: (a) TiO, solar cells and (b) Equivalent circuits of TiO, DSSCs.

Table 6

Recombination and electronic transfer properties of TiO, cells determined by fitting EIS spectra.

Solar cell R, (Qcm?) R, (Qcm?) R, (Qcm?) R, (Qcm?)
P 6.07 1.24 3.89 04.14

WP1 4.72 1.19 2.96 04.83

WP2 6.20 1.12 2.87 25.63

WP3 6.32 1.24 2.71 26.44

WP4 5.47 1.13 2.66 29.27

WP5 591 1.22 2.58 38.84

w 7.07 1.15 1.01 98.45

adsorption on TiO, surface. Furthermore, the solar cell
contained crystalline anatase structure (i.e., WPI1A) had
higher power conversion efficiency and short circuit
current than that made of crystalline rutile structure (i.e.,
WPI1R). However, WPIR cell had higher V¢ than WP1A
cell. Therefore, anatase phase is more favor than rutile
phase in solar cell application due to two facts and is
consistent with the result reported previously [33]. Firstly,
intensity-modulated photocurrent spectroscopy and scan-
ning electron microscopy studies indicated that electron
transport was slower in the rutile layer than in the anatase
layer due to differences in the extent of inter-particle
connectivity associated with the particle packing density
[34]. Secondly, the internal resistance of anatase crystal
structure is lower than that of rutile phase due to
arrangement of parallel octahedral connected by their
vertices in the case of anatase compared to 90° rotated
octahedral connected by their edges in the case of rutile.

3.6. Electrochemical impedance spectroscopy analysis

The internal resistance and the electron transport rate of
TiO, DSSCs were studied using the electrochemical impe-
dance spectroscopy (EIS). Fig. 9 shows the Nyquist plots
of EIS of the cells under 100 mW/cm?. The impedance
spectra were fit to a geometrically appropriate equivalent
circuit, as presented in Fig. 9c. The smaller the arc radius
is, the higher the efficiency of charge separation will
become [35]. All spectra can be described by three typical
semicircles observed in the measured frequency at both of
the nanocrystalline photoelectrodes, which are assigned to
the electrochemical reaction at the Pt counter electrode
(R,), charge transfer at the TiO,/dye/electrolyte interface
(R.,) and Warburg diffusion process of 17/I°~ (R,) [36].
Table 6 shows recombination and electronic transfer
properties of TiO, cells after fitting the obtained data by
a proper equivalent circuit [37]. It can be observed that in
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all cases the charge recombination resistance (R.;) is much
larger than the transport resistance (R;.) which is a feature
generally necessary for good performance of the DSSCs
[38]. It is interesting to note that, R., was increased and R,
was decreased with increasing nanowires to nanoparticle
weight ratio.

Therefore, W cell showed the highest R. amongst all
fabricated solar cells due to slower recapture of conduction
band electrons by I°~ ions. Moreover, P cell had the
lowest R, which indicated that the electrons were well
transmitted from electrolyte to dye molecules and from dye
molecules to TiO, film.

4. Conclusions

A systematic study of TiO, DSSCs by fabrication of
mixed nanostructures with various morphologies (i.e.,
nanoparticle and nanowire) and phase composition (i.e.,
anatase and rutile) is presented. Such design is performed
to improve the surface area, electron transport rate and the
light scattering effect of the solar cells. The synthesized
nanoparticles have crystallite size in the range 21-39 nm
and BET surface area in the range 39.2-154.5m?/g
depending on their crystal structure. Moreover, as-grown
TiO, nanowires show length of several pm and diameter in
the range 2050 nm with BET surface area of 29.4 m?/g.
UV-vis analysis revealed that, TiO, nanowires had lower
photoelectron injection driving force (AG) than TiO,
nanoparticles, resulted in improvement of photocurrent
of the mixed nanostructure cells. It was found that, dye
sensitization of the solar cells decreased with an increase in
nanowire to nanoparticle weight ratio, since the nanopar-
ticles had higher surface area than the nanowires. How-
ever, introduction of the nanowires improved light
scattering and electron transport rate by multiple scattering
of photons. EIS analysis showed that, R, increased and
R, decreased with increasing nanowires to nanoparticle
weight ratio. The power conversion efficiency of the solar
cells changed with nanowire to nanoparticle weight ratio,
reaching a maximum at a specific value. An increase of
4.3% in cell efficiency was achieved by introducing 10 wt%
nanowire into the as-synthesized TiO, nanoparticles (i.e.,
WP1 solar cell). It was revealed that, mixed nanostructure
solar cell made of crystalline anatase nanoparticles had
higher Jgc than that containing almost crystalline anatase
nanoparticles. Furthermore, the mixed nanostructure cell
(WP1) contained crystalline anatase structure had much
higher power conversion efficiency and short circuit cur-
rent than that made of crystalline rutile structure. An
increase of 30.8% in cell efficiency was achieved by
crystalline anatase phase (i.e., WP1A cell) rather than
crystalline rutile structure (i.e., WPIR cell). It was con-
cluded that, anatase phase is more favor than rutile phase
in solar cell application, since the internal resistance of
anatase crystal structure is lower than that of rutile phase.
Finally, an increase of 27.6% in cell efficiency was
achieved by crystalline anatase nanoparticles rather than

the as-synthesized TiO, nanoparticles in WP1 solar cell
(i.e., WPIA solar cell). The improved photoelectrical
performance of this solar cell was attributed to the rapid
transport, the less recombination of photogenerated elec-
trons, efficient light scattering and dye adsorption. The
concept of mixed nanostructure solar cells will open up
new insight into fabrication and structural design of low-
cost TiO, DSSCs with high power conversion efficiency.
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