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Abstract

The photoanode of a dye-sensitized solar cell (DSSC), usually made with a nanoporous TiO, semiconductor layer sensitized with
N719 dye, plays a crucial role in the overall power conversion efficiency as it influences both the light absorption and the electron
transport. Generally, enhanced photon absorbance is achieved through light scattering in the device by employing a double-
layered TiO, photoanode consisting of an active layer of smaller (~ 20 nm) P25 particles and a scattering layer consisting of larger
(~300 nm) particles. However, due to the smaller effective surface area of the larger particle layer, the dye adsorption in the
second layer is very poor, and therefore, the efficiency enhancement due to the usage of thicker photo anode is hindered.
Therefore, in this study, investigations were carried out to replace the conventional, larger particle scattering layer by a morpho-
logically different structure of TiO,. Here, the DSSC performance between two different types of scattering layers, one consisting
of TiO, nanorods (NRs) and the other consisting of hierarchically structured TiO, submicron size spheres (MS) are compared.
DSSC fabricated with P25/MS double-layered photoanode outperforms the DSSC fabricated with P25/NR double-layered
photoanode. P25/MS-based DSSC delivered a highest short-circuit current density of 14.80 mA c¢m > with an efficiency of
7.38%, while the efficiency of DSSC fabricated with P25/NR photoanode exhibits 7.03% efficiency. The DSSC fabricated
without a scattering layer showed only 6.68% efficiency. The diffuse reflectance and dye adsorption measurements revealed that
the better performance of P25/MS double-layered DSSC is largely due to the improved photon absorption facilitated by superior
light scattering as well as higher dye loading by TiO, submicron size spheres.
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Introduction

Highlights « Dye-sensitized solar cells with TiO, submicron size sphere
photoanode were studied.

* Cells with TiO, P25 particle/nanorod double layer showed efficiency of
7.03%.

* Cells with TiO, P25 particle/submicron sphere anode showed efficiency
of 7.38%.

* Higher efficiency was attributed to enhanced light absorption by
scattering.
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Investigations on dye-sensitized solar cells (DSSCs) have
been intensively carried out in the last three decades due to
their promising features such as low production cost with easy
fabrication techniques, relatively high power conversion effi-
ciency especially under diffused light conditions, environ-
mentally friendly fabrication process in ambient conditions,
and tunable esthetic features, such as color and transparency
[1-6]. Typically, a DSSC consists of a photoanode of high
band gap semiconductor like TiO,, a dye sensitizer, an elec-
trolyte with redox mediator and a counter electrode assembled
in a sandwiched structure. When this structure is exposed to
the light, dye molecules adsorbed to the semiconducting layer
get excited due to the photon energy in the light and inject
electrons to the conduction band of the semiconductor pro-
ducing dye cations. These electrons then traverse to the other
side of the device via the external circuit and transferred to the
redox mediator in the electrolyte through the counter

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-020-04727-7&domain=pdf
http://orcid.org/0000-0001-5488-9384
mailto:lakshman.di@nifs.ac.lk

J Solid State Electrochem

electrode. Due to the redox reaction of the mediator in the
electrolyte, electrons are released and the dye cations return
to their ground state molecules receiving these electrons. To
date, the highest power conversion efficiency of ~ 14.3% un-
der one sun illumination has been reported for a DSSC using
TiO, as a semiconductor metal oxide photoanode and
alkoxysilyl-anchor dye (ADEKA-1) and carboxy-anchor or-
ganic dye (LEG4) as a co-photosensitizer, cobalt(III/I) com-
plex as a redox electrolyte, and graphene-based gold-coated
fluorine-doped tin oxide as the counter electrode [5].

Due to aforementioned promising properties of DSSCs,
continued research efforts are being focused towards improv-
ing the performance of DSSCs by optimizing photoanode
[7-11], sensitizer [12—15], electrolyte [16—18], and counter
electrode [19-22]. Among these components, the architecture
of photoanode plays a crucial role in the overall power con-
version efficiency of the solar cell because the dye adsorption,
electron generation, and transport take place in the
photoanode. Thus, optimizing the architecture of photoanode
to boost the solar cell performance is strategically an impor-
tant step.

A photoanode with high specific surface area, fast electron
transport pathways, and pronounced light scattering schemes
are desirable for achieving higher efficiencies. Usually, the
photoanode is made of ~20 nm diameter TiO, nanoparticles
as a nanoporous structure. This structure provides a large inter-
nal surface area for the adsorption of large amount of dye mol-
ecules on the surface of the TiO, layer in order to absorb as
much as incident light as possible. Therefore, the efficiency of
these devices can be enhanced by increasing the thickness of
this nanoparticle layer. However, due to the diffusion length of
electron and low light penetration, there is a limit of increasing
the thickness of the photoanode. Therefore, enhancement in the
light absorption by the dye molecules by means of an efficient
light scattering process thorough the photoanode is one of the
possible strategies to enhance the efficiency of these solar cells.
Conventionally, this is achieved by using a double-layered
TiO, photoanode structure. For this purpose, a light scattering
layer consisting of larger particles of sizes ~300 to 700 nm in
diameter is fabricated on top of the smaller size (~ 20 nm diam-
eter) TiO, nanoparticle layer [23]. However, the top layer only
serves as a scattering layer, and it does not contribute signifi-
cantly for dye adsorption and light absorption because of its low
specific surface area. Therefore, in order to enhance the effi-
ciency of these devices, it is better to employ a photoanode
structure with high dye adsorption capability together with en-
hanced light scattering within the device.

Recently, much research interests have been focused to-
wards the utilization of TiO, nanomaterials such as nanowires
[24], nanorods [25], nanofibers [26], nanospindles [27], and
hierarchically structured submicron size spheres [28-30] in
the photoanode and exploit their unique optoelectric proper-
ties to meet the above competing phenomena. To the best of
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our knowledge, there is no study carried out to compare the
performance of DSSCs employing one-dimensional scattering
layers such as nanorods and three-dimensional scattering layer
such as hierarchically structured TiO, submicron size spheres.
By having this idea in mind, in the present work, morpholog-
ically different, hierarchically structured TiO, submicron size
spheres and TiO, nanorods have been successfully synthe-
sized by hydrothermal methods. DSSCs have been fabricated
with double layered photoanode structures comprising a scat-
tering layer composed of above different morphologies and
their performance have been compared.

Materials and methods
Materials

Fluorine-doped tin oxide (FTO)-coated conducting glasses
(8 © cm 2, Solaronix), titanium(IV) isopropoxide (97%
Fluka), titanium dioxide powders (P-25, Degussa, and P-90,
Evonik), polyethylene glycol (PEG, 99.8%, Mw =
1000 g mol™', Sigma-Aldrich), Triton X-100 (Sigma-
Aldrich), ethanol absolute (anhydrous, >99.8%, VWR
Chemicals), glacial acetic acid (99%, Fisher), sodium hydrox-
ide (>98%, anhydrous, Sigma-Aldrich), ethylene carbonate
(EC, Fluka), tetrapropyl ammonium iodide (Pr4NI,Sigma-
Aldrich), iodine chips (/,, Fluka), and ruthenium dye (N719,
Solaronix) were used as received.

Synthesis
TiO, submicron size spheres

Hierarchically structured mesoporous TiO, submicron size
spheres were synthesized through controlled hydrothermal
treatment of titanium(IV) isopropoxide (TTIP) in ethanol-
glacial acetic acid mixture. Typically, 1 ml TTIP was added
dropwise into a mixed solvent of acetic acid (10 ml) and eth-
anol (50 ml) under vigorous stirring for 1 h at room tempera-
ture. The clear solution obtained was transferred into a 100-ml
Teflon-lined stainless steel autoclave, and hydrothermal treat-
ment was performed at 180 °C for 9 h. Then, the autoclave
was allowed to cool down to room temperature and the
resulting white precipitate was collected by centrifuge and
subsequently washed with ethanol and distilled water several
times and subsequently dried overnight at 90 °C. Finally, the
powder sample was calcined at 400 °C for 3 h in a furnace to
obtain the TiO, submicron size spheres.

TiO, nanorods

TiO, nanorods were synthesized via hydrothermal method. The
starting material was commercial P-25 TiO, nanoparticles. In a
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typical synthesis process, 0.5 g of P-25 TiO, nanoparticles were
well dispersed in 70 ml of 10 M sodium hydroxide aqueous
solution using a magnetic stirrer for about 1 h and subsequently
sonicated in an ultrasonic bath for another 1 h. The mixture was
then transferred into a 100-ml Teflon-lined stainless steel auto-
clave, and the hydrothermal treatment was performed at 150 °C
for 48 h. Then, the autoclave was allowed to cool down to room
temperature and the product was washed several times with
0.1 M HCl until a pH of 7 was reached. Finally, the TiO, nano-
rods were collected by centrifuging at 2000 rpm and dried at
80 °C for 12 h in a vacuum oven.

Preparation of TiO, bi-layer photoanode

At first a compact blocking layer was spin coated (3000 rpm)
on pre-cleaned FTO glass plate using a dispersion prepared
with P90 TiO, powder and 0.1 M HNOs. Then, the FTO plate
with the blocking layer was annealed at 450 °C for 45 min. A
P25 TiO, nanoparticle paste was prepared by the following
method: 0.25 g of commercial P25 TiO, powder was ground
with one drop of Triton X-100, 0.05 g PEG (Mw =
1000 g molfl), and 1 ml 0.1 M HNOj; for 45 min. The P25
nanoparticle layer was formed on top of the P90 compact layer
by doctor blade method, and the resulting FTO/P90/P25
photoanode was sintered at 450 °C for 45 min. The thickness
of this P25 layer has already been optimized by us in a previ-
ous study [31]. A similar procedure was followed to prepare
another paste by using the TiO, submicron size spheres (MS)
prepared by the method described in the “TiO2 submicron
size spheres” section in place of P-25 nanoparticles and ap-
plied on top of the P25 layer and sintered at 450 °C for 45 min
to obtain the FTO/P90/P25/MS double-layered TiO,
photoanode. The same procedure was repeated to prepare
the FTO/P90/P25/NR double-layered TiO, photoanode where
the top layer was TiO, nanorods prepared as described in the
“Ti02 nanorods” section. Finally, these two double-layered
photoanodes as well as the P25 photoanode without a scatter-
ing layer were dipped independently in ethanoic dye solution
containing 0.3 mM of N719 dye at room temperature for 24 h.
The average thickness of the P25 layer is about 13 um, and the
average thickness of the scattering layers is 4 um.

Preparation of the Pt counter electrode

Platinum counter electrodes were prepared by an
electroplating experiment carried out using a two electrodes
system. All solutions were prepared with deionized water,
hydrogen hexachloroplatinate (IV) hydrate (Aldrich, 99.9%),
and hydrochloric acid (Sigma-Aldrich, sp. gr. 1.18). The ex-
periments were done at room temperature. Precleaned
conducting glass plates were immersed in a solution of
5 mM H,PtClg +0.1 M HCI, and a DC voltage 2.0 V was
applied for about 2 min until shining nontransparent Pt film

was deposited on the conducting glass plate. The resulting Pt
film with substrate was finally heated at 200 °C for 30 min.

Preparation of the liquid electrolyte and fabrication
of solar cells

The iodide/triiodide-based liquid electrolyte used for this work
was prepared by dissolving 0.738 g tetrapropylammonium io-
dide (PryNI), 0.06 g iodine (I,), and 3.6 ml of molten ethylene
carbonate (EC) in 1 ml acetonitrile. The final mixture was mag-
netically stirred for 24 h at room temperature. Solar cells of
configurations, double-layer photoanode with P25/MS/electro-
lyte/Pt counter electrode, and double-layer photoanode with
P25/NR/electrolyte/Pt counter electrode, were fabricated by
sandwiching the liquid electrolyte between each photoanode
and the Pt counter electrode. A schematic diagram of the two
solar cells is shown in Fig. 1.

Characterization

The surface morphology of the photoanodes and synthesized
nanostructures were characterized by scanning electron mi-
croscopy (SEM) using Zeiss EVO LS15 scanning electron
microscope and by transmission electron microscopy (TEM)
using JEOL JEM 2100 transmission electron microscope, re-
spectively. The wide-angle X-ray spectroscopy (WAXS) was
performed using Rigaku X-ray diffractometer with CuK«x ra-
diation (A =1.5406 A). The diffuse reflection spectra were
obtained in the wavelength range from 240 to 800 nm using
UV-Vis spectrophotometer (Shimadzu 2450) with an integrat-
ing sphere attachment. The amount of dye loading of the TiO,
films was estimated by desorbing the dye in 0.1 M NaOH
aqueous solution, and then the absorbance of the dye desorbed
NaOH solution was measured using UV-vis spectroscopy.
The current density—voltage (J-V) measurements of solar cells
were performed with Keithly 2400 source meter (Keithly
Instruments, USA) with solar simulator (Oriel) under
100 mW cm *(one sun) illumination with AM 1.5 spectral
filter. The solar simulator was calibrated with a silicon photo-
diode (Hamamatsu Photonics, Japan). The active area of solar
cells was kept constant as 0.25 cm?”. The interfacial charge
transfer resistances and electron life time was estimated by
electrochemical impedance spectroscopy (EIS) performed un-
der 100 mW cm 2 illumination using a Metrohm Autolab
PGSTATI128N in potentiostat mode with a FRA 32 M fre-
quency response analyzer covering the wide frequency range
(0.01 Hz to 1 MHz).

Results and discussion

Figure 2 shows the scanning electron microcopy (SEM) im-
ages of the top views of the three photoanodes fabricated with
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Fig. 1 Schematic diagram of the DSSCs fabricated using a P25/MS-based photoanode, b P25/NR-based photoanode, and ¢ single submicron size sphere

composed of aggregates of smaller TiO, nanoparticles

P25, NR, and MS, respectively. As shown in Fig. 2a, the
photoanode made only with P25 nanoparticles has a fairly
uniform distribution of TiO, nanoparticles of average size
around 20 nm as expected. The SEM image of randomly
distributed TiO, nanorods can be seen in Fig. 2b. The SEM
photograph of photoanode depicted in Fig. 2¢ shows that the
TiO, submicron size spheres are well-defined spherical sub-
micron size structures composed of aggregates of smaller
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TiO, nanoparticles. The average diameter of the submicron
size spheres is about 700 nm. The diameter of the submicron
size spheres can be controlled by controlling the volume ratio
of the solvents used in the solution while keeping other hy-
drothermal conditions constant. A closer inspection of the
high-resolution SEM image of the submicron size spheres
(Fig. 2d) reveal that the size of the constituent much smaller
nanoparticles ranges between 5 and 15 nm.
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Fig.2 SEM images of a top view of TiO, P25, b TiO, nanorods, ¢ TiO, submicron size sphere photoanodes, and d high-resolution image of submicron

size spheres
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In order to confirm the nanorod morphology, transmission
electron microscope (TEM) and image was taken. Figure 3
shows the TEM of the TiO, nanorods.

Figure 3 a shows the high-resolution TEM image of a TiO,
short nanorod (circled) of length about 20 nm and diameter
about 5 nm. Figure 3 b shows the SEM image (an enlarged
image of Fig. 2b) of randomly distributed long TiO, nanorods.
The length of nanorods found in the SEM image appears to be
4-6 pum only.

Figure 4 a shows the X-ray diffraction pattern of TiO,
submicron size spheres after sintering at 400 °C for 3 h in
air. Diffraction peaks present at 260 =25.3°, 37.8°, 48°,
53.9°, 55.1°, 62.7°, 68.6°, and 70.3° were clearly observed
and indexed by matching with reference database (JCPDS
No. 21-1272) which confirms the presence of anatase phase
in TiO, submicron size spheres. Figure 4 b shows the XRD of
TiO, nanorods. It shows that all the prominent peaks are

1pm EHT =10.00 kV
WD = 8.0 mm

Signal A= SE1
Mag= 10.00 KX

Date :25 Sep 2018 ZEISS
Time :14:38:09

Fig. 3 a TEM image of a TiO, long nanorod (circled) of length about
20 nm and diameter about 5 nm. b Enlarged SEM image of randomly
distributed long TiO, nanorods. This image shows that the length of the
nanorods is 4-6 pm

associated with anatase phase, and there is one less intense
rutile peak also observed in the studied range.

To investigate how much light is scatter back into the bot-
tom P25 layer of double-layer structure by top MS and NR
scattering layers, the diffuse reflectance of these three top
layers having identical thicknesses were measured using an
integrating sphere technique and results are shown in Fig. 5.
According to Fig. 5, the scattering layer made of TiO, submi-
cron size spheres exhibits the highest diffuse reflectance or in
other words the highest scattering efficiency, followed by
Ti0, nanorod scattering layer and the TiO, nanoparticle layer
in the entire wavelength range from 400 to 800 nm.

As can be seen from Fig. 5, the light scattering efficiency of
TiO, nanoparticle (NP) layer shows a rapid decrease in the
wavelength range from 400 to 800 nm showing its inability to
scatter the light in the above wavelength range. Similar results
have also been reported by the others [30, 32]. According to
Mie light scattering theory, the light scattering efficiency of a
thin film depends on the size of the constituent scattering
particles. The submicron size spheres are more favorable for
Mie scattering rather than the nanorods which have diameter
in the order of nanometers. The increase in light scattering
ability of the scattering layer with micron size spheres in-
creases the optical path length within the photoanode through
multiple light scattering. Therefore, both scattering layers, MS
and NR, provide the “light trapping effect” within the DSSC
thereby increasing the probability of rapid and efficient light
absorption by the dye molecules.

As it is well known, the amount of dye adsorbed on the
semiconductor layer significantly affects the power conver-
sion efficiency of a DSSC and it is directly proportional to
the short circuit current density. The estimated amounts of dye
loading in above three types of photoanodes are shown in the
Table 1. The highest dye adsorption of 1.21x10~" mol cm >
was achieved in microsphere based double layered P25/MS
photoanode. It is well known that N719 dye adsorbs on the
TiO, surface and forming a monolayer. So, it is very obvious
that higher dye loading is good evidence for higher specific
surface area of the hierarchically structured microsphere. The
lowest dye loading was observed in P25/NR photoanode due
to its one-dimensional nature. As stated in the introduction,
the conventional scattering layer used in DSSCs consists of
larger size TiO, single particles deposited on a TiO, P25 layer.
They only increase the light scattering and do not contribute
significantly for dye adsorption because of its low specific
surface area. However, the hierarchically structured submi-
cron spheres used in this work are spherical aggregates of
many tiny nanoparticles and they possess a high specific sur-
face area as evidenced by the higher dye loading. The lower
dye loading in P25/NR photoanode is clearly due to low po-
rosity of the NR scattering layer as shown in the SEM image.

Figure 6 shows the current density—voltage characteristics
of DSSCs fabricated with P25/MS, P25/NR, and P25
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Fig. 4 XRD pattern of a TiO, submicron size spheres and b TiO, nanorods

photoanodes under 100 mW cm 2 illumination. The detailed
solar cell parameters are summarized in Table 2. The solar cell
parameters reported in the table are the average values obtain-
ed from 10 cells for each type of photoanode. DSSC fabricat-
ed with double-layered P25/MS photoanode produces the
highest current density of 14.80 mA cm 2. This could be at-
tributed to the superior light scattering ability due to the hier-
archical mesosphere structure as well as higher dye loading by
TiO, submicron size spheres owning to the availability of
much larger specific surface area. These arguments are well
correlated with the diffuse reflectance data and dye loading
measurements. The current density of the DSSC fabricated
with P25/NR photoanode showed a lower value compared
to the DSSC comprising with P25/MS photoanode. This is
evidently due to the lower light scattering ability and lower
dye loading capacity of NR scattering layer compared to the
MS layer as observed previously. Even though the dye load-
ing of P25/NR-based photoanode is lesser than the conven-
tional P25 photoanode, the DSSCs fabricated with P25/NR
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Fig. 5 Diffuse reflectance spectra of MS and NR scattering layers
compared with P25 layer
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photoanode shows superior short-circuit current density.
This could be essentially due to the enhanced light scattering
effect by the P25/NR photoanode structure. As it can be seen
from both Fig. 5 and the Table 2, the lowest current density of
13.21 mA cm  was observed in DSSC fabricated with P25
layer without any scattering layers. The open circuit voltage of
the cells remained essentially the same with MS and NR scat-
tering layers but the values are lower than for the P25 cell. The
fill factors of double-layered solar cells were slightly higher
than the DSSCs with single-layered P25 cell. This could be
due to better infiltration of liquid electrolyte through the po-
rous network of scattering layers [33]. Therefore, it is evident
from the table that a significantly higher efficiency (1) can be
achieved by employing a TiO, MS layer on the conventional
TiO, P25 photoanode.

The electrochemical impedance spectroscopy (EIS) mea-
surements have been widely employed as an important diag-
nostic tool in electrochemistry to estimate the interfacial resis-
tances and also to understand the charge transfer mechanism
at the interfaces of electrochemical systems including DSSCs.
There are four interfaces in a DSSC, namely, FTO/TiO,,
Ti0,/dye, dye/electrolyte, and electrolyte/counter electrode.
A typical Nyquist plot of a DSSC has three semicircles in
high-frequency, intermediate-frequency, and low-frequency
regions, respectively. Figure 7 shows the (a) Nyquist plots
and corresponding Bode plots (b) obtained from EIS measure-
ments for DSSCs fabricated with different photoanode struc-
tures under the same illuminating conditions (1000 W m?).

Table 1 The amount of dye loading on P25, P25/NR, and P25/MS
photoanodes

Photoanode Adsorbed dye (x1077 mol ecm™?)
P25 1.09

P25/NR 0.96

P25/MS 1.21
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Fig. 6 Current density—voltage (J-V) curves of DSSCs fabricated with
double layer (P25/MS and P25/NR) and single layer (P25) TiO,
photoanodes

As depicted in Fig. 7a, two semicircles can be seen in the
Nyquist plots of these devices. The charge transfer resistance
values were extracted by fitting the impedance data with an
appropriate equivalent circuit model as shown in the inset of
Fig. 7a by using NOVA software. The smaller semicircle in
the higher frequency region attributed to the charge transfer
resistance (R;) of the electrolyte/counter electrode interface.
The larger semicircle in the intermediate-frequency region
ascribed to the charge transfer resistance (R,) of the dye-
loaded TiO, electrode/electrolyte interface [34]. The third
semicircle in low frequency associated with Nernst diffusion
process in the electrolyte was missing perhaps due to the lim-
ited frequency range employed in this study. This could also
be due to a weak resistance of ion transport in electrolyte [35].
The series resistance Ry, which can be obtained from the lower
extreme intersection point of the smaller semicircle at the hor-
izontal axis of Nyquist plot, represents charge transfer resis-
tance of TiO,/FTO interface, the series resistance of FTO, the
series resistance of platinum electrode, and resistance of ex-
ternal circuit. The EIS parameters which were obtained from
the equivalent circuit fitting are tabulated in Table 3.

As can be seen from Table 3, R and R; values are nearly
the same in all the DSSCs. This could be due to the similar
interface exists between FTO/TiO, and electrolyte/counter
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Fig. 7 a Nyquist plot and b Bode plot of double-layer and single-layer
DSSC measured under 100 mW c¢m ™ illumination

electrode interfaces in all three above DSSCs. Among the
estimated R, values, the lowest value of 17.1 € was observed
for the DSSC with TiO, microsphere scattering layer. This
lowest value leads to an efficient electron transfer at the dye-
loaded TiO, electrode/electrolyte interface which enhances
photovoltaic performance of P25/MS double-layered solar
cell.

The electron life time 7 is obtained from the frequency
value corresponds to the maximum of the Bode phase plot.

Table 2 Photovoltaic parameters of double-layer and single-layer Table 3  EIS parameters of DSSCs with double-layer and single-layer
DSSC TiO,photoanodes

Photoanode Jso (MA cmﬁz) Ve (mV) FF (%) n (%) Photoanode R, () R, (D) R, () fmax (Hz) T (ms)
P25 13.21 767.5 65.85 6.68 P25 11.4 3.7 222 21.95 7.25
P25/NR 13.82 745.1 68.27 7.03 P25/NR 11.8 3.8 22.8 18.56 8.57
P25/MS 14.80 740.6 67.33 7.38 P25/MS 10.5 34 17.1 17.44 9.13
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As can be seen from the Bode plot (Fig. 7b), the frequency
corresponding to the peak value of the DSSC with P25/MS
photoanode has shifted to a lower value compared with the
DSSCs fabricated with other two photoanodes. By using the
above corresponding frequency values the calculated life time
values of the electrons (7) in above three DSSCs are also
tabulated in Table 3. As can be seen from the table, the elec-
trons in the DSSC with P25/MS structured photoanode has the
longest electron life time and hence less recombination com-
pared to the other two types of DSSCs. This is associated with
better interconnected pathways for electron transfer to the
electrolyte and less internal electron trap sites in the P25/MS
photoanode, suggesting that efficient electron transfer which
effectively enhances the J;. and hence the overall efficiency of
the cell [36, 37].

Incident photon-to-current conversion efficiency (IPCE)
measures how efficiently the solar cell converts the incident
photon into current at a given wavelength. Figure 8 shows
IPCE curves of P25/MS, P25/NR, and P25 DSSCs. The
highest IPCE values were observed for P25/MS cell for the
almost entire wavelength range. This enhancement in IPCE is
essentially attributed to the increased current density of the
DSSC due to efficient light absorption of the dye molecules
as a result of the light scattering within the photoanode as well
as due to the increased dye loading of the P25/MS
photoanode.
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20 | A
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Fig. 8 IPCE curves for P25/MS double-layer cell, P25/NR double-layer
cell, and reference cell P25-based cell
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Conclusion

In summary, we have synthesized hierarchically structured
Ti0, submicron size spheres and TiO, nanorods and success-
fully employed them as scattering layers in DSSC
photoanodes. It was demonstrated that the efficiency of
DSSCs can be significantly enhanced by using a
nanostructurally modified photoanode fabricated with hierar-
chically structured TiO, submicron size spheres as an efficient
light scattering layer. While the DSSCs fabricated with above
photoanode showed 7.38% efficiency with photo current den-
sity of 14.80 mA cm 2, DSSCs fabricated without such a
scattering layer showed 6.68% efficiency with a current den-
sity of 13.21 mA cm 2. However, the DSSCs fabricated with
TiO, nanorods as the scattering layer showed efficiency
7.03% with current density 13.82 mA cm 2. It was also dem-
onstrated that the enhancement in photo current density and
the efficiency in DSSCs with P25/MS photoanode are evi-
dently due to the enhanced light absorption by scattering and
additional dye adsorbing by the modified photoanode with
hierarchically structured TiO, submicron size spheres. In ad-
dition, it was also revealed that the decrease in the charge
transfer resistance (R;) of the dye-loaded TiO, P25/MS elec-
trode/electrolyte interface and the longer electron life time in
the above DSSCs further supported in this efficiency enhance-
ment due to the lowering the electron recombination processes
within the cell.
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