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Abstract

Dye-sensitized solar cells (DSSCS) were fabricated using different photoanode compositions of P25 TiO, and hierarchically
structured TiO, microspheres and optimized their performance. DSSCs fabricated with 10% TiO, microspheres in the com-
posite photoanode exhibited the highest efficiency of 7.17%, while the devices with pristine P25 TiO, photoanode showed an
efficiency of 6.34% under the same illumination conditions of 100 mW cm~2. Device performance was further optimized by
using the plasmonic effect of Ag nanoparticles (AgNPs) with different particle sizes. SEM imaging revealed that the average
diameter of the TiO, microspheres was about 700 nm and consisted of aggregates of smaller TiO, nanoparticles of diameters
5-15 nm. This unique morphology appears to enhance the light absorption by scattering effect as well as by increasing the
specific surface area of the TiO, photoanode for improved dye adsorption. The average particle size of the Ag nanoparticles
confirmed by the Transmittance Electron Microscopy (TEM) measurements was found to be 20 nm (red colour) and 80 nm (blue
colour). Optimized DSSCs made with 10 wt% of AgNPs (in TiO,) with red colour and blue colour showed efficiencies of 7.88%
and 8.15% respectively under the same illumination conditions. An impressive ~29% increase in the overall device efficiency
due to the combined effect of hierarchically TiO, microspheres as well as the plasmonic Ag NPs of blue colour (cluster size
80 nm) in the photoanodes, whereas the overall efficiency enhancement with red-coloured AgNPs of size ~20 nm was ~24%.

Keywords Dye-sensitized solar cells - Hierarchical TiO, micro spheres - Composite photoanode - Silver nanoparticles -
Plasmonic solar cells

Introduction community and intensively researched by many research

groups around the world as an alternative photovoltaic

Since the breakthrough seminal work reported by O’Regan
and Gratzel in 1991 [1], dye-sensitized solar cells (DSSCs)
have attracted a great deal of interest among the scientific

Highlights Dye-sensitized solar cells with P25 TiO, photoanode
showed an efficiency of 6.34%.

Photoanode incorporating 10% TiO, microspheres showed the
highest cell efficiency of 7.17%.

The incorporation of 10 wt% of blue AgNPs further enhanced
the efficiency to 8.15%.

Twenty-nine percent increase in efficiency was achieved due to
TiO, microspheres and blue Ag NPs.

Statement of novelty To the best of our knowledge, this is the
first report of efficiency enhancement in dye sensitized solar cells
caused by the ‘combined effect’ of TiO, mesospheres acting as

a scattering layer along with the plasmonic effect by silver nano
particles.
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technology to the conventional silicon-based technology
due to the low-cost, simple, and environmentally friendly
fabrication process combined with promising power con-
version efficiencies [2-5]. A DSSC typically consists of a
mesoporous nanocrystalline, wide band gap semiconduc-
tor metal oxide layer deposited on a transparent conduct-
ing oxide substrate (TCO) usually on a glass plate with a
thin film of fluorine-doped SnO, layer, dye sensitizer, redox
electrolyte, and a counter electrode fabricated all together in
a sandwich structure. The light is absorbed by the dye sen-
sitizer, and the excited dye molecules transfer the electrons
into the conduction band of the metal oxide semiconduc-
tor. The transferred electrons are then percolated through
the metal oxide semiconductor layer to an external circuit
through which they are transported to the catalytic counter
electrode in the other side of the device. The redox elec-
trolyte is regenerated at the counter electrode with these
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electrons, and the dye is regenerated by electrons donated
from the species in the redox electrolyte (I") [3].

A significant amount of research has been directed
towards improving the performance of DSSCs by opti-
mizing the light-harvesting capability of the photoanodes
such as the synthesis of broader absorption band sensitizers
[4-9] developing quasi-solid/solid electrolytes [10, 11], and
designing Pt-free counter electrodes [12, 13]. However, the
photoanode plays a crucial role in the overall power conver-
sion efficiency of the solar cell because both dye adsorption
and electron transport take place in the photoanode. Thus,
optimizing the architecture of the photoanode for efficient
light harvesting is one of the key strategies to enhance the
efficiencies of DSSCs. A photoanode with a high specific
surface area, fast electron transport pathways, and a pro-
nounced light scattering scheme is desirable for achieving
higher efficiencies [3]. The typical mesoporous photoanode
made of 15-20 nm diameter TiO, nanoparticles provides
a large internal surface area for the attachment of a large
number of dye molecules on the photoanode [14].

Since the light absorption of the dye molecules are lim-
ited to a certain specific wavelength regions and the wide
band gap semiconductors are not capable of capturing the
photons effectively, these dye-sensitized photoanodes are
not able to capture the photons in the entire solar spectrum,
especially in the longer wavelength region [15, 16]. To over-
come this problem, a scattering layer containing a larger
diameter (~400 nm) TiO, particles is sometimes placed on
top of the transparent active layer to scatter back the light
incident on the photoanode [17-19]. Notable morphologies
of TiO, that are widely used for such scattering layers are
nano-wires [20], nano-rods [21], nano-tubes [22], nano-fib-
ers [23], nano-sheets [24], nano-spindles [9], and solid and
hollow microspheres [25-27]. However, these scattering lay-
ers cannot enhance the dye adsorption adequately because of
the limited specific surface area due to larger size particles
in the scattering layer. Such solid microspheres also increase
the thickness of the photoanode due to which the interfacial
resistance of the photoanode increases thereby limiting the
open circuit photovoltage.

Because of the above-mentioned issues, large internal
surface area, superior light-scattering effect, and fast elec-
tron transport are believed to be indispensable for a photo-
anode to achieve higher efficiencies in a DSSC. However,
these three factors are often incompatible with one another.
Therefore, one of the most appropriate approaches to over-
come this problem is to produce a multifunctional photoan-
ode that can offer a large surface area, good light-scattering
and absorption ability, and fast electron transport proper-
ties simultaneously. This could be achieved by fabricating
a composite photoanode structure with a mixture of small
and large particles in an optimal proportion. The optical path
length of incident light in the composite photoanode can
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be increased significantly with minimal thickness. Among
these, composite photoanodes of DSSCs made of nanowire-
nanoparticle [28, 29], nanotube-nanoparticle [30], nanofibre-
nanoparticle [31], nanorod-nanoparticle [32], and spherical
TiO, nanorod aggregate-nanoparticle [33] have already been
demonstrated with higher efficiencies than DSSCs made of
conventional photoanodes made of ~20 nm TiO, particles.
By considering these factors, in this study, structurally modi-
fied photo anodes were further modified using the plasmonic
effect associated with the Ag nanoparticles using a simple
drop-casting method [27, 33-35] in order to further enhance
the device performance. To the best of our knowledge, this
is the first report on plasmonic enhanced multifunctional
composite photoanode-based dye-sensitized solar cells. An
impressive ~29% increase in the overall device efficiency is
achieved due to the combined effect of hierarchically TiO,
microspheres as well as the plasmonic Ag NPs of blue col-
our (80 nm) in the photoanodes.

Experimental
Materials

Fluorine-doped tin oxide (FTO)-coated conducting glasses
(8 Q cm™2, Solaronix), titanium (IV) isopropoxide (97%
Fluka), titanium dioxide P-90 powder (Evonik), tita-
nium dioxide powder P-25 (Degussa), poly ethylene gly-
col (PEG-1000, 99.8%, Sigma-Aldrich), Triton X-100
(Sigma-Aldrich), ethanol absolute (anhydrous, >99.8%,
VWR Chemicals), glacial acetic acid (99%, Fisher), ethyl-
ene carbonate (EC, Fluka), tetrapropyl ammonium iodide
(Pr,NI,Sigma-Aldrich), iodine chips (I, Fluka), ruthenium
dye (N719, Solaronix), silver nitrate (AgNOj;, Sigma-
Aldrich), N,N-dimethyl formamide (DMF, 99.5%, BDH
Chemicals), and polyvinyl pyrrolidone (PVP, Mw =44,000,
BDH Chemicals) were used as received.

Synthesis of TiO, microspheres (Ti0,-MS)

Hierarchically structured mesoporous TiO, microspheres
were synthesized through controlled hydrothermal treat-
ment of titanium (I'V) isopropoxide (TTIP) in ethanol-glacial
acetic acid mixture as reported elsewhere [25]. Typically,
1.0 ml TTIP was added drop-wise into a mixed solvent of
acetic acid (10 ml)—ethanol (50 ml) under vigorous stirring
(1 h) at room temperature. The clear solution obtained was
transferred into 100 ml Teflon-lined stainless steel autoclave,
and hydrothermal treatment was performed at 180 °C for 9
h. Then, the autoclave was allowed to cool down to room
temperature. The resulting white precipitate was collected
by centrifuging and subsequently washed with ethanol and
distilled water several times and then dried overnight at 90
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°C. Finally, the powder sample was calcined at 400 °C for 3
h in a furnace to obtain the TiO, microspheres.

Synthesis of silver nanoparticles (Ag NPs)

Silver nanoparticles (Ag NPs) with different sizes were syn-
thesized by chemical reduction method using DMF route as
reported elsewhere [34]. In brief, firstly, 0.85 g PVP was
dissolved in 20 ml DMF solvent. Then, 0.25 mg AgNO;
was added into the DMF-PVP mixture at room temperature.
After the solution turned to yellow color, the mixture was
heated at 90 °C under continuous stirring. During the heat-
ing process, the colour of the mixture changed to red, and
then to blue and green with increase in heating time. The
appropriate amount of the mixture with each colour was
transferred to the test tube. After the mixture was allowed
to cool down to room temperature, it was centrifuged at
3000 rpm using acetone as a precipitating agent. Finally,
an appropriate amount of the precipitate was dispersed in
ethanol to get 0.10%(W/V) AgNPs. The concentrated AgNP
colloidal solution was sonicated for 30 min before applying
to the DSSCs to ensure the uniform dispersion of AgNPs
in ethanol.

Preparation of composite photoanodes

To study the effect of the hierarchical TiO, microspheres
on the performance of DSSCs, four composite photoanodes
consisting of P25 TiO, nanoparticles and hierarchical TiO,
microspheres (MS) (labelled as P25 only, 5% MS, 10% MS
and 15% MS) were prepared with hierarchical TiO, micro-
sphere concentrations of 0, 5, 10, and 15 wt%, respectively.
The detailed procedure for the photoanode preparation is
described elsewhere [35].

Preparation of the liquid electrolyte

The iodide/triiodide-based liquid electrolyte used for this
work was prepared by dissolving 0.738 g tetrapropylammo-
nium iodide (Pr,NI), 0.06 g iodine (I,) and 3.6 ml of molten
ethylene carbonate (EC) in 1 ml acetonitrile. The final mix-
ture was magnetically stirred for 24 h at room temperature
for 30 min.

Characterization of photoanode and solar cells

The surface morphologies of photoanodes were character-
ized by scanning electron microscopy (SEM) using Zeiss
EVO LS15 electron microscope. The wide-angle X-ray
spectroscopy (WAXS) was performed using a Rigaku X-ray
diffractometer with CuKa radiation (4=1.5406 A). The dif-
fuse reflection spectra were obtained in the wavelength range
from 240 to 800 nm using a UV-Vis spectrophotometer

(Shimadzu 2450) with an integrating sphere attachment. The
current density—voltage (J-V) measurements of solar cells
were performed with a Keithley 2400 source meter (Keithley
Instruments, USA) with solar simulator (Oriel) under 100
mWem™2 (one sun) illumination with AM 1.5 spectral fil-
ter. The solar simulator was calibrated with a silicon pho-
todiode (Hamamatsu Photonics, Japan). The active area of
a solar cell was kept as 0.25 cm?. The interfacial charge
transfer resistances and electron lifetime were estimated by
electrochemical impedance spectroscopy (EIS) performed
under 100 mW cm™? illumination using a Metrohm Autolab
PGSTAT128N in potentiostat mode with a FRA 32 M fre-
quency response analyzer covering the wide frequency range
from 0.01 Hz to 1 MHz. The external quantum efficiency
(EQE) measurements were done on Bentham PVE300 IPCE
unit with a xenon arc lamp.

Results and discussion
SEM analysis of TiO, microspheres (TiO,-MS)

The morphology and nanostructure of the synthesized
mesoporous TiO, microspheres were first examined by
scanning electron microscopy (SEM). As seen in Fig. 1 the
TiO, microspheres consist of well-defined spherical sub-
micron size structures composed of aggregates of TiO,
nanoparticles. The average diameter of the microspheres is
about 700 nm. The diameter of the microspheres can be con-
trolled by controlling the volume ratio of the solvents used
in the solution while keeping other hydrothermal conditions
unchanged. Figure 1b shows a high-resolution SEM image
of a single TiO, microsphere. A closer inspection of Fig. 1b
reveals that the size of the constituent TiO, nanoparticles
ranges between 5 and 15 nm, which is favourable for dye
adsorption because of the very high specific surface area
compared to a normal TiO, P25 photoanode with particle
sizes around 25 nm.

SEM analysis of MS/P25 composite photoanode

Figure 2 illustrates the schematic diagrams of four different
types of photoanodes with microspheres as light scatters.
While Fig. 2A shows the structure of a photoanode fabri-
cated with larger microspheres for light scattering mixed
with smaller nanoparticles, Fig. 2B shows the structure of a
photoanode fabricated with a layer of microspheres depos-
ited on top of a conventional-type transparent TiO, nano-
particle layer to act as a scattering layer for backscattering.
Figure 2C shows photoanodes fabricated with only hierarchi-
cally structured TiO, microspheres for achieving both high
surface area as well as improved light scattering. Figure 2D
shows a photoanode consisting of hierarchically structured
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Fig.1
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Fig.2 Schematic diagrams of four different types of photoanodes fabricated with microsphere light scatters mixed with nanoparticles to be used

as possible photoanodes in DSSCs [33]

TiO, microspheres mixed with nanoparticles for better inter-
grain connectivity in addition to the increased surface area
and enhanced light scattering.

The light scattering in schemes A and B is achieved with
the aid of the large solid microspheres. However, these solid
spheres have low surface area for dye loading and also the
thickness of the photoanode increases if the microspheres are
arranged as the additional top layer as shown in scheme B. In a
thicker photoanode, the photo-generated charge carriers have
to travel a longer distance to reach electrodes, and in this pro-
cess, many carriers may get lost due to recombination. On the
other hand, the hierarchically structured TiO, microspheres
consisting of aggregates of smaller nanoparticles provide both
a larger effective specific surface area and a high light scatter-
ing effect. However, in the photoanode structure illustrated in
schematic C, large voids exist between the microspheres seen
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in the photoanode compared to a photoanode fabricated only
with conventional TiO, P25 nanoparticles as illustrated in the
bilayer structure in scheme B. The presence of such voids as
shown in scheme C would result in a low inter-grain connec-
tivity for effective charge transfer between the microspheres.

Therefore, as indicated by the above schemes, the com-
posite structure shown in scheme D appears to minimize
the drawbacks inherent in the other three possible photoan-
ode structures. Hierarchically structured TiO, microspheres
effectively increase the light scattering without significantly
sacrificing the available surface area for dye adsorption,
and the incorporation of smaller TiO, nanoparticles in the
microspheres increases the connectivity among all the TiO,
particles for efficient electron transport. Moreover, scheme D
increases the amount of dye adsorption per unit area of the
photoanode without increasing the overall photoanode film
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Fig.3 SEM image of a P25 phtotoanode and b 10% MS +90% P25 composite photoanode consisting of TiO, microspheres (MS) and TiO, P25

particles

thickness. Taking this unique multifunctional nature of the
photoanode of scheme D of Fig. 2 into account, the composite
photoanode structure D consisting of hierarchically structured
TiO, microspheres (MS) embedded in the TiO, nanoparticle
(P25) medium has been adopted in this work as a novel pho-
toanode structure and used throughout this study. Figure 3
shows the SEM images of the P25 TiO, nanoparticle-based
conventional photoanode used as the reference and the opti-
mized composite photoanode consisting of 10 wt% of TiO,
microspheres (MS) and 90 wt% of TiO, P25 nanoparticles.
It can be seen from Fig. 3b that the TiO, P25 nanoparti-
cles and TiO, microspheres (MS) are mixed homogeneously,
and there are no visible voids or cracks in the photoanode
structure. However, it is quite likely that a further increase in
the amount of TiO, microspheres in the mixture would have
resulted in the agglomeration of microspheres and developed
minor cracks in the photoanode. These cracks could even-
tually cause hindrances for electronic transport and charge
transfer within the photoanode. The optimized composition
with 10% MS was therefore selected for further studies.

Diffuse reflectance spectroscopy of MS/P25
photoanodes

Light scattering properties of TiO, microspheres in the com-
posite photoanodes were investigated using diffuse reflectance
spectroscopy. As depicted in Fig. 4, the diffuse reflectance of
the photoanode has increased as the amount of TiO, micro-
spheres present in the composite increases. All three compos-
ite photoanodes with different content of TiO, microspheres
exhibit higher diffuse reflectance than the reference photoanode

fabricated with only P25 nanoparticles. The photoanode with
10 wt% of MS content shows the highest diffuse reflectance in
the wavelength range between 550 and 800 nm. The increase
in light scattering ability of the photoanode increases the effec-
tive optical path length within the photoanode through multi-
ple light scattering. This provides the so-called ‘light trapping
effect’ within the photoanode thereby increasing the probability
of light absorption. The diffuse reflectance results are consistent
with the current—voltage characteristics of the DSSCs.

Optical absorption of silver nanoparticles

Figure 5 shows the UV—visible absorption spectra of sil-
ver nanoparticles dispersed in ethanol. The orange colour
AgNPs seed solution has an absorption peak at 422 nm.
When the seed solution was heated at 90 °C, the reaction
solution first turned to red colour (540 nm) in 2 h and then
to blue colour (598 nm) in 4 h. The absorption peak of the
seed solution of AgNPs has red-shifted and broadened with
increasing the reaction time. This indicates that the shape
and size of the nanoparticles increases with reaction time as
observed and reported by others [34, 36].

This is primarily due to the phenomenon known as
localized surface plasmon resonance (LSPR). When silver
nanoparticles are exposed to light, the conduction electrons
on the surface oscillate collectively in resonance with the
incident light’s electromagnetic field. This collective oscil-
lation is called LSPR. The LSPR frequency depends on the
size, shape, and dielectric environment of the nanoparticles.
These observed peak positions match very well with peak
values for each colour as reported in the literature [34, 36].
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Fig. 4 Diffuse reflectance spec-
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Fig.5 UV-visible optical absorption spectra of silver nanoparticles
dispersed in ethanol, a seed (c) red colour, d blue colour, and b N719
dye dissolved in ethanol

It should be noted that the plasmonic absorption peaks of
both red and blue AgNPs are located in the region where the
absorption of N719 dye is very weak.

Optical absorption of AgNPs incorporated
photoanodes

UV-VIS absorption spectra of (a) bare TiO, photoanode,

(b) AgNP loaded TiO, photoanode, (c) dye adsorbed TiO,
photoanode, and (d) AgNP loaded dye adsorbed TiO,
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photoanode are shown in Fig. 6. The absorption spectrum
of the blue AgNP (80 nm) loaded TiO, indicates that the
incorporation of the plasmonic AgNP induces a higher and
the broader absorption compared to that of the reference bare
TiO, photoanode. The observed data undisputedly reveal
that the enhancement of light absorption is due to the pres-
ence of plasmonic AgNPs in the photoanode. The absorption
of the peak of N719 dye is slightly blue-shifted upon the
incorporation of AgNPs which could be due to the surface
modification by the incorporation of AgNPs [36]. A similar
effect was observed with red-coloured silver nanoparticles
(AgNP, size,20 nm). As the performance of the DSSCs made
from TiO, incorporated with blue-coloured AgNPs was bet-
ter, some of the photoanode characterizations were limited
to the TiO, incorporated with blue-coloured AgNPs only.
From the Tauc plot method based on the assumption that
the energy-dependent absorption coefficient a can be expressed
by the equation (-Av)*> = B(hv— Eg), the band gap energies
of pristine TiO, (an indirect band gap semiconductor) and the
TiO, incorporated with plasmonic Ag NP s can be estimated.
Figure 7 shows the Tauc plot based on the diffuse reflection data
for these two photoanodes. Based on the points of intersection
of the linear part of the graphs on the x-axis, the estimated
energy band gap values are 2.90 eV for the pristine TiO, and
2.75 eV for the Ag NP incorporated TiO, [37]. This shows that
in addition to the enhanced optical absorption mediated by the
plasmonic effect, AgNP s have also contributed to the increased
visible light absorption due to the energy band gap narrowing.
Ag-doped TiO, thin films have shown enhanced photocatalytic
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Fig.6 UV-Visible absorbance
spectra of (a) TiO, photoanode,
b TiO, photoanode incorpo-
rated with blue AgNPs, ¢ dye
adsorbed TiO, photoanode, and
d dye adsorbed blue AgNPs
incorporated TiO, photoanode
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Fig.7 The Tauc plot of (a-Av)*> vs photon energy (Av) from the UV—
Visible diffuse reflection data for (a) pristine TiO, photoanode and
(b) TiO, photoanode incorporated with blue AgNPs

behaviour due to their medium band gap energy (3.17-2.75
eV) and also providing high surface area (85-231 mZ/g) [38].

TEM analysis of colloidal AgNPs

The shapes and sizes of the synthesized AgNPs were ana-
lyzed using TEM imaging. Figure 8 shows the TEM images
of as-synthesized AgNPs in ethanol. The average particle
sizes of the red-coloured AgNPs and the blue-coloured clus-
tered AgNPs were about 20 nm and 80 nm, respectively.

T T T T T T T T
500 600 700 800 900
Wavelength (nm)

The shape (sphere) and the size of the red colour
AgNPs are consistent with the data reported in the litera-
ture, namely, ~20 nm [33-35]. However, the blue colour
AgNPs in our work appear to be nanoparticle aggregates
with a diameter of around ~ 80 nm.

XRD analysis of AgNPs incorporated MS/P25
photoanode

Figure 9 shows the X-ray diffraction patterns of P25 and
P25/MS/Ag thin films. The diffraction peaks present at
25.3°, 37.8°, 48°, 53.9°, 55.1°, 62.7°, and 68.6° were
observed and indexed by matching with reference data-
base (JCPDS No.21-1272) which confirms the presence of
anatase and rutile phases of TiO,. It is also found that the
Ag characteristic peaks are not visible in the XRD spec-
trum of MS/P25/Ag film, quite likely due to the very small
amount of Ag present in the TiO, thin film (0.10%(W/V)
in the precursor solution). Also, the prominent XRD peaks
of silver generally occurs at 38.1° (111), 44.3° (200), and
64.4° (220) [37, 38]. Even if these peaks are present, they
can overlap with and be masked by TiO, peaks.

EDX analysis of AgNPs incorporated MS/P25
photoanode
Figure 10 shows the EDX spectrum of AgNP incorporated

MS/P25 composite TiO, photoanode. It confirms the pres-
ence of Ag in the photoanode.
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Fig.8 TEM images of AgNPs dispersed in ethanol: a, b AgNP—red; ¢, d AgNP—blue

Furthermore, EDX elemental mapping was taken to
see the spatial distribution of AgNPs on the photoanode,
and Fig. 11d reveals that AgNPs are uniformly distributed
within the photoanode.

I-V characterization

Figure 11 shows the current density—voltage (I-V) charac-
teristics of DSSCs fabricated with composite photoanodes
having different amounts of TiO, microspheres measured
under 100 mW cm™2 light illuminations. The detailed solar
cell parameters extracted from the figure are summarized
in Tables 1 and 2. DSSC fabricated with 10% MS TiO,
added photoanode exhibited the highest current density
of 15.01 mA cm™2 with an efficiency of 7.17%. This could

@ Springer

be attributed to the enhanced light absorption due to supe-
rior light scattering ability of microspheres which is also
confirmed by the diffuse reflectance measurements. The
slight decrease in the open circuit voltage and fill factor of
composite cells could be due to the increased recombina-
tion of charge carriers due to microspheres.

Dwivedi et al. have reported that TiO, hollow spheres,
synthesized using a continuous spray pyrolysis reactor,
were successfully utilized as a scattering layer in dye-
sensitized solar cells (DSSC) to enhance their photovol-
taic performance. The use of the TiO, hollow spheres of
diameter about 170-300 nm has shown improved power
conversion efficiency of 7.46% which is higher than cells
made with conventional TiO, P25 photoanode (7.1%). This
has been attributed to TiO, hollow spheres acting as a
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light-scattering layer to enhance the light-harvesting and
photovoltaic performance of the DSSCs [26].

To see the effect of the incorporation of plasmonic-
induced light absorption on the performances of the DSSCs,
current density—voltage characteristics (J-V) of the DSSCs
fabricated with AgNPs were measured, and results are illus-
trated in Fig. 12. As shown in Fig. 13, a significant increase
in the short-circuit photocurrent density (J,.) can be seen in
the DSSCs fabricated with plasmonic silver nanoparticle-
incorporated photoanodes compared to the DSSCs made
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with photoanodes without AgNPs. These results are summa-
rized in Table 1. The DSSCs incorporated with blue AgNPs
(~80 nm) showed an enhancement in the efficiency from
7.17 to 8.15%, which accounts for the highest enhancement
in the efficiency by ~ 14% whereas the red coloured AgNPs
incorporation showed an efficiency enhancement from 7.17
to 7.88%. However, by considering the combined effect of
the incorporation of MS the AgNPs (Blue) and AgNPs (red)
showed an impressive ~29% and ~24% overall efficiency
enhancement, respectively as shown in bold letter in Table 2.
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Fig. 11 EDX elemental map-
ping of AgNP incorporated
MS/P25 composite photoanode
showing the presence of ele-
mentsa C,b Ti, ¢cO, andd Ag

Table 1 Photovoltaic

parameters of double layer and Photoanode Jgc (MA cm™?) Voc (mV) FF (%) Efficiency (%)
single layer DSSCs P25 only 12.52 736.6 68.70 6.34

5 wt% MS 14.48 728.1 66.01 6.96

10 wt% MS 15.01 732.1 65.30 7.17

15 wt% MS 13.78 730.3 65.56 6.60

10 wt% MS + AgNP (red) 16.43 7224 66.42 7.88

10 wt% MS + AgNP (blue) 17.93 736.7 61.90 8.15
IE'I’I'IE gsigsh%f) Z?gé‘;ri;’sfed TiO, photoanode Rq©Q R Q) R (©Q  fouHz)  t(ms)  Ef(%)
DSSCs with and without Ag P25 18.1 7.6 24.8 18.47 8.62 6.34
plasmonic nanoparticles 10 wt% MS 13.6 8.2 217 18.41 8.64 717

10 wt% MS + AgNP (red) 11.0 7.9 155 22.40 7.11 7.88

10 wt% MS + AgNP (blue) 10.5 115 17.6 26.88 5.92 8.15

The increase in the J, observed in the DSSCs fabricated
with these photoanodes should essentially be due to the
enhancement of light absorption by the local surface plasmon
resonance (LSPR) effect by the Ag nanoparticles in the photo-
anode with some contributions from the energy band gap nar-
rowing caused by the presence of AgNPs as discussed above.
The LSPR effect improves the light absorption cross-section of
the dye molecules by enhancing the light intensity in the near
field, which subsequently increases the photon absorption,

@ Springer

which in turn improves the photoelectron generation in the
TiO, photoanode.

Electrochemical impedance spectroscopic (EIS)
analysis

The electrochemical impedance spectroscopic (EIS) studies
were performed on DSSCs fabricated with and without the
Ag NPs in the composite 10% MS/P25 photoanodes under
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Fig. 12 Current density—voltage (J-V) characteristics of the DSSCs
fabricated with photoanodes containing different percentages of MS
content
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Fig. 13 Current density—voltage (J-V) characteristics of the DSSCs
fabricated with photoanodes containing AgNP incorporated and MS/
P25 optimized TiO, photoanode

100 mW cm™2 light illumination with AM 1.5 filter at open
circuit condition. Figure 14a, b shows the Nyquist plots and
Bode phase plots extracted from EIS spectra. The first semi-
circle in Fig. 14a corresponds to the charge transfer resist-
ance (R)) at the electrolyte/Pt counter electrode interface,
and the second semicircle is attributed to charge transfer
resistance (R,) at the dye-TiO,/ electrolyte interface. It can
be noted that there are no significant changes in the char-
acteristic of the first semicircle (R,) other than the differ-
ent intersection points at the real part of the impedance (Z)
axis. This observation can be justified as we have used the

40
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Fig. 14 a Nyquist plot and b Bode plots of DSSCs fabricated with
TiO, photoanodes with optimum composition of MS/P25, with and
without AgNPs measured under 100 mW cm™2 illumination

same electrolyte and the same Pt counter electrodes in all
the DSSCs. There is a significant reduction in the diameter
of the second semicircle associated with charge transfer
resistance (R,) at the dye-TiO,/ electrolyte interface indi-
cating lower charge transfer resistance for the AgNPs-based
DSSCs. These data further confirm that the presence of
Ag nanoparticles in the TiO, thin film improves the charge
separation process in the photoanode and thereby enhances
the electron transport process and contributes to the overall
efficiency enhancement in the AgNPs-based DSSCs. The
charge transfer resistance R, (17.6 Q) of blue colour AgNP
incorporated DSSC is slightly higher than that of the red col-
our AgNP incorporated DSSC (15.5 Q). This increase may
be due to the aggregation of blue colour AgNPs as shown
in Fig. 7 (d).

The electron lifetimes of above DSSCs estimated from
Bode phase plots are given in Table 2. It can be observed
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Fig. 15 IPCE curves for DSSCs made with photoanodes of optimum
composition MS/P25 DSSC with and without AgNPs

that upon the addition of the Ag/NPs in the photoanode, the
electron life time has reduced. This could be due to high
charge recombination at metal-semiconductor interface.
However, despite the lower electron lifetime in the DSSCs
with AgNP incorporated photoanode, the overall efficiency
has increased as a result of the efficient and improved elec-
tron transfer due to the incorporation of AgNPs.

Incident photon to electron conversion efficiency
(IPCE) analysis

To study the effect of incorporation of AgNPs on the inci-
dent photon to electron conversion efficiency (IPCE) of the
DSSCs, IPCE spectra of DSSCs fabricated with four differ-
ent photoanodes, (a) P25 TiO, nanoparticles, (b) 10% MS
TiO, particles +90% P25 TiO, nanoparticles composite, (c)
10% MS TiO, particles +90% P25 TiO, nanoparticles com-
posite with red colour silver nanoparticles, and (d) 10% MS
TiO, particles +90% P25 TiO, nanoparticles composite with
blue colour silver nanoparticles were obtained. As shown
in Fig. 15, all four devices show the maximum IPCE value
around the wavelength 530 nm, which is attributed to the
characteristic peak of the N719 dye. The IPCE spectra of
DSSC made with 10% MS TiO, particles +90% P25 TiO,
nanoparticle composite show higher IPCE values than the
DSSC made with only P25 TiO, nanoparticles over almost
the entire wavelength region. This is consistent with a higher
current density value exhibited by the former as observed in
the J-V curves shown in Fig. 12. This enhancement in IPCE
can be attributed to better utilization of light in compos-
ite photoanode upon inclusion of MS particles at optimum
ratio. The composite photoanode produces a maximum IPCE
of 57% at a wavelength of 530 nm while the DSSC made
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of only P25 TiO, nanoparticles exhibits an IPCE of 52%.
As expected, the IPCE spectrum of DSSCs made of silver
nanoparticles incorporated in composite photoanodes shows
higher values compared to the composite photoanode made
without silver nanoparticles. The IPCE spectrum of red-col-
oured silver nanoparticle incorporated DSSC only shifted
along the vertical axis by some factor concerning composite
photoanode without silver nanoparticles. This could be due
to the absorption peak of N719 dye and red-coloured silver
nanoparticles appearing at nearly the same wavelengths.
However, there was a considerable enhancement in IPCE
observed with the incorporation of blue-coloured silver
nanoparticles in the long wavelength range from 550 to 800
nm consistent with the UV visible absorption spectrum as
shown in Fig. 5.

Conclusion

Performance of the DSSCs fabricated with composite photo-
anodes consisting of P25 TiO, nanoparticles and hierarchical
TiO, microspheres (MS) at different concentrations 0, 5, 10,
and 15 wt% was investigated. The average diameter of the
microspheres was found to be about 700 nm consisting of
aggregates of smaller TiO, nanoparticles of diameters in the
5-15 nm range. It was found that photoanodes fabricated by
incorporating 10 wt% TiO, mesospheres to the conventional
P25 photoanode enhanced device efficiency by 13%. When
silver nanoparticles with two different sizes with red and
blue colour were incorporated into the optimized composite
photoanode made with P25 and 10 wt% TiO, mesospheres,
impressive efficiency enhancements of 24% and 29% respec-
tively were obtained for the red colour AgNPs and the blue
colour AgNPs. This significant efficiency increase has been
attributed to the improved light absorption due to the scat-
tering effect by large diameter TiO, (MS) mesospheres,
increase in specific surface area due to constituent micro-
structure with small diameter TiO, nanoparticle aggregates
together with the plasmonic effect by silver nanoparticles.
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