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plasmon coupling for enhanced electron injection
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We illustrate experimental evidence of the effect of surface plasmon resonance (SPR) of a noble metal on

the ultrafast-electron injection efficiencies of a sensitizing dye in proximity of a wide band gap

semiconductor. We have compared the effect of Au with Al nanoparticles as the former have a strong

SPR band (peak 560 nm) at the emission (�600 nm) of the model dye protoporphyrin IX (PP) in the

proximity of mesoporous TiO2 nanoparticles in a model dye sensitized solar cell (DSSC). We have used

detailed electron microscopic procedures for the characterization of Au/Al nanoparticle-embedded

TiO2, the host of PP. Picosecond resolved emission spectroscopy on the model dye reveals an ultrafast

component consistent with photoinduced electron transfer (PET) from the dye to the TiO2 matrix in the

presence of Au nanoparticles. In order to investigate the dipolar separation of PP from the Au

nanoparticle surface, we have employed a Förster Resonance Energy Transfer (FRET) strategy in the PP–

Au nanoparticle system in the absence of TiO2. Although the time scale of FRET and PET were found to

be similar, the plasmon induced enhanced electron transfer in the case of Au nanoparticles is found to

be clear from various device parameters of the plasmonic solar cell (DSSC) designed from the materials.

We have also fabricated a DSSC with the developed materials consisting of Al–Au nanoparticles with

N719 dye as sensitizer. The fabricated DSSC exhibits a much higher power conversion efficiency of (7.1 �
0.1)% compared to that with TiO2 alone (5.63 � 0.13)%. The outstanding performance of DSSC based on

plasmonic nanoparticles was attributed to the plasmonic coupling and scattering effect for enhanced

electron injection efficiencies.
1. Introduction

The mechanistic pathways for the enhancement of the effi-
ciency of a dye sensitized solar cell (DSSC) using plasmonic
nanoparticles have attracted lots of attention in contemporary
literature.1–8 The specic role of plasmon in the nanoparticles
over the nonspecic scattering of incident radiation leading to
the ‘light trapping’ has been addressed in recent studies.9–13 In
a theoretical investigation on a model DSSC, the magnitude of
dipole–dipole coupling between the plasmon resonance of
metallic nanoparticles and the electronic transition in the
sensitizing dye has been carefully varied and an optimum
coupling strength for which the electron population injected
into the host semiconductor is maximized.14 The delocalization
of plasmonic state in the proximity of wide band gap semi-
conductor in a DSSC, leading to conversion of photon to charge
carriers has been predicted in another computational study.9
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plasmonic metal structure on the rate of electron injection from
metal to semiconductor has also been demonstrated experi-
mentally.15,16 However, the direct experimental evidence of
dipolar coupling between electronic transition of a dye in
a DSSC and plasmonic resonance of a metal nanoparticle in
active electrode on the overall efficiency of the DSSC is sparse in
the existing literature, and is the motive of the present work.

Here we have studied protoporphyrin IX (PP) sensitized TiO2

as photoanode in DSSC as model solar cell. The semiconductor
(TiO2) is decorated with Au nanoparticles having absorption
maxima at 530 nm due to surface plasmon resonance (SPR)
band, which has spectral overlap with the uorescence of the
model dye in the DSSC. We have utilized steady state and
picosecond resolved photoluminescence of the dye PP in order
to conrm dipolar coupling with the Au nanoparticles. The
manifestation of the dipolar coupling in the photocurrent and
photovoltage of the DSSC have also been investigated. In order
to decouple the interference of non-specic light scattering by
the Au nanoparticles on the enhancement of the DSSC effi-
ciency, we have used synthesized aluminum nanoparticles (SPR
at 370 nm) as scattering layer in the DSSC and compared
enhancement of efficiency. A clear difference in the electron
RSC Adv., 2016, 6, 98753–98760 | 98753

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra18954g&domain=pdf&date_stamp=2016-10-15


RSC Advances Paper
injection due to the SPR in the Al nanoparticles decorated DSSC
is evident in our studies. We have fabricated DSSCs with plas-
monic nanoparticles (Al and Au) which exhibit much higher
power conversation efficiencies in compared to their counter-
parts. In order to validate the proposed mechanism of dipolar
coupling for conventional dyes, we have used non-emissive
N719 as sensitizing dye to fabricate DSSCs and found that it
is following the similar trend as that of the PP with higher solar
cell efficiencies.
2. Experimental section
2.1. Reagents

TiO2, protoporphyrin IX (PP), di-tetrabutylammonium cis-bis(i-
sothiocyanato)bis(2,20-bipyridyl-4,40-dicarboxylato)ruthenium(II)
(N719), gold(III)chloride trihydrate, platinum chloride (H2PtCl6),
lithium iodide (LiI), iodine (I2) and 4-tert-butylpyridine (TBP)
were purchased from Sigma-Aldrich. Ultrapure water (Millipore
System, 18.2 MU cm) and ethanol ($99% for HPLC, purchased
from Sigma-Aldrich) were used as solvents. All other chemicals
used in the study were of analytical grade and were used without
further purication. Fluorine-doped tin oxide (FTO) conducting
glass substrates, acquired from Sigma-Aldrich were cleaned by
successive sonication with soap water, acetone, ethanol, and
deionized (DI) water for 20min, each with adequate drying prior
to their use.
2.2. Synthesis of gold and aluminum modied TiO2

The Au–TiO2 nanohybrid was obtained by chemical reduction of
Au(III) in the TiO2 suspension following simple one-step chem-
ical reduction method.17,18 An aqueous solution of TiO2

suspension is sonicated for 20 min, then 5 mL of 100 mM
HAuCl4 added under continuous starring for 5 min. Aer that
200 mL of 10 mM NaBH4 was added, the reaction was allowed to
continue for another 30 min. The Au–TiO2 nanohybrid were
centrifuged and dried at 80 �C.

The aluminum nanoparticles were synthesized following the
previous report with some modication.19 At rst 0.01 mmol of
aluminum acetylacetonate [Al(acac)3] along with TiO2 were
added to the toluene which was already placed in a two neck
round-bottom ask (RBF) equipped with a magnetic stirring
bar. Then, 0.03 mmol of lithium aluminum hydride (LiAlH4)
was added into the reaction ask. The reaction mixture was
then reuxed continuously with stirring approximately for 72 h
under nitrogen atmosphere. Aer completion, the reaction
mixture was cooled down to room temperature and a gray-
colored precipitate was settled down. The crude product ob-
tained was washed with ice cold methanol for several times in
order to wash out organic part and the unreacted starting
materials. Finally the product was dried at low pressure under
a nitrogen sink. In order to synthesize the nanoparticles (Au/Al)
without TiO2 matrix, we have followed above procedures
excluding the addition of TiO2 nanoparticles in the procedures.
We have conjugated PP with the synthesized nanoparticles by
overnight stirring and repeated washing using dimethyl
sulfoxide.
98754 | RSC Adv., 2016, 6, 98753–98760
2.3. Fabrication of DSSCs

For the fabrication of DSSCs, at rst TiO2 paste was coated on
a FTO glass substrate. The ratio of the metal nanoparticles (Au
and Al) to TiO2 could be readily adjusted by changing the
concentration of the nanoparticles. These photoanode were
annealed at 450 �C for 1 h. Aer that photoanode were immersed
in a 0.5 mMPP and N719 solutions for 24 h at room temperature.
For preparation of counter electrode, the platinum (Pt) was
deposited on the FTO substrates by thermal decomposition of 10
mM platinum chloride (in isopropanol) at 385 �C for 30 min. The
two electrodes were placed on top of each other with a single layer
of 60 mm thick Surlyn (Solaronix) as a spacer between the two
electrodes. A liquid electrolyte composed of 0.5 M lithium iodide
(LiI), 0.05 M iodine (I2) and 0.5 M 4-tert-butylpyridine (TBP) in
acetonitrile was used as the hole conductor and lled in the inter
electrode space by using capillary force, through two small holes
(diameter ¼ 1 mm) predrilled on the counter electrode. Finally,
the two holes were sealed by using another piece of Surlyn to
prevent the leakage of electrolyte from the cell. In all our exper-
iments, the active area of the DSSCs was xed at 0.64 cm2.
2.4. Characterization methods

Field Emission Scanning Electron Microscopy (FESEM,
QUANTA FEG 250) was used to investigate the surface
morphology of the samples by applying a diluted drop of
nanoparticles on a silicon wafer. Transmission Electron
Microscopy (TEM) grids were prepared by applying a diluted
drop of aluminum and (Au)TiO2 samples to carbon-coated
copper grids. FEI (Technai S-Twin, operating at 200 kV) TEM
instrument with a high magnication of 100 000� was used for
particle size determination from micrographs recorded. X-Ray
Diffraction (XRD) patterns of the samples were obtained by
a PANalytical XPERTPRO diffractometer equipped with Cu Ka
radiation (at 40 mA and 40 kV) at a scanning rate of 0.02� S�1 in
the 2q range from 20� to 90�. The current density–voltage
characteristics of the cells were recorded by Keithley under an
irradiance of 100 mW cm�2 (AM 1.5 simulated illuminations,
Photo Emission Tech). The wavelength-dependent photocur-
rent is measured using a homemade setup with a Bentham
monochromator and dual light (tungsten and xenon) sources.
Photovoltage decay measurements were carried out aer illu-
minating the cells under 1 sun. The photovoltage decays aer
switching off the irradiation were monitored by an oscilloscope
(Owon) through computer interface. The decays were tted with
exponential decay functions using origin soware. For steady
state and time resolved optical studies, we have followed the
methodology as described in our earlier work.20,21 The Förster
distance (R0) is given by,

R0 ¼ 0.211 � [k2h�4QDJ]
1/6 (1)

Once the value of R0 is known, the distance between the
donor and acceptor (r) was calculated using the following
equation,

r6 ¼ R0
6(1 � E)/E (2)
This journal is © The Royal Society of Chemistry 2016
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where, E is the efficiency of energy transfer and following the
procedure published earlier.22

The nanosurface energy transfer (NSET) model become
useful when the rate of surface energy transfer is expected to
follow 1/d4 distance dependence, where d is the distance of the
energy donor from the nano-surface. The d0 value was calcu-
lated using NSET equation as follows:

d0 ¼
 
0:225

c3fdye

u2
dyeuFkF

!1=4

(3)

where fdye is the quantum yield of dye, c is the speed of light,
udye is the angular frequency of dye, uF is the angular
frequency of bulk gold, kF is the rate of energy transfer and
details of the procedure are discussed in our previous
studies.23
Fig. 1 (a) XRD pattern of Al nanoparticles. (b) FESEM image of Al nano
nanoparticles. (e) XRD pattern of TiO2 and (Au)TiO2 nanohybrid. (f) FESEM
(h) HRTEM image of (Au)TiO2 nanohybrid.

This journal is © The Royal Society of Chemistry 2016
3. Results and discussion

The powder X-ray diffraction pattern of as synthesized Al
nanoparticles is shown in Fig. 1a which is compared with the
JCPDS data (#04-0787) and found to be in good agreement with
the face-centered cubic (fcc) form of aluminum. Fig. 1b shows
the morphology of the synthesized Al nanoparticles as revealed
from FESEM. The size of the Al nanoparticles is observed by
HRTEM as shown in Fig. 1c. The Al nanoparticles are found to
have a size distribution with an average diameter of 150–250
nm. The inter-planar distance between the fringes is found to be
about 0.230 nm (as shown in Fig. 1d) which is consistent with
(111) planes of fcc Al nanoparticles.24 Fig. 1e shows the X-ray
diffraction patterns of TiO2 and (Au)TiO2 nanohybrid. This
indicates that the mixture is composed of mixed anatase and
particles. (c) TEM image of Al nanoparticles. (d) HRTEM image of Al
image of (Au)TiO2 nanohybrid. (g) TEM image of (Au)TiO2 nanohybrid.

RSC Adv., 2016, 6, 98753–98760 | 98755
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rutile phases, which was in good agreement with the reference
patterns of JCPDS card no. 83-2243 and 21-1276, respectively.
The tiny peaks at 38.1� (111) (overlapping with the TiO2) and
77.6� (311) in the Fig. 1e are attributed to metallic gold in the
(Au)TiO2 nanohybrid. Fig. 1f shows the FESEM image of the (Au)
TiO2 nanohybrid, which appeared to be spherical and uniform
in size. Since the distribution of Au cannot be clearly shown by
the FESEM image, TEM images for (Au)TiO2 nanohybrid were
also recorded, and are shown in Fig. 1g. From the Fig. 1g it can
be observed that the TiO2 nanoparticles are spherical in shape,
with a particle size range of 20–25 nm and the Au nanoparticles
size range is 20 nm. The HRTEM images (as shown in Fig. 1h) of
(Au)TiO2 nanohybrid show the high crystallinity of the nano-
particles. The inter-planar distance between the fringes is found
to be about 0.327 nm and 0.233 nm which is consistent with
(110) planes of bulk TiO2 and (111) planes of Au nanoparticles,
respectively.25

Fig. 2a shows the UV-visible absorption spectra of TiO2 and
(Au)TiO2 nanohybrid. The bare TiO2 nanoparticles show
absorption in the UV region at around �350 nm (band gap 3.2
eV). Decoration of Au nanoparticles on the surface of the TiO2

signicantly inuenced the visible light absorption, and an
Fig. 2 (a) Absorption spectra of TiO2 and (Au)TiO2 nanohybrid. (b) The
overlap integral of PP–TiO2 emission and Au absorbance. (c) Fluo-
rescence decay profiles of PP, PP–Al2O3, PP–TiO2, (Au)PP and (Au)PP–
TiO2 nanohybrid.
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additional peak was also observed at 560 nm due to surface
plasmon resonance (SPR) of Au nanoparticles.26 The spectral
overlap (J(l) ¼ 3.91 � 1016 M�1 cm�1 nm4) of the SPR band with
the emission spectrum of the dye PP is shown in Fig. 2b
revealing the possibility of signicant dipolar coupling.27 In
Fig. 2c the picosecond resolved emission transients of PP with
various nanoparticles are shown. A signicant faster compo-
nent in the case of PP–TiO2 compared to both PP and PP–Al2O3

is clearly evident showing the PET from PP to the host TiO2,
which is further enhanced in the presence of Au nanoparticle.
The associated time constants are tabulated in Table 1. It has to
be noted that the faster uorescence transient of (Au)PP–TiO2

could be manifestation of FRET from PP to Au nanoparticle in
TiO2 matrix. Our control experiment on Au–PP sample shows
similar time scales compared to (Au)PP–TiO2. The observation
is not conrmatory that the faster uorescence transient in the
latter sample is exclusively for the enhanced electron transfer
due to the presence of Au nanoparticles with SPR band rather
include the possibility of ground state recovery (recombination)
of PP through FRET. However, enhanced photocurrent
measurement (see below) concludes the faster uorescence
transient to be due to efficient PET from PP to the host TiO2 in
presence of Au Nanoparticles. We have calculated the donor–
acceptor distances by following both FRET and NSET mecha-
nisms. Following FRET strategy, we have estimated the donor
(PP)–acceptor (surface of Au nanoparticles) distance and it is
found to be 8.6 nm, which is within the probing limit of FRET
(1–10 nm). Whereas, the donor–acceptor distance following
NSET strategy is found to be 3.8 nm which is less than the
probing limit of NSET (>10 nm). The calculated FRET distance
(8.6 nm) is more close to the radius of the Au nanoparticles (�10
nm as observed from the HRTEM image) than that of the NSET
distance. Thus, FRET over NSET is found to be the prevailing
mechanism in this case. The observed PP–Au nanoparticle
distance is consistent with the fact that PP would be under the
strong inuence of Au-SPR for the enhanced electron injection
to the TiO2 matrix as evident from other reported literature.27–30

A comparative study with the Al instead of Au nanoparticles
is shown in Fig. 3. The SPR band of the synthesized Al nano-
particles in UV region (�360 nm) is consistent with reported
literature as shown in Fig. 3a.31 A signicant uorescence
Table 1 Lifetimes of picosecond-resolved PL transients of PP, PP–
Al2O3, PP–TiO2, (Au)PP, (Au)PP–TiO2, (Al)PP and (Al)PP–TiO2 detected
at 630 nm PL maxima upon excitation at 409 nm wavelength. The
values in parentheses represent the relative weight percentages of the
time components

System s1 (ps) s2 (ps) s3 (ps)
savg
(ns)

PP 11 400 (100%) 11.4
PP–Al2O3 10 900 (100%) 10.9
PP–TiO2 300 (59%) 10 000 (41%) 4.2
(Au)PP 86 (51%) 9710 (49%) 4.7
(Au)PP–TiO2 86 (57%) 300 (22%) 7120 (21%) 1.6
(Al)PP 11 400 (100%) 11.4
(Al)PP–TiO2 300 (59%) 9712 (41%) 4.1

This journal is © The Royal Society of Chemistry 2016



Fig. 3 (a) Absorption spectra of Al nanoparticles. (b) Fluorescence
decay profiles of PP, (Al)PP, (PP)TiO2 and (Al)PP–TiO2. (c) Optical
absorption of dye-sensitized TiO2 anodes incorporated with/without
Al nanoparticles.

Fig. 4 (a) Absorption spectra of PP (the inset shows photo of DSSC).
(b) Wavelength dependent photocurrent response curves of different
DSSCs (base lines were shifted for clarity).

Paper RSC Advances
quenching of PP upon TiO2 and its insignicant change in the
proximity of Al nanoparticles are shown in Fig. 3b. The obser-
vation demonstrates that Al nanoparticles have insignicant
inuence in the PET from PP to host TiO2 matrix. At this
juncture it has to be noted that enhanced PET in the case of (Au)
PP–TiO2 compared to (Al)PP–TiO2 may not be due to the
Schottky barrier for the following reason. Following simplied
model of White and Catchpole (WC),32 one can estimate the
barrier in the case of Al–TiO2 to be lower than that of the Au–
TiO2 on taking Al & Au work functions are �4.28 eV & �5.1 eV,
respectively and the position of the conduction band of TiO2 is
�4.14 eV.33,34 In the above context the rate of PET in the case of
(Al)PP–TiO2 is expected to be higher than (Au)PP–TiO2, which is
not consistent with our experimental observation (Fig. 2 and 3).
However, the light trapping as evident from higher absorption
due to the scattering of the Al nanoparticles are evident in
Fig. 3c. We have found that 4.6 � 10�7, 5.0 � 10�7, 4.8 � 10�7
This journal is © The Royal Society of Chemistry 2016
and 5.2 � 10�7 mole of dye loading for TiO2, (Al)TiO2, (Au)TiO2

and (Al)(Au)TiO2 electrode with PP whereas 6.0 � 10�7, 6.2 �
10�7, 6.2 � 10�7 and 6.4 � 10�7 mole of dye loading for TiO2,
(Al)TiO2, (Au)TiO2 and (Al)(Au)TiO2 electrode with N719.

The photocurrent measurements on the fabricated PP–
TiO2 DSSC with Au and Al nanoparticles are shown in Fig. 4.
The absorption spectrum of the sensitizing dye is also shown
for the comparison. The enhancement of the photocurrent
around �560 nm in presence of Au compared to Al nano-
particles is evident from the gure. The observation is
consistent with the Au-SPR induced electron injection from
PP to TiO2 matrix.27,29 The J–V characteristics of the PP–TiO2

DSSC with Au and Al nanoparticles are shown in Fig. 5a. The
solar cell parameters are shown in Table 2. From the gure
and the table a signicant enhancement of efficiency in the Au
and Al containing solar cell compared to that of the cell
without the metal nanoparticles is evident. The comparable
DSSC efficiency in the presence of Al and Au nanoparticles
could be rationalized in the following manner. While the SPR
in the case of Au nanoparticles in the DSSC helps in the
enhanced PET, other factors including light trapping and
reduced back electron transfer in the case of Al nanoparticle
containing DSSC are responsible for the betterment of
RSC Adv., 2016, 6, 98753–98760 | 98757



Fig. 5 (a) Current density–voltage curves under 100 mW cm�2

simulated AM 1.5G solar light irradiation. (b) Open circuit voltage decay
profiles of different DSSCs.

Table 2 Photovoltaic performance of DSSCs fabricated using
different active electrodes sensitized with PP

Cell JSC (mA cm�2) VOC (V) FF (%) Efficiency (%)

TiO2 1098.09 0.490 44.56 0.22 � 0.02
(Al)TiO2 1345.90 0.500 51.32 0.30 � 0.01
(Au)TiO2 1265.05 0.492 47.86 0.29 � 0.01
(Au)(Al)TiO2 1730.80 0.513 41.34 0.34 � 0.01

Table 3 Dynamics of photovoltage transients of DSSCs fabricated
using different active electrodes. The values in parentheses represent
the relative weight percentages of the time components

Active electrode s1 (s) s2 (s) savg (s)

PP–TiO2 0.16 (78.5%) 0.50 (21.5%) 0.23
(Al)PP–TiO2 0.11 (75.5%) 0.80 (24.5%) 0.28
(Au)PP–TiO2 0.12 (68%) 0.77 (32%) 0.33
(Au)(Al)PP–TiO2 0.12 (66%) 0.89 (34%) 0.38

Fig. 6 (a) Optical absorption spectra of N-719 adsorbed on the TiO2,
(Al)TiO2, (Au)TiO2 and (Al)(Au)TiO2 electrode. (b) Current density–
voltage curves under 100 mW cm�2 simulated AM 1.5G solar light
irradiation. (c) Wavelength dependent photocurrent response curves
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efficiency in latter one. As shown in Fig. 5b, the photovoltaic
decay in the case of Al nanoparticle containing DSSC is
similar to that of the Au nanoparticle containing DSSC,
revealing similar less back-electron transfer in the former
case.35,36 Thus the scattering of the Al-nanoparticles leading to
better light trapping makes the efficiency of the correspond-
ing DSSC comparable to that of the Au-nanoparticle con-
taining DSSC which is consistent with the recent reports.31,37

We have also attempted to fabricate a hybrid PP–TiO2 DSSC
containing both Au and Al nanoparticles, where Au and Al
nanoparticles are supposed to take care better electron
injection and light trapping, respectively. The enhanced solar
cell efficiency of the hybrid DSSC is shown in Fig. 5a. Fig. 5b
shows slower photovoltage decay in the hybrid solar cell
revealing reduced back electron transfer as shown in Table 3.
The actual reason for the observation is not clear and needs
further investigation which is under way in our laboratory.
98758 | RSC Adv., 2016, 6, 98753–98760
Fig. 6a shows absorption spectra of N719 adsorbed TiO2, (Al)
TiO2, (Au)TiO2 and (Al)(Au)TiO2 lms. Higher light trapping
ability of Al nanoparticles in compare to Au nanoparticles is
of different DSSCs.

This journal is © The Royal Society of Chemistry 2016



Table 4 Photovoltaic performance of DSSCs fabricated using
different active electrodes sensitized with N719

Cell JSC (mA cm�2) VOC (V) FF (%) Efficiency (%)

TiO2 13.45 0.68 58.64 5.63 � 0.13
(Al)TiO2 15.23 0.73 63.23 6.25 � 0.1
(Au)TiO2 15.68 0.71 60.47 6.05 � 0.12
(Au)(Al)TiO2 16.6 0.74 63.70 7.10 � 0.1

Fig. 8 Schematic representation of the overall mechanistic pathways
for DSSC efficiency in presence of plasmonic nanoparticles (for Au
nanoparticles dipolar coupling between Au and PP responsible for
higher DSSC efficiency whereas scattering ability for Al nanoparticles
responsible for higher DSSC efficiency).

Paper RSC Advances
evident from Fig. 6a. Aer detail spectroscopic investigation
using PP as sensitizer, we developed model prototype device
using N719 dye in order to improve efficiencies of DSSCs. The J–
V curves obtained for the TiO2 with Au and Al nanoparticles are
shown in Fig. 6b. The detailed photovoltaic parameters,
including the open-circuit voltage (VOC), short-circuit current
density (JSC), ll factor (FF), and PEC are listed in Table 4. The
larger PCE of (7.1 � 0.1)% for DSSC with Au and Al nano-
particles compared to that with TiO2 alone (5.63 � 0.13)% can
be attributed to the fact that plasmonic band and scattering
effect are responsible for enhanced electron injection behavior.
From Fig. 6c, it is clear that the plasmonic nanoparticles based
DSSC exhibits higher photocurrent in the wavelength range of
400–800 nm. Due to dipolar coupling between PP and Au
nanoparticles, energy transfer from PP to Au nanoparticles
takes place. This leads to transfer of electron from Au nano-
particles to conduction band of TiO2, which increases photo-
current for (Au)TiO2. The light scattering ability by Al
Fig. 7 Stability of the device. Plot of (a) JSC and VOC, (b) fill factor and
efficiency of the DSSC fabricated using (Au)(Al)TiO2 photoanode with
time.

This journal is © The Royal Society of Chemistry 2016
nanoparticles enhanced photocurrent for (Al)TiO2. Thus, the
improved photocurrent for (Al)(Au)TiO2 may be attributed to the
superior light harvesting ability induced by plasmonic and light
scattering effect of the Au and Al nanoparticles, respectively.
Fig. 7 shows the stability of the dye sensitized solar cells which
were kept in an ambient atmosphere. The VOC is very stable
during the experimental time window but the efficiency of dye
sensitized solar cells began to decrease initially because of the
decrease in short circuit current density. This could be due to
the instability of the plasmonic nanoparticles in the I�/I3� redox
electrolyte or further exposure to the ambient environment.38,39

The overall mechanistic pathways for the enhanced electron
injection in DSSC with Au nanoparticles compared to that of Al
nanoparticles are schematically shown in Fig. 8. The enhance-
ment in DSSC efficiency in the presence of Au nanoparticles is
due to higher light trapping ability by dipolar coupling along
with insignicant scattering ability. On the other hand light
trapping ability by Al nanoparticles by its signicant scattering
ability increases the DSSC efficiencies.
4. Conclusion

In summary, we have experimentally demonstrated that plas-
monic nanoparticles inuence electron injection from a sensi-
tizing dye to the host semiconductor of a model DSSC. While
the SPR of Au nanoparticles contribute to enhance the solar cell
efficiency through better PET, Al nanoparticles, which have
a plasmonic absorption at the UV region essentially, improve
solar energy harvesting ability by their better light scattering
efficacy. Time-resolved uorescence technique has been
successfully demonstrated that ultrafast electron transfer
dynamics are keys for overall electron injection efficiencies.
Finally, we have also fabricated and characterized the prototype
dye sensitized solar cell in which Au and Al nanoparticles have
been employed to engineer the photoanode layer, resulting an
increase of power conversion efficiency compared to values
achieved in reference devices without Au and Al nanoparticles,
respectively. The results highlight the crucial role played by the
plasmonic nanoparticles in the plasmonic dipolar coupling as
RSC Adv., 2016, 6, 98753–98760 | 98759
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well as scattering effect which are responsible for enhanced
solar energy conversation.
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