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Plasmonic dye-sensitized solar cells incorporated
with Au–TiO2 nanostructures with tailored
configurations†
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Zhiqun Linb and Dong Ha Kim*a

We developed plasmonic dye-sensitized solar cells (DSSCs) with tailor-designed Au–TiO2 nanostructures

integrated into the photoanode. Mutually antagonistic Au–TiO2 core–shell structures supported on SiO2

spheres (SiO2@TiO2@AuNP and SiO2@AuNP@TiO2) were prepared and incorporated as additives into the

photoanodes of the DSSCs. The DSSCs employing the nanocrystalline-TiO2 (nc-TiO2)/SiO2@TiO2@AuNP

and nc-TiO2/SiO2@AuNP@TiO2 as photoanodes showed remarkably enhanced power conversion

efficiencies up to about 14% and 10%, respectively, with respect to a reference cell containing an

nc-TiO2/SiO2@TiO2 photoanode. This can be mainly attributed to the enhanced dye absorption by the

intensified near-field effect of AuNPs and plasmon-enhanced photocurrent generation.
Introduction

Noble metal nanoparticles (NPs) have widely been applied in
various research elds, including optical sensors,1–4 catalysts,5,6

and surface-enhanced Raman scattering,7–9 due to their charac-
teristic optical and electrical properties, which are not available
with bulk analogues. Particularly, the feature of localized surface
plasmon resonance (LSPR), collective oscillations of the free
conduction band electrons at the interface between the surface
of metal NPs and dielectrics, has been attracting attention,
because it can concentrate the optical elds of incident light
when the wavevector matches between an incident photon and a
surface plasmon.10–13 On the basis of the LSPR effect, plasmonic
nanostructures have been increasingly exploited to enhance the
performance of photovoltaic devices, for which the mechanism
has mainly been described to have a strong light scattering effect
and local eld enhancement.14–20 Recently, many efforts have
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been devoted to increasing the light harvesting efficiency by
introducing plasmonic structures into various types of solar cells.
Derkacs et al. reported that an engineered enhancement in short-
circuit current density and power conversion efficiency was
achieved via forward scattering of the surface plasmon polariton
modes in AuNPs deposited above amorphous Si solar cells.21 The
optical path length of the incident light in the absorber layers
was increased by the strong scattering behaviour of the AgNPs in
thin GaAs solar cells, resulting in an 8% increase in the current
density, which was demonstrated by Nakayama et al.22 You et al.
demonstrated a highly efficient plasmonic polymer solar cell by
introducing ametal-grating back-contact electrode. The resulting
enhancement is attributed to local near-eld enhancement, as
well as the scattering effect.23 Wang et al. added Ag clusters
consisting of AgNPs with controlled diameter to the active layer
of a bulk heterojunction solar cell, and improved photovoltaic
parameters were obtained.24 Standridge et al. examined the
plasmon-enhanced optical absorption of the dye by adjusting the
thickness of TiO2 shell on AgNPs in dye-sensitized solar cells
(DSSCs), thereby increasing the photocurrent.25

One of the important issues in plasmonic DSSCs is the
stability of the NPs. When introduced metal NPs make direct
contact with the iodide/triiodide-based liquid electrolyte, several
problems arise, such as recombination, back reaction of the
excited electrons, and the corrosion of NPs.26–29 Core–shell NPs
have recently been applied to address these issues (e.g., met-
al@metal oxide core–shell structures).30–33 Brown et al. reported
plasmon-enhanced light absorption, photocurrent, and effi-
ciency by incorporating Au@SiO2 core–shell NPs into TiO2 paste
for both iodide/triiodide-electrolyte-based DSSCs and solid-state
DSSCs.34 Choi et al. investigated the effects derived from
SiO2-encapsulated and TiO2-encapsulated AuNPs in DSSCs.
Nanoscale, 2014, 6, 1823–1832 | 1823
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Plasmonic and electron charging effects were suggested to
explain the higher photocurrent and increased photovoltage,
respectively.35 However, until now, there has been strong
controversy regarding the role of plasmonic NPs in DSSCs, and
more in-depth investigation for the enhancement mechanism is
still required. In this study, in order to investigate the plasmonic
effects and elucidate the working principle more systematically,
we designed core–shell plasmonic nanostructures consisting of
AuNP–TiO2 supported on SiO2 spheres, and incorporated them
into a nanocrystalline-TiO2 (nc-TiO2)-based photoanode. We
elaborate upon the architecture of the core–shell NPs by
preparing mutually reverse congurations, AuNP@TiO2 and
TiO2@AuNP, based on which better understanding of the
contribution to the photovoltaic parameters can be attained.
Experimental
Synthesis of APTMS-SiO2 spheres

Silica (SiO2) spheres with various sizes were prepared according
to the previously described modied Stöber method.36 Tet-
raethyl orthosilicate (TEOS, 99%) was added as a precursor to a
mixed solution consisting of de-ionized (DI) water, normal
ethanol, and aqueous ammonia solutions (26%) under vigorous
stirring at ambient temperature.37 The detailed synthesis
conditions are summarized in Table S1.† Aer 4 h, (3-amino-
propyl)trimethoxysilane (APTMS, 100 mL) was added, and then
the mixture was reuxed by maintaining a static temperature of
85 �C for 4 h. APTMS-treated SiO2 spheres were centrifuged and
washed with ethanol several times, and then the dried white
powder was collected.
Synthesis of SiO2@TiO2 core–shell structures

To coat the TiO2 shell on APTMS-modied SiO2 spheres, as
prepared APTMS-SiO2 spheres (25 mg) were re-dispersed in
ethanol (25 mL) by sonication and gentle stirring for 1 h.
Appropriate amounts of titanium tetraisopropoxide (TTIP)/
anhydrous ethanol solution (75 mL/7.5 mL) were dripped into
SiO2 ethanol solution using a syringe pump at a rate of 0.5 mL
min�1, and stirred for another 30 min aer injection, followed
by reuxing at 80 �C for 2 h without stirring. The resultant
SiO2@TiO2 was centrifuged and washed with ethanol, and
then dried.
Synthesis of SiO2@TiO2@AuNP core–shell structures

SiO2@TiO2@AuNP core–shell structures were prepared by
incorporating the citrate-stabilized AuNPs. In a separate reac-
tion, citrate-capped AuNPs of 15 nm size were synthesized with
the method pioneered by Turkevich et al.38 In order to decorate
the AuNPs, SiO2@TiO2 was further modied by adding APTMS
(16 mL) into dispersed SiO2@TiO2 in ethanol (25 mg mL�1).
APTMS-SiO2@TiO2 (25 mg) was dispersed well in citrate–Au
aqueous solution (150 mL) and vigorously stirred for at least 4 h
at room temperature. The nal products of SiO2@TiO2@AuNP
core–shell structures were obtained aer washing with DI-water
and drying.
1824 | Nanoscale, 2014, 6, 1823–1832
Synthesis of SiO2@AuNP@TiO2 core–shell structures

For SiO2@AuNP@TiO2 core–shell structures, the above proce-
dures were conducted in reverse. Shortly, APTMS-SiO2 (25 mg)
was dispersed in citrate–Au aqueous solution (150 mL) and
stirred. Then, the obtained SiO2@AuNP powder (25 mg) was
re-dispersed in normal ethanol (25 mL), and APTMS (10 mL) was
added. SiO2@AuNP was covered with TiO2 shell by adding TTIP
and reuxing. The reddish SiO2@AuNP@TiO2 core–shell
structures were nally obtained aer the removal of unreacted
TiO2 precursors.
Fabrication of dye-sensitized solar cells

The nc-TiO2 lms with different types of core–shell structures
added were utilized as photoanodes. Before use, uorine-doped
tin oxide (FTO, 2.2 mm thick and sheet resistance of 6–9 Ohms
sq.�1) glass pieces were washed by sonication in acetone, iso-
propanol, and DI water baths sequentially for 10 min. The
nc-TiO2/core–shell lms were fabricated according to a previously
reported process.39 Briey, a certain amount (0.3–5.0 wt%) of
as-prepared core–shell structures was mixed with a TiO2 paste
(consisting of P25 TiO2, ethyl cellulose, a-terpineol, and ethanol)
and doctor-bladed onto the FTO glass substrate (the entire
thickness of photoanodes is xed at �5 mm). The deposited lms
were heated at gradually increased temperatures, 125 �C, 325 �C,
375 �C, 450 �C, and 500 �C. Prior to dye adsorption, sintered nc-
TiO2/core–shell lms were treated by TiCl4 (40 mM) and exposed
to oxygen plasma for 10 min under a given condition of 50 sccm
(standard cubic centimeter perminute) and 100W. Subsequently,
nc-TiO2/core–shell lms were sensitized by the rutheniumdye (cis-
diisothiocyanato-bis(2,20-bipyridyl-4,40-dicarboxylato) ruthenium
(II) bis(tetrabutylammonium), N-719, Solaronix) by soaking in
0.2 mM dye–ethanol solution for 24 h. The nc-TiO2/core–shell
photoanodes and platinum counter electrodes (average thickness
of Pt is�2.8 nm) were assembled by insertion of a spacer (50 mm-
thick hot-melt sealing foil, SX1170-25, Solaronix) and an ionic
liquid electrolyte 0.60 M BMIM-I, 0.03 M I2, 0.50 M TBP, and 0.10
M GTC in acetonitrile–valeronitrile 85/15 (v/v) (no. ES-0004),
purchased from io.li.tec (Germany), was then injected into the
small gap between two electrodes driven by capillary force. The
photoactive area for DSSCs was 0.25 cm2.
Characterization

Structures of core–shell nanocomposites were thoroughly
examined by scanning electron microscopy (SEM, JEOL
JSM6700-F, at 10 kV) and transmission electron microscopy
(TEM, JEOL JSM2100-F, at 100 kV). Energy-dispersive X-ray
(EDX) elementary mapping analysis was carried out using TEM
equipment. The optical properties were measured by UV-Vis
absorption spectroscopy (Cary 5000, Varian Inc.). Photocurrent–
voltage curves were measured under a simulated 1.5 G illumi-
nation intensity of 100 mA cm�2 using a K3000 McScience Inc.
measurement system. Photoelectrochemical measurement and
photoelectrochemical (PEC) water splitting were performed in
0.1 M NaOH electrolyte using a potentiostat (Autolab
PGSTAT302N, Eco Chemie). Three-electrode systems were used,
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 SEM (left part) and TEM (right part) images of (a and d) SiO2@
TiO2, (b and e) SiO2@TiO2@AuNP, and (c and f) SiO2@AuNP@TiO2

core–shell structures. The inset is the correspondingmagnified image.
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which contained nc-TiO2/core–shell structures on an FTO
substrate without dye as a working electrode, Ag/AgCl in 3 M
KCl as a reference electrode, and platinum sheet as a counter
electrode. The active area was 0.36 cm2, and the scan rate was
10 mV s�1. For PEC water splitting, SiO2@TiO2 and SiO2@
TiO2@AuNP core–shell structures were mixed with a few drops
of Naon, and then they were applied on an indium tin oxide
(ITO) substrate, followed by drying at 60 �C for 20 min. This is
then used as the working electrode. Current-versus-potential
curves were measured under visible light illumination using a
420 nm cut-off lter (Newport, 300 W Xe lamp) or 532 nm laser
(OEM Laser System Inc.). The incident photon-to-current
conversion efficiency (IPCE) was measured using a K3100
McScience Inc. measurement system with bias light.

Results and discussion

SiO2 microspheres (mean diameter of around 200 nm, Fig. S1†)
were prepared through the modied Stöber method, and
consecutively treated by APTMS to introduce an amine group on
the SiO2 surface. The amine functionality facilitates the depo-
sition of TiO2 shells, or the anchoring of citrate-stabilized AuNPs
through chemical affinity. Fig. 1 shows the electron microscope
images of SiO2@TiO2, SiO2@TiO2@AuNP, and SiO2@AuNP@
TiO2. As shown in Fig. 1a and d a thin layer of amorphous TiO2

shell with a thickness of about 10–15 nm was uniformly coated
onto amine-functionalized SiO2 spheres by the sol–gel reaction
and hydrolysis of TTIP in anhydrous ethanol. In contrast to the
smooth surface of a bare SiO2 core (Fig. S1†), the surface of the
SiO2@TiO2 composite was rough. The surface of SiO2@TiO2 was
treated with APTMS once more to induce Au anchoring sites.40–42

Aer modication, citrate-capped AuNPs (about 15 nm in size,
Fig. S2†) were evenly decorated without aggregation, and nally,
a reddish powder of SiO2@TiO2@AuNP was obtained (Fig. 1b
and e). Attached AuNPs were clearly observed outside the
SiO2@TiO2. To prepare the SiO2@AuNP@TiO2 composite, the
order of synthesis procedures was reversed: AuNPs were rst
decorated on SiO2 and then the TiO2 shell was applied. Fig. 1c
and f clearly show that AuNPs are completely covered with a TiO2

thin layer. Comparing the electron microscope images, the two
types of core–shell structures, SiO2@TiO2@AuNP and
SiO2@AuNP@TiO2 composites, were quite distinct from each
other. The elementary compositions and formation of core–shell
structures were also conrmed by EDX elementary mapping
analysis (Fig. S3†). The overall fabrication process is depicted in
Scheme 1, and the detailed synthesis process is explained in the
Experimental section.

The normalized UV-Vis absorption spectra of the
SiO2, SiO2@TiO2, SiO2@AuNP, SiO2@TiO2@AuNP, and SiO2@
AuNP@TiO2 core–shell nanostructures are provided in Fig. 2. The
strong absorption edge in the UV region (around 300 nm) comes
from the intrinsic exciton absorption of TiO2, which was observed
only with the core–shell structures with the TiO2 shell.43 SiO2@
TiO2 composites show only the TiO2 absorption edge, whereas
core–shell composites containing AuNPs have another broad peak
in the visible region, which is attributed to the LSPR band of
AuNPs. The observed LSPR band was slightly red-shied and
This journal is © The Royal Society of Chemistry 2014
broadened in the core–shell composites relative to that observed
from the as-synthesized citrate-capped AuNPs (Fig. S2b†), because
LSPR is very sensitive to the index of the surrounding environ-
ment.10 The LSPR wavelengths for AuNPs at the various interfaces
were observed as follows: 519 nm for neat AuNP, 526 nm for AuNP
at the interface of SiO2 and outer air (SiO2@AuNP), 529 nm for
AuNP at the interface of TiO2 and outer air (SiO2@TiO2@AuNP),
and 538 nm for AuNP at the interface of SiO2 and TiO2

(SiO2@Au@TiO2). The LSPR band positions observed from the
core–shell NPs result from the high refractive index value of the
surrounding environments (n ¼ 2.493 for amorphous TiO2 and
n ¼ 1.457 for SiO2 at 632.8 nm) and are in good agreement with
the recent results.40,41,44,45 It is worth noting that the LSPR char-
acteristic of the core–shell nanocomposites containing AuNPs
plays an important role in the DSSC performance: (i) absorption
by sensitized dye molecules may be increased by amplifying the
near-eld intensity when energy matches between incident light
and the surface plasmons of AuNPs.25,34,46,47 (ii) Additional
photoexcited electrons induced by the surface plasmons of AuNPs
can be transferred to the conduction band of TiO2. The number of
valid charge carriers to enhance the photocurrent would be
increased.48–50
Nanoscale, 2014, 6, 1823–1832 | 1825
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Scheme 1 Schematic illustration of the synthesis process of three types of core–shell photoanodematerials (SiO2@TiO2, SiO2@AuNP@TiO2, and
SiO2@TiO2@AuNP) for dye-sensitized solar cells.

Fig. 2 Normalized UV-Vis absorption spectra of the SiO2 core,
SiO2@TiO2, SiO2@AuNP, SiO2@TiO2@AuNP, and SiO2@AuNP@TiO2

colloids in aqueous solution. The powder-type samples were dispersed
in deionized water for measurement, and the graph presented was
normalized with the absorbance value at a wavelength of 800 nm.
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The role of the SiO2 support was examined prior to the
investigation of the LSPR effect in plasmonic DSSCs containing
tailored AuNPs. The photovoltaic performance of nc-TiO2 based
DSSCs including SiO2@TiO2 core–shell structures of different
sizes was characterized. The size of SiO2 spheres was varied by
controlling the amount of reactant and catalyst, and the details of
the synthesis conditions are summarized in Table S1.†37 The SiO2

spheres prepared by the sol–gel process were nearly mono-
disperse with average sizes of 50 nm, 200 nm, and 400 nm
(Fig. S1†). SEM images of the size-controlled SiO2@TiO2 core–
shell structures are provided in Fig. S4.† As shown in Fig. S4,†
thin TiO2 shells were uniformly formed on the SiO2 cores,
1826 | Nanoscale, 2014, 6, 1823–1832
irrespective of the core size. The device was composed of N719
dye-sensitized nc-TiO2 lms (thickness of �5 mm and active area
of�0.25 cm2) containing a certain amount of core–shell structure
as a photoanode, and a platinum-coated counter electrode.
Electrolytes consisting of iodide/triiodide in acetonitrile–valer-
onitrile were injected in sandwich-typed solar cells. The current–
voltage (J–V) responses were recorded under front illumination at
an intensity of 100mA cm�2, and a blackmask was applied to the
surrounding active area to prevent diffuse light from penetrating
into the dye-loaded lm through the glass texture. Fig. 3 shows
the J–V curves of normal DSSCs as a control (solar cells without
core–shell structures) and DSSCs containing size-controlled (50,
200 and 400 nm size) SiO2@TiO2 core–shell structures. The
loading amount of core–shell structures and thickness of the
entire TiO2 lms containing core–shell structures were xed at
0.5 wt% and 5 mm, respectively. The open-circuit voltage (Voc),
short-circuit current density (Jsc), ll factor (FF), and overall
conversion efficiency (h) are summarized in Table 1. It is found
that the SiO2@TiO2 core–shell embedded cells exhibit increased
efficiency compared to normal DSSCs. The higher efficiency of
DSSCs with the size-controlled SiO2@TiO2 core–shell structures
added was due to the notably increased Jsc value from 8.25 mA
cm�2 for a reference DSSC to 9.94 mA cm�2 for a cell including
50 nm SiO2@TiO2. The increase in Jsc for DCCSs containing
SiO2@TiO2 particles could be interpreted as an enhanced scat-
tering effect, which allowed the dye to absorb more photons.51–53

However, with the increasing size of SiO2, the values of photo-
voltaic parameters were slightly diminished, which can result
from complex factors such as decreased surface area, low
reectance property, and reduced electron transport, etc.53,54

In order to investigate the mechanism for the plasmonic
effects, the performance of DSSCs containing core–shell struc-
tures and normal DSSCs was compared. The SiO2@TiO2, SiO2@
TiO2@AuNP, and SiO2@AuNP@TiO2 core–shell nanoparticles
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Photocurrent density–voltage (J–V) curves of normal DSSCs
and size-controlled SiO2@TiO2 core–shell nanoparticle-containing
DSSCs.

Table 1 Summary of the photovoltaic parameters of normal DSSCs
and size-controlled SiO2@TiO2 core–shell nanoparticle-containing
DSSCs (the loading amount of core–shell structures is 0.5 wt%)

Samplea Voc (V) Jsc (mA cm�2) FF PCE (h, %)

Normal 0.803 (�0.002) 8.25 (�0.03) 68.1 (�0.4) 4.51 (�0.05)
50 nm 0.793 (�0.004) 9.94 (�0.04) 66.8 (�0.4) 5.27 (�0.04)
200 nm 0.793 (�0.003) 9.79 (�0.02) 67.4 (�0.2) 5.23 (�0.02)
400 nm 0.788 (�0.003) 9.53 (�0.04) 65.3 (�0.2) 4.90 (�0.01)

a Normal DSSCs as a control (without core–shell structures); DSSCs
containing size-controlled SiO2@TiO2 core–shell nanoparticles. The
thickness and active area of lms are 5 mm and 0.25 cm2, respectively.
The photovoltaic parameters were recorded under front illumination
at an intensity of 100 mA cm�2, and a black mask was applied to the
surrounding active area. Average values with standard deviations were
obtained from a large number of cells (three cells) for each sample.

Fig. 4 Photocurrent density–voltage (J–V) curves of normal DSSCs
and SiO2@AuNP@TiO2 core–shell nanoparticle-containing DSSCs
with different concentrations (the size of SiO2 support is 200 nm).

Table 2 Summary of the photovoltaic parameters of normal DSSCs
and SiO2@AuNP@TiO2 core–shell nanoparticle-containing DSSCs
with different concentrations (the size of SiO2 support is 200 nm)

Samplea Voc (V) Jsc (mA cm�2) FF PCE (h, %)

Normal 0.803 (�0.002) 8.25 (�0.03) 68.1 (�0.4) 4.51 (�0.05)
0.3 wt% 0.791 (�0.004) 10.13 (�0.03) 68.0 (�0.3) 5.44 (�0.03)
0.5 wt% 0.785 (�0.005) 10.91 (�0.05) 67.0 (�0.4) 5.74 (�0.04)
1.0 wt% 0.786 (�0.005) 10.86 (�0.06) 66.4 (�0.2) 5.66 (�0.02)
5.0 wt% 0.789 (�0.005) 10.51 (�0.05) 67.1 (�0.1) 5.56 (�0.01)

a Normal DSSCs as a control (without core–shell structures); DSSCs
containing SiO2@AuNP@TiO2 core–shell nanoparticles with different
concentrations. The thickness and active area of lms are 5 mm and
0.25 cm2, respectively. The photovoltaic parameters were recorded
under front illumination at an intensity of 100 mA cm�2, and a black
mask was applied to the surrounding active area. Average values with
standard deviations were obtained from over a large number of cells
(three cells) for each sample.
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were incorporated into normal TiO2 paste with a xed SiO2 core
size of 200 nm, and a concentration of 0.5 wt%. To nd the
optimal concentration of plasmonic core–shell structures,
SiO2@AuNP@TiO2 core–shell structures with varied concentra-
tions were incorporated into TiO2. When the concentration was
increased from 0.3 wt% to 0.5 wt%, the photocurrent was grad-
ually increased, as shown in Fig. 4 and Table 2. However, when the
concentration was increased further, the photocurrent decreased,
presumably because the AuNPs act as recombination sites of
excited electrons.30,35,55 Consequently, to maximize the plasmonic
effect in DSSCs, the optimal concentration of the plasmonic core–
shell structure was decided to be 0.5 wt%.

The SiO2@TiO2 core–shell-embedded cell was tested as a
reference to investigate the effect of LSPR on the device
performance. Fig. 5 shows the J–V curves of plasmon-enhanced
DSSCs, and the corresponding photovoltaic parameters are
summarized in Table 3. As shown in Fig. 5 and Table 3, the
overall conversion efficiency was remarkably improved when
plasmonic core–shell structures were included, which was
caused by the increase in Jsc. Compared with the reference cell
This journal is © The Royal Society of Chemistry 2014
employing nc-TiO2/SiO2@TiO2 as the photoanode, the degrees
of enhancement in Jsc were found to be �17% and �11% for
plasmon-enhanced cells containing SiO2@TiO2@AuNP and
SiO2@AuNP@TiO2, respectively. It is interesting to note that the
SiO2@TiO2@AuNP-containing cell shows a higher enhance-
ment ratio in Jsc than the SiO2@AuNP@TiO2-containing cell,
although these two plasmonic core–shell structures differ only
regarding the contact between the dye and the AuNPs. Hupp
et al. previously reported that plasmon-enhanced dye excitation
by an electromagnetic eld decreased as the distance between
dye molecules and plasmonic nanoparticles increased.25 In the
case of SiO2@AuNP@TiO2 core–shell structures, AuNPs were
effectively protected by the TiO2 shell from the electrolyte for
stability, while the electromagnetic eld induced by the AuNPs
was shielded. In contrast, in the case of SiO2@TiO2@AuNP
core–shell structures, AuNPs were exposed to the electrolyte,
resulting in slightly low Voc and ll factor, such that the plas-
mon-enhanced photocurrent should accordingly increase. It is
also noted that the chemical stability of decorated AuNPs is
Nanoscale, 2014, 6, 1823–1832 | 1827
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Fig. 5 Photocurrent density–voltage (J–V) curves of normal DSSCs
and different types of core–shell nanoparticle-containing DSSCs: (I)
SiO2@TiO2, (II) SiO2@TiO2@AuNP, and (III) SiO2@AuNP@TiO2 (the size
of SiO2 support is 200 nm and the loading amount of core–shell
structures is 0.5 wt%).

Table 3 Summary of the photovoltaic parameters of normal DSSCs
and different types of core–shell nanoparticle-containing DSSCs (the
size of the SiO2 support is 200 nm and the loading amount of core–
shell structures is 0.5 wt%)

Samplea Voc (V) Jsc (mA cm�2) FF PCE (h, %)

Normal 0.803 (�0.002) 8.25 (�0.03) 68.1 (�0.4) 4.51 (�0.05)
I 0.793 (�0.003) 9.79 (�0.02) 67.4 (�0.2) 5.23 (�0.02)
II 0.779 (�0.004) 11.48 (�0.06) 66.4 (�0.3) 5.94 (�0.03)
III 0.785 (�0.005) 10.91 (�0.05) 67.0 (�0.4) 5.74 (�0.04)

a Normal DSSCs as a control (without core–shell structures); DSSCs
containing different types of core–shell nanoparticles: (I) SiO2@TiO2,
(II) SiO2@TiO2@AuNP, and (III) SiO2@AuNP@TiO2. The thickness
and active area of lms are 5 mm and 0.25 cm2, respectively. The
photovoltaic parameters were recorded under front illumination at an
intensity of 100 mA cm�2, and a black mask was applied to the
surrounding active area. Average values with standard deviations were
obtained from over a large number of cells (three cells) for each sample.
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signicantly increased due to the adsorbed dyes.56 Another
thing to note is that a slightly decreased Voc was observed in
every DSSC with core–shell structures added in comparison to
reference DSSCs. There are contradictory reports on the
increase35 or decrease31 in the Voc value induced by the presence
of metal NPs in the photoanode. Voc is typically in proportion to
the difference between the quasi-Fermi level and the Nernst
potential of the redox couple.57 Thus, the slight decrease in Voc
can be explained by the down-shied Fermi level due to the
incorporation of plasmonic core–shell particles.31 Furthermore,
in the case of the SiO2@TiO2@Au loaded cell, a further decrease
in Voc as well as ll factor was observed, which may imply that
exposed AuNPs can act as recombination centres. In plasmonic
solar cells, incorporated metal nanoparticles may have several
roles: (i) to increase the light harvesting due to the strong near-
eld effects of LSPR; (ii) generation of hot electrons by surface
plasmon excitation; (iii) to act as electron recombination sites.
1828 | Nanoscale, 2014, 6, 1823–1832
These factors can competitively have an impact on the device
performance.

The enhanced Jsc is related to the light harvesting capability
of dye molecules by plasmon-enhanced excitation. Fig. 6a
shows the UV-Vis absorption spectra of nc-TiO2 lms contain-
ing core–shell structures before (solid line) and aer (dotted
line) dye loading on the FTO substrate. The broad and weak
LSPR bands of decorated AuNPs in the plasmonic anode
appeared in the range of 500–600 nm with a peak center around
550 nm (indicated by the upward arrow in Fig. 6a), which differ
from the characteristic bands of isolated core–shell structures
due to the existence of the nc-TiO2 particles surrounding the
core–shell structures. The absorption band of N719 dye was also
observed around 380 and 530 nm (indicated by the downward
arrows in Fig. 6a), and the optical absorption enhancement was
observed in the dye-loaded plasmonic core–shell composite-
embedded lms. The relative changes in optical absorption
(DOA/OA) of the dye molecules in SiO2@TiO2@AuNP and
SiO2@AuNP@TiO2 embedded lms are shown in Fig. 6b. The
relatively broad and strong enhancement is observed in the
range of 500–600 nm with a maximum enhancement around
550 nm, which coincides with the LSPR band position of
decorated AuNPs (Fig. 6a). These features suggest that dye
molecules in the vicinity of AuNPs can absorb more photons,
presumably due to the intensied near-eld effect of the surface
plasmon and spectral overlap between the dye and surface
plasmon, which may eventually lead to an increase in the
number of charge carriers and Jsc values.

In order to investigate the spectral response of plasmon-
enhanced DSSCs, incident photon-to-current efficiency (IPCE)
measurement was performed. As shown in Fig. 7a, IPCE spectra
were analogous to an absorption spectrum of N719 dye mole-
cules (grey line) and the plasmon-enhanced devices containing
plasmonic core–shell structures (SiO2@TiO2@AuNP and
SiO2@AuNP@TiO2) exhibit higher IPCE than the device con-
taining the SiO2@TiO2 core–shell structure over the whole
wavelength ranges. Fig. 7b shows the IPCE enhancement ratio
(DIPCE/IPCE, %) of plasmon-enhanced DSSCs with SiO2@
TiO2@AuNPs or SiO2@AuNP@TiO2 core–shell structures added
with respect to DSSCs with SiO2@TiO2 core–shell structures
added. It is found that the IPCE enhancement is observed over a
broad spectral range rather than around the LSPR band of
plasmonic nanostructures. The increase observed at the lower
and mid wavelength region can be interpreted by two mecha-
nisms: (i) increased dye excitation arising from the enhanced
near-eld effects of AuNPs: to verify plasmon-enhanced dye
excitation, concentrations of dye molecules on each photo-
anode were calculated from UV-Vis spectra of desorbed dye
molecules using 0.2 M NaOH solution. The amounts of des-
orbed dye were 9.62 � 10�5 mmol cm�2 for the normal TiO2

photoanode and 9.73 � 10�5, 9.57 � 10�5, and 8.63 � 10�5

mmol cm�2 for photoanodes containing SiO2@TiO2 (I),
SiO2@TiO2@AuNP (II), and SiO2@AuNP@TiO2 (III), respec-
tively. The dye coverage was similar to each other, which proves
that increased IPCE is caused by near-eld effects of AuNPs. (ii)
Contribution of the transfer of plasmon-induced excited hot
electrons to the conduction band of TiO2 (refer to more
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) UV-Vis absorption spectra of three different photoanode films on an FTO substrate (a) without (solid line) and with dye
(dotted line) molecules: nc-TiO2/SiO2@TiO2 (red line), nc-TiO2/SiO2@TiO2@AuNP (blue line), nc-TiO2/SiO2@AuNP@TiO2 (orange line)
(the size of SiO2 support is 200 nm and the loading amount of core–shell structures is 0.5 wt%). (b) Relative changes in optical
absorption (DOA/OA) of dye molecules in the plasmonic anode, SiO2@TiO2@AuNP and SiO2@AuNP@TiO2 embedded films. DOA/OA ¼
(Abs.nc-TiO2/SiO2@TiO2@AuNP (or SiO2@AuNP@TiO2)+dye(l) � Abs.nc-TiO2/SiO2@TiO2+dye(l))/(Abs.nc-TiO2/SiO2@TiO2+dye(l)) � 100.

Fig. 7 (a) Incident photon-to-current conversion efficiency (IPCE) curves of normal DSSCs and DSSCs composed of nc-TiO2/SiO2@TiO2,
nc-TiO2/SiO2@TiO2@AuNP, and nc-TiO2@SiO2@AuNP@TiO2 as photoanodes (the size of SiO2 support is 200 nm and the loading amount of
core–shell structures is 0.5 wt%). (b) IPCE enhancement ratio (DIPCE/IPCE, %) of plasmon-enhanced DSSCs with core–shell structures. DIPCE/
IPCE (%) ¼ (IPCEDSSCs with SiO2@TiO2@AuNP (or SiO2@AuNP@TiO2)(l) � IPCEDSSCs with SiO2@TiO2

(l))/(IPCEDSSCs with SiO2@TiO2
(l)) � 100 (%).
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discussion in the following section).49,50,58 The enhancement
ratio increase at longer wavelength could be a manifestation of
the poor signal-to-noise ratio in this spectral region.

To provide the evidence on increased photocurrent by
plasmon-assisted photocurrent generation in AuNPs, photo-
electrochemical measurement was performed using a three-
electrode system through linear-sweep voltammetry (LSV). The
core–shell structure-containing TiO2 lms without dye molecules
on the FTO substrate, Pt plate, and the Ag/AgCl electrode in 3 M
KCl were used as the working electrode, counter electrode, and
reference electrode, respectively. Fig. 8 shows the photocurrent
versus potential curves measured under visible light irradiation
This journal is © The Royal Society of Chemistry 2014
(using a cut-off lter with a wavelength of 420 nm) in 0.1MNaOH
electrolyte. As shown in Fig. 8, an anodic photocurrent was
observed for the plasmonic core–shell structure-containing lms,
as well as the normal TiO2 lm. A negligible difference is
observed in the photoanodic curves between the normal TiO2

lm and the SiO2@TiO2-containing lm, while the plasmonic
core–shell structure-containing lms show increased photocur-
rent values even if stability is not guaranteed aer ve-more-
sweeps (Fig. S5†). This is probably due to plasmonic-induced
photocurrents, in that the hot electrons driven from the surface
plasmon-induced charge separation of AuNPs can be injected
into the conduction band of TiO2, resulting in plasmon-assisted
Nanoscale, 2014, 6, 1823–1832 | 1829
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Scheme 2 Schematic illustration representing the increased photo-
current by LSPR and scattering effects.
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photocurrent generation. The plasmonically excited electron
extraction from metals to TiO2 semiconductors has been exper-
imentally and theoretically studied in previous reports.59–62

However, the exact mechanism for the surface plasmon-induced
charge separation process in plasmonic photovoltaic devices is
not claried yet. Reineck et al. proposed a few possible mecha-
nisms for plasmon-induced charge separation in a plasmonic
solar cell system:50 (i) both hot electrons and holes resulting from
the excitation of surface plasmon can be concurrently injected
into the TiO2 conduction band and solid state electrolyte,
respectively, which would occur on femtosecond timescale. (ii)
One type of the hot charge carriers, i.e., excited electron–hole
pairs, can be transferred and the opposite charge accumulation
would lead to Fermi level shi to the point where it can thermally
transfer to either the TiO2 conduction band or the solid state
electrolyte. Based on these assumptions, we can conjecture that
plasmon-induced hot electrons can be transferred into the TiO2

conduction band, while remaining hot holes can be injected into
electrolyte media, leading to facile separation of the hot charge
carriers. To demonstrate the charge separation of plasmon-
induced hot carriers, photocurrent response to the visible light
illumination was measured through the photoelectrochemical
water splitting system. For this experiment, SiO2@TiO2 and
SiO2@TiO2@AuNP core–shell structures were deposited on the
ITO substrate and used as the working electrode. Pt plate and
Ag/AgCl were used as the counter electrode and reference elec-
trode, respectively. As shown in Fig. S6,† SiO2@TiO2@AuNP
could effectively harness visible light photon and exhibit photo-
current generation. Without Au nanoparticles, however, SiO2@
TiO2 does not respond to visible light excitation. Furthermore, to
investigate the contribution of photons with a specic wave-
length to plasmonically enhanced charge extraction, the mono-
chromatic laser of 532 nm with 10 mW power (refer to the
plasmon resonance wavelength of the AuNP-decorated core–shell
Fig. 8 Photocurrent versus potential characteristics (linear-sweep vol-
tammetry, LSV curves) of the normal TiO2 film and SiO2@TiO2, SiO2@
TiO2@AuNP, and SiO2@AuNP@TiO2-containing TiO2 films in 0.1MNaOH
electrolyte under visible light illumination (the size of SiO2 support is 200
nm and the loading amount of core–shell structures is 0.5 wt%).

1830 | Nanoscale, 2014, 6, 1823–1832
nanostructures close to 532 nm wavelength in Fig. 2) was
illuminated.62 The photoelectrocatalytic activity under the
532 nm monochromatic illumination was examined using cyclic
voltammetry (CV) in oxygen-saturated 0.1 M KOH. The SiO2@
TiO2@AuNP core–shell structure shows conspicuously increased
photocurrent than the AuNP-free sample. The resulting photo-
current could be assigned to the photo-oxidation by plasmon-
induced hot holes.

We conclude that the improved current density may be
attributed to not only the increase in the dye excitation by the
effects of LSPR associated with near-led enhancement and
scattering, but also to the generation of additional photocurrent
owing to the LSPR-induced direct hot-electron transfer from
plasmonic core–shell structures to TiO2 conduction bands
(Scheme 2).

Conclusions

In summary, in order to demonstrate the effects of LSPR in
DSSCs, we constructed plasmonic DSSCs utilizing tailor-
designed SiO2@TiO2@AuNP and SiO2@AuNP@TiO2 core–shell
structures as photoanode additives. The DSSCs employing
nc-TiO2/SiO2@TiO2@AuNP and nc-TiO2/SiO2@AuNP@TiO2 as
photoanodes showed remarkably enhanced power conversion
efficiencies up to about 14% and 10%, respectively, with respect
to a reference cell containing an nc-TiO2/SiO2@TiO2 photo-
anode. Although only a small fraction of plasmonic core–shell
structures was introduced, such marked enhancement suggests
that LSPR features could affect the cell performance, as well as
the strong scattering effects: (1) the intensied near-eld of
AuNPs can act as antennas for increasing the dye absorption,
thereby possibly enhancing Jsc; (2) plasmon-assisted photocur-
rent generation can also contribute to the increase in current
density. It is especially worth noting that the DSSCs containing
nc-TiO2 lms combined with 0.5 wt% SiO2@TiO2@AuNP show
superior cell performance to those containing SiO2@AuNP@
TiO2, owing to the dye excitation enhanced the by the strong
electromagnetic eld effect from LSPR. It is found that the
distance between dye molecules and decorated AuNPs affects
the plasmon-enhanced dye excitation. The current study
demonstrates a promising route to maximize the performance
of plasmonic DSSCs via the rational design of tailored plas-
monic nanostructures.
This journal is © The Royal Society of Chemistry 2014
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