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Our findings show that the extinction spectrum of core-shell type plasmonic particles can be effectively
controlled by changing their geometric factor. This tuning capability allows the surface plasmons of the
core—shell particles to be designed in such a way that the absorption of dye molecules is maximized in dye
sensitized solar cells. When plasmonic particles with a metallic nanoshell and a dielectric core are
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incorporated into a TiO, mesoporous photoelectrode, the optical cross section of dye sensitizers and the
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energy conversion efficiency of dye-sensitized solar cells (DSSCs) are increased. The enhanced photon-
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Metallic nanostructures, a new class of photonic components,
have rapidly developed during the past decade. This is due to
their ability to control and manipulate light at the nanoscale
level, which is related on localized surface plasmons (SPs)."?
SPs are the result of optically induced oscillations of free
electrons,’> which can be coupled to the optical wave as
propagating surface waves or localized excitations. SPs are
strongly dependent on the topology and geometry of the
metallic nanostructures.*™® In particular, plasmonic core-shell
particles, which consist of a spherical dielectric core coated
with a concentric layer of metallic nanoshell, are versatile
subwavelength optical components, the surface plasmon
resonance of which can be tuned by simply varying the
thickness of the metallic nanoshell and the diameter of the
inner core.”® This uniquely adjustable nature of the plasmonic
core-shell particles facilitates their application in surface-
enhanced Raman spectroscopy,”'® high-resolution bioima-
ging,"'? thermal therapy,"® and drug delivery."*

Recently, SPs have been extensively studied to determine
their ability to enhance the light absorption of solar cells.”
Specifically, analysis has focused on the extent to which the
excitation of localized SPs traps incoming photons and is
coupled to light absorption capability of surrounding semi-
conductor. Furthermore, studies show that the effective optical
path length can be dramatically increased by multiple and
high-angle light scattering from the metallic nanostructures in
the cell.
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TiO, nanoparticle-based dye sensitized solar cells (DSSCs)
have attracted a vast amount of scientific and technological
interest for their potential cost effectiveness.'® However,
DSSCs suffer from a relatively small optical cross section of
dye molecules and a mismatch between the dye absorption
spectrum and the solar spectrum.””™® One possible way to
improve the light absorption of DSSCs is to increase the
thickness of the photoelectrode. However, as the photoelec-
trode gets thicker, carrier diffusion length becomes compar-
able to the thickness of the photoelectrode and -carrier
collection efficiency starts to decrease.'> Hence, when the
photoelectrode is thicker than 20 pum, the effect of the
photoelectrode thickness on the efficiency of DSSCs is
saturated.”® In addition, the increase in the thickness of
TiO, film deteriorates open circuit voltage (V,.) and fill factor,
because of the increased back electron transfer between I;
ions and conduction band electrons in TiO, film.>!

SPs have been found to be an effective way to improve the
energy conversion efficiency in DSSCs without increasing the
thickness of the photoelectrode, since highly increased light
intensity at the near field can increase the absorption and/or
scattering of incoming light. Both bare** and surface coated
metallic nanoparticles® > were successfully explored in
DSSCs for light harvesting. However, their plasmonic fre-
quency is pre-determined by the type of metals and less
influenced by the size of the nanoparticles. Therefore, the
metal nanoparticles may have difficulty in matching the
frequency of the surface plasmons with the dye absorption
spectrum, which depend on the unique molecular structure of
dyes.”**® To address this problem, several groups have
changed the shape of the nanostructure metals and shifted
the surface plasmon frequency within the absorption spec-
trum of DSSCs. Chang et al. investigated the role of Au
nanorods and demonstrate that the light absorption spectrum
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of the dye and the plasmonic frequency can be matched by
changing the shape of nanostructured metal.>® Recently, we
have also shown that the surface plasmons of a metal
nanoshell can improve the energy conversion efficiency of
DSSCs.>" The metal nanoshell couples with incoming light in
wavelengths longer than the characteristic wavelength of the
metal nanoparticles. Through this coupling, the core-shell
structure offers us the capability to design unique plasmonic
particles for different dyes, due to its optical tunability.**

In this study, we tuned the surface plasmon frequency of
the core-shell particles and examined the effect on the
performance of DSSCs. The absorption and scattering peaks
of the core-shell particles were controlled by changing the size
of the silica core. Then, the effect of surface plasmon
frequency on light harvesting efficiency in DSSCs was
examined using N719 dye and black dye, two commonly used
photo-sensitizers in DSSCs.** Compared with N719, the light
absorption spectrum of black dye extends to a longer
wavelength. Hence, the two dyes require plasmonic particles
with different surface plasmon frequency in order to enhance
light absorption. In order to match the absorption spectra of
the N719 dye and black dye, smaller (110 nm) or larger (470
nm) Ag@SiO, core-shell plasmonic particles were added to the
TiO,photoelectrode. Our research has demonstrated that
different core-shell particles increase the optical cross section
of N719 and black dyes over red and green light via different
mechanisms.

Experimental procedure

Chemicals and materials

Tetraethyl orthosilicate (TEOS, 98%), titanium(iv) isopropox-
ide (TTIP, 97%), and silver nitrate (99.8%) were purchased
from Sigma-Aldrich. Ammonium hydroxide (28%), sodium
citrate, 2-propanol, acetic acid were obtained from J. K. Baker.
N719 dye, black dye, liquid electrolyte (Iodolyte AN-50), and 25
pum thick hot melt sealing tape (SX-1170-25) were bought from
Solaronix. All the chemicals were used without further
purification.

Preparation of Ag@SiO, core-shell particles

SiO, spheres with uniform diameters were synthesized by
Stober method.”” Pure ethanol, ammonium hydroxide and
TEOS were mixed together, and stirred vigorously at room
temperature for 24 h. By varying the volume ratio of these
chemicals, the diameter of the silica spheres could be
controlled as 90 nm and 450 nm separately.

Ag@SiO, core-shell particles were fabricated following a
two-step method.*" Typically, to prepare core-shell particles
with an average diameter of 110 nm, 15 ml of freshly prepared
[Ag(NH;),]" ion solution was added into 100 ml aqueous
solution containing 225 mg silica nanospheres whose average
diameter was 90 nm. The mixture was then sonicated for 3 h at
20 °C by using the high-intensity ultrasound radiation.
Resulting particles were centrifuged and washed to remove
residual reagents. Purified particles were heated at 100 °C
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under nitrogen gas flow for 3 h to crystallize silver nanopar-
ticles on the surface of SiO, particles. After thermal annealing,
the fine powder turned to be dark brown, indicating that Ag
nanoparticles were nucleated on the surface of the SiO,
particles. These attached Ag nanoparticles were used as seeds
to grow the thin silver layer on the silica cores in the future.
During the second step, 27 mg dark brown powder (Ag seeds—
SiO, core) and 100 ml aqueous solution containing 2.4 mM
silver nitrate were sequentially added into a 250 ml three-neck
bottle and mixed well. At 85 °C, 55 mg sodium citrate was
added into the aqueous mixture and was maintained at 85 °C
for 1 h under vigorous stirring. After purification, Ag@SiO,
core-shell particles with an average diameter of 110 nm were
obtained. Similarly, using different amount of chemicals, 470
nm Ag@sSiO, core-shell particles were prepared following the
same route.

Preparation of TiO, nanoparticle-composite mixture films

Anatase TiO, nanoparticles were synthesized via a hydrother-
mal reaction.”® TTIP and 2-propanol were slowly dropped into
a water diluted acetic acid solution at 0 °C. After preheating at
80 °C for 8 h, this solution was sealed and reacted at 230 °C for
6 h in a microwave accelerated reaction system (MARS, CEM
Co.)

Pure TiO, nanoparticle films and TiO,-Ag@SiO, mixture
films were prepared by a novel chemical sintering method.** A
small amount of aqueous solution containing Ag@SiO, core-
shell particle was mixed well with the as-prepared TiO,
solution. The mixture solution was then condensed to 1 ml
via centrifugation. Viscous mixture paste was formed by
adding several droplets of ammonium hydroxide into the
condensed solution. Then, the paste was spread on FTO by
doctor-blade technique and annealed at 450 °C for 30 min in
nitrogen ambient.

Fabrication of DSSCs

Pure TiO, film or composite film covered FTO was merged in
N719 ethanol solution at room temperature for 24 h. After
drying it by nitrogen gas, the dye sensitized photoelectrode
was sandwiched with thermally platinized FTO counter
electrode. Between the two substrates, liquid electrolyte was
filled and sealed by hot melt sealing tape.

Characterization

The microstructure of the Ag@SiO, core-shell particles and
the composite films were tested by scanning electron micro-
scopy (SEM) (Philips XL 30) and transmission electron
microscopy (TEM) (JEOL JEM-200 CX). The crystal structure
of the core-shell composite particles was detected using an
X-ray diffractometer (XRD) (Philips Analytical X-ray). Optical
absorption and scattering spectra of the core-shell particles
and the composite films were collected by UV/Vis spectrometer
(Perkin Elmer, Lambda 35 UV/Vis Spectrometer) attached with
an integrating sphere in the range from 300 nm to 900 nm.
Photovoltaic properties of the DSSCs were measured under
AM 1.5 G simulated sunlight with the aid of the electro-
chemical workstation (CH Instruments, CHI 660C). The
incident photon to current efficiency (IPCE) spectra of DSSCs
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Fig. 1 TEM images of the evolution procedure of the Ag@SiO, core-shell
particles. (A) bare SiO, sphere with a diameter of ~450 nm, (B) Ag seeds
deposited SiO, sphere with a diameter of ~450 nm, (C) 470 nm Ag@SiO, core—
shell particle with a shell thickness of ~10 nm, (D) bare SiO, sphere with a
diameter of ~90 nm, (E) Ag seeds deposited SiO, sphere with a diameter of
~90 nm, (F) 110 nm Ag@SiO, core-shell particle with a shell thickness of ~10
nm (a scale bar corresponds to 100 nm for all images).

was tested by illuminating the prototype device with a
monochromatic beam in the visible range.

Results and discussion

Fig. 1 shows the transmission electron microscopy (TEM)
images of Ag@SiO, core-shell particles that were grown via a
two-step method. The average diameter of the SiO, core is 450
nm (Fig. 1A) or 90 nm (Fig. 1D). In both cases, the successful
deposition of the Ag nanoshell was observed. In the first step
of the coating, Ag nanoparticles with a diameter of 3-5 nm
were attached to the surface of SiO, particles (Fig. 1B, 1E),
which would become the nucleus for further growth of the Ag
shell. After the second step, a uniform Ag shell was formed.
The average shell thickness of both the bigger and smaller
examples was around 10 nm.

Fig. 2 shows the extinction spectra of silica core-silver shell
particles dispersed in water. In addition to the experimental
UV/Vis spectra (Fig. 2A), the results of theoretical calculations
are presented for comparison (Fig. 2B). In UV spectra, two
peaks are found. A broad plasmon peak is found near 650 nm
for the core-shell particles with a diameter of 110 nm, and
near 800 nm for the core-shell particles with a diameter of 470
nm. The extinction of light at the red and infrared regime is
the result of absorption and scattering by Ag nanoshells. The
correlation with size clearly indicates that the wavelength of
the coupled plasmon mode in core-shell particles can be
controlled simply by changing the size of the core. An increase
in extinction in the longer wavelength is due the size of the
core-shell particles, and an appearance of the multiple peaks
is attributed to a hybridization of charge oscillations at the
outer and inner surfaces of the shell.® In addition, both
samples have a peak at around 410 nm that corresponds to the
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Fig. 2 UV-vis extinction spectra of 110 nm Ag@SiO, core-shell particles and
470 nm Ag@SiO, core-shell particles in aqueous solution (A) experimental data,
(B) calculated data (a calculated spectrum of Ag nanoparticles is also added for
comparison).

plasmon resonance frequency of silver nanoparticles. This
shorter wavelength peak implies that Ag nanoshells also
interact with incoming light as nanoparticles that are
physically attached to the outer surface of the shell. The
extinction efficiency of the metal nanoshells or metal
nanoparticles was calculated via a generalized Mie scattering
approach. Fig. 2B shows that the increase in the core size
shifts the peak of the extinction spectrum to a longer
wavelength. Similarities in the general trend between the
experimental and theoretical results confirm our analysis of
the experimentally measured extinction spectra of the core-
shell particles.>**> It is noted that the width of the
experimentally observed plasmon peaks is broader than the
width of the calculated plasmon peaks. Several factors
contribute to this broadening effect in the plasmon peaks of
the silver nanoshell. One is the size distribution of the silica
core diameter and the silver shell thickness, and the other is
surface roughness of the silver nanoshells.® In addition, if the
mean free path of the electrons is larger than the dimension of
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Fig. 3 (A) SEM plan-view image of 20 vol% 110 nm Ag@SiO, core-shell
particles embedded TiO, mesoporous film, (B) SEM plane-view image of 20
vol% 470 nm Ag@SiO, core-shell particles embedded TiO2 mesoporous film,
(C) SEM cross-section image of 20 vol% 110 nm Ag@SiO, core-shell particles
embedded TiO, mesoporous film, (D) SEM cross-section image of 20 vol% 110
nm Ag@SiO, core-shell particles embedded TiO, mesoporous film, (E) an
optical micrograph of photoanode coated FTO substrate. From top to bottom,
the photoanode is pure TiO, film, 20 vol% 110 nm Ag@SiO, embedded TiO,
mesoporous film, and 20 vol% 470 nm Ag@SiO, embedded TiO, mesoporous
film. The area of the film is 5 x 5 mm?.

the nanostructure, an extra broadening of the surface plasmon
peaks occurs.*®

In order to fabricate the photoelectrode of DSSCs, the
aqueous solution of the core-shell particles was mixed with
the slurry of TiO, nanoparticles which were prepared using the
hydrothermal method. The mixture slurry was pasted on
fluorine doped tin oxide (FTO) coated glass and thermally
annealed. Fig. 3 presents SEM micrographs of TiO, mesopor-
ous films embedded with the core-shell particles. It clearly
shows that large core-shell particles with an average diameter
of 110 nm or 470 nm are uniformly dispersed in the TiO,
nanoparticle matrix. Furthermore, the distance between the
outer surfaces of the core-shell particles in Fig. 3 quantita-
tively fits well with the calculated one, which is about 42 nm
for 20 vol% 110 nm core-shell particle added film, and 178 nm
for 20 vol% 470 nm core-shell particle added film. Fig. 3E
shows the optical micrograph of pure TiO, film and composite
films coated fluorine doped tin oxide (FTO) substrates. From
top to bottom, the film is composed of pure TiO,, TiO,/20
vol% 110 nm core-shell particles, and TiO,/20 vol% 470 nm
core-shell particles. A change in the color of the film proves
that the addition of the plasmonic particles influences the
optical property of the mesoporous films. The silver phase in
the mixture film is well crystallized during a thermal
annealing procedure. In addition, a stronger intensity of silver
XRD peaks for the 110 nm core-shell particle added film, is
due to the higher surface area of smaller core-shell particles.

The light absorption and scattering properties of the TiO,
based composite films with 110 nm or 470 nm diameter
Ag@SiO, core-shell particles are shown in Fig. 4. Since the
refractive index of TiO, (n ~ 2.3) surrounding the core-shell
particles is larger than that of water, the peaks of the spectra

This journal is © The Royal Society of Chemistry 2013

View Article Online

Experimental abs of TiO, film
Experimental abs of TiO,/110 nm Ag@SiO, film
Experimental abs of TiO,/470 nm Ag@SiO, film

A

1.0 H

Absorbance

0_0 1 . 1 N I T T T +
400 500 600 700 800 900
Wavelength (nm)
30
Experimental ref of TiO, film
25| Experimental ref of TiO /110 nm Ag@SiO, film

Experimental ref of TiO /470 nm Ag@SiO, film

N
o

Reflectance (%)
s o

[,

400 500 600 700 800 900
Wavelength (nm)

Fig. 4 Experimental (A) UV-vis absorbance and (B) reflectance spectra of pure
TiO; film, TiO2/110 nm Ag@SiO, composite film, and TiO5/470 nm Ag@SiO,
composite film.

shift to a longer wavelength. A long tail of the absorbance
spectra of the composite films may result from the overlapping
of the elementary plasmon peaks of the core-shell particles. In
addition to the absorption, the scattering behavior of the
composite films is also measured. Larger core-shell particles
display a stronger scattering effect over red and IR light and
smaller core-shell particles cause a higher absorption over
green and orange light. A change in the relative magnitude of
absorption and scattering by different core-shell particles
qualitatively agrees with the theoretical predictions in Fig. 2B.
As the core size increases from 90 nm to 450 nm, the surface
plasmons peak of the nanoshell shifts to a longer wavelength
and the scattering efficiency of the plasmonic particles in the
near IR regime increases.

The mixture films were dipped in the solution of dye
molecules (N719 or black dye). The absorption spectra of
adsorbed dye molecules are shown in Fig. S1, ESL{ For this
measurement, sensitized thick films were immersed in NaOH
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Fig. 5 J-V curve and IPCE of DSSCs. (A) Comparison of the J-V curves of N719
dye sensitized solar cells containing TiO, film, 20 vol% 110 nm Ag@SiO, core—
shell particles embedded TiO, mesoporous film, and 20 vol% 470 nm Ag@SiO,
core—shell particles embedded TiO, mesoporous film. (B) Normalized IPCE curves
of N719 dye sensitized solar cells containing TiO5 film, 20 vol% 110 nm
Ag@SiO, core-shell particles embedded TiO, mesoporous film, and 20 vol%
470 nm Ag@SiO, core-shell particles embedded TiO, mesoporous film.

solution to separate the dyes from the photoelectrode. The
amount of adsorbed dye molecules in Fig. S1, ESIf is
consistent with the ideal surface area ratio of the photoelec-
trode, which suggests that the dye molecules are uniformly
coated on both TiO, and core-shell particles of the photoelec-
trode. This surface passivation of the core-shell particles by
dye molecules plays the role of a capping layer and improves
the chemical stability of the silver shell.*" Fig. S2, ESIt shows
the effect of the dye coating on the corrosion resistance of the
core-shell particles. UV/Vis absorbance spectra of the N719
dye or black dye coated TiO,-core-shell composite films did
not show a change after they were immersed in the electrolyte
for 1 day. Some increase in the blue region in the electrolyte-
dipped sample is due to a small amount of the residual
electrolyte attached to the films. This result supports the
chemical stability of the dye coated Ag nanoshell in the
electrolyte.
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Table 1 Photovoltaic performance of DSSCs based on different films with
different dyes

Film Dye Jse (MA cm™) Vo (V) FF 57 (%)
TiO, N719 dye 14.6 0.68 0.63 6.2
TiO,/110 nm Ag@SiO, N719 dye 16.8 0.72 0.67 8.1
TiO,/470 nm Ag@SiO, N719 dye 15.7 0.73 0.69 7.9
Ti0,/90 nm SiO, N719 dye 11.6 0.72 0.70 5.9
TiO,/450 nm SiO, N719 dye 12.3 0.70 0.71 6.1
TiO, Black dye 7.4 0.63 0.72 3.4
Ti0,/110 nm Ag@SiO, Black dye 9.0 0.70  0.70 4.4
TiO,/470 nm Ag@SiO, Black dye 11.7 0.70  0.72 5.9

DSSCs were built on dye-coated composite films with a
thickness of 7 pm. N719dye is a widely used dye. Compared
with N719, the absorption spectrum of black dye is larger
toward the red and infrared regime, but the optical cross
section of black dye over green light is smaller.*”*® Therefore,
N719 and black dye are expected to differently respond to 110
nm and 470 nm core-shell particles. Fig. 5A and 5B show J-V
curve and incident photon to current efficiency (IPCE) spectra
of DSSCs employing N719 dye. They clearly indicate that the
addition of Ag@SiO, particles enhances the energy conversion
efficiency of DSSCs, although the amount of adsorbed dye
molecules is decreased in Ag@SiO, particle added photoelec-
trodes. 470 nm core-shell particles into TiO, films increases
the short circuit current (J;.) from 14.6 mA cm™ > to 15.7 mA
em™? (Table 1). This enhancement was more pronounced
when 110 nm core-shell particles were added.

The IPCE spectra of DSSCs in Fig. 5B show that Ag@SiO,
particles increase photon-electron conversion efficiency in two
ways. Increases in absorption for shorter wavelength regime
and scattering for longer wavelength regime enlarge effective
light intensity near dye molecules and enhance photocurrent
generation. It is noted that 110 nm core-shell particles
improve the photocurrent generation more effectively in the
shorter wavelength range and that 470 nm core-shell particles
work better in the longer wavelength range. At the wavelength
of 650 nm, the normalized IPCE is very dependent on the size
of the Ag nanoshell. A difference in the improvement of IPCE
spectra by two kinds of core-shell particles agrees well with
their different spectral response shown in Fig. 2. This
indicates that a change in the geometric factor of the core-
shell particles can be used to tune the photon-electron
conversion process of the solar cells.

Since 20 vol% of the composite film was occupied by large
core-shell particles, the surface area of the mixture film for
dye absorption also decreased by almost 20%. In order to show
the real improvement of the cell performance after employing
core-shell particles, a control experiment was conducted using
composite films containing the same amount of bare silica
particles without a silver layer coating. Both the j-V curve and
the IPCE show a dramatic decrease in cell performance (Fig.
S3, ESIf), due to the decreased total surface area for dye
absorption. This indicates that it is mainly the plasmonic Ag
nanoshell enhancing the performance of DSSCs.

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 (A) Nyquist plots and (B) Bode plots of DSSCs with N719 dye. (Q) lifetime
vs. Jsc plots of DSSCs with N719 dye.

It is noted that the core-shell particles in the photoelec-
trode also increase open circuit voltage (V,.) of DSSCs.
Electrochemical impedance spectrum (EIS) analysis and the
SLIM-PCV method were performed to understand the differ-
ence in charge recombination rate and electron lifetime for
core-shell particle embedded DSSCs and reference cells.
Fig. 6A shows the Nyquist plots of the DSSCs. The core-shell
particles decrease a semi-circle of the impedance spectrum in
the frequency regime of 10°-10® Hz (w3), which corresponds to
the impedance at the TiO,/dye/electrolyte interface of DSSCs.*’
This is because the surface plasmon can enhance the injected
electron density of the conduction band of TiO, nanoparticles.
In addition, in Fig. 6B, Bode plots show that a frequency of
maximum impedance in the w; region shifts to a lower
frequency region when the core-shell particles are added to
DSSCs. This indicates that the carrier lifetime (1) is increased
by adding the core-shell particles. A plot of lifetime vs. J . in
Fig. 6C also exhibits that the core-shell particles increase
carrier lifetime. This is attributed to suppressed carrier

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 J-V curve and IPCE of DSSCs. (A) Comparison of the J-V curves of black
dye sensitized solar cells containing TiO film, 20 vol% 110 nm Ag@SiO, core—
shell particles embedded TiO, mesoporous film, and 20 vol% 470 nm Ag@SiO,
core—shell particles embedded TiO, mesoporous film. (B) Comparison of the
IPCE curves of black dye sensitized solar cells containing TiO; film, 20 vol% 110
nm Ag@SiO, core-shell particles embedded TiO, mesoporous film, and 20 vol%
470 nm Ag@SiO, core-shell particles embedded TiO, mesoporous film.

recombination by insulating silica cores and the Schottky
barrier at the TiO,/Ag shell interface.*****" This Schottky
barrier prohibits the photo-generated electron transferring
from TiO, to Ag nanoshell, so it can suppress carrier trapping
and recombination by the silver nanoshell.

The enhanced photon-electron conversion by the core-
shell particles is more clearly observed in black dye DSSCs.
The light absorption ability of black dye molecules is smaller
than that of the N719 dye, due to the low extinction coefficient
and surface coverage of black dye.*® Therefore, the role of
core-shell particles in the light harvesting is more critical in
black dye DSSCs than in N719 DSSCs. As shown in Fig. 7A, Js.
of typical black dye DSSCs increases from 7.4 mA cm ™2 to 9.0
mA cm~ > when 110 nm core-shell particles are added into
TiO, mesoporous films. The increase in Js. is more dramatic
when the same amount of 470 nm core-shell particles is
added. J,. reaches to 11.7 mA cm > for the larger core-shell
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particle added black dye DSSCs (Table 1). Better performance
of 470 nm core-shell particles in black dye DSSCs is traced to
the fact that the absorption and scattering spectra of larger
core-shell particles are pushed to a longer wavelength range
where black dye works better than N719 dye. V. of the core-
shell particle embedded DSSCs is slightly larger than that of a
control sample of pure TiO, nanoparticle based DSSCs, which
is similar to the core-shell particle added N719 dye. Given that
the addition of 20 vol% core-shell particles decreases the
amount of adsorbed dye almost by 20%, an increase in J,. from
7.4 mA cm ™2 to 11.7 mA cm? indicates that the core-shell
particles of 470 nm can improve the cross section of black dye
in DSSCs by a factor of two. In these high efficiency DSSCs
consisting of black dye and core-shell particles, aging or
corrosion is negligibly observed.

Fig. 7B shows the IPCE spectra of black dye DSSCs. Both 110
nm and 470 nm core-shell particles increase the photon-
electron energy conversion efficiency. Compared with 110 nm
particles, a uniform increase in IPCE is observed in the range of
500 nm to 800 nm where larger core-shell particles cause higher
scattering and absorption of incoming light. This reveals that
the enhanced photocurrent generation of black dye DSSCs is
correlated to the enhanced scattering and absorption by the
core-shell particles. The performance of DSSCs using black dye
as the sensitizer exemplifies the benefit of the tuning capability
of the Ag nanoshell. Compared with N719, which is widely used
in dye sensitized solar cells, the black dye has an advantage of a
broad light absorption spectrum. Black dye can collect more
photons in red and infrared light than N719 dye, which can
increase the theoretical energy conversion efficiency of the dye
sensitized solar cells (DSSCs). However, black dye has the
critical problem of a small optical cross section and weak
surface coverage. Hence, DSSCs with black dye should employ a
very thick photoelectrode to absorb a large enough amount of
solar light. The thick photoelectrode is likely to prevent the
electron transport, which, in turn, reduces the energy conver-
sion efficiency of DSSCs greatly below the theoretical limit.
Results in Fig. 7 attest that the Ag nanoshell can solve the
problem of the small optical cross section of black dye and
increase the theoretical limit of DSSCs.

Conclusion

We have successfully incorporated the metallic nanoshell-
dielectric core particles with strong surface plasmon reso-
nance into DSSCs. Light absorption and scattering in the
visible range is significantly enhanced in the photoelectrodes
containing core-shell particles with various core sizes that
depend on the size of the core-shell particles. As the size of the
core increases, light interacts with the surface plasmons of the
core-shell particles in the longer wavelength regime. The core-
shell particles enhance the optical cross section of dye
sensitizers coated onto the photoelectrode and increase the
energy conversion efficiency of DSSCs. The enhanced photon-
electron conversion is attributed to localized surface plasmons
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of the core-shell particles, which increase the absorption and
scattering of the incoming light in the photoelectrode. Tuning
of the surface plasmons’ frequency with different sensitizing
dyes is also found to benefit the energy conversion efficiency
of DSSCs. When the extinction spectrum of the plasmonic
particles is overlaid with the absorption spectrum of black dye
with a small optical cross section, the short circuit current of
DSSCs is almost doubled, with a negligible change in the open
circuit voltage. Our results demonstrate a simple method for
enhancing the light absorption of various dyes with different
light absorption spectra, via the surface plasmons.
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