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ABSTRACT: Recently, plasmonic metal nanoparticles have
been shown to be very effective in increasing the light
harvesting efficiency (LHE) of dye-sensitized solar cells
(DSSCs). Most commonly, spherical nanoparticles composed
of silver or gold are used for this application; however, the
localized surface plasmon resonances of these isotropic
particles have maxima in the 400−550 nm range, limiting
any plasmonic enhancements to wavelengths below 600 nm.
Herein, we demonstrate that the incorporation of anisotropic,
triangular silver nanoprisms in the photoanode of DSSCs can
dramatically increase the LHE in the red and near-infrared regions. Core−shell Ag@SiO2 nanoprisms were synthesized and
incorporated in various quantities into the titania pastes used to prepare the photoanodes. This optimization led to an overall 32
± 17% increase in the power conversion efficiency (PCE) of cells made using 0.05% (w/w) of the Ag@SiO2 composite.
Measurements of the incident photon-to-current efficiency provided further evidence that this increase is a result of improved
light harvesting in the red and near-infrared regions. The effect of shell thickness on nanoparticle stability was also investigated,
and it was found that thick (30 nm) silica shells provide the best protection against corrosion by the triiodide-containing
electrolyte, while still enabling large improvements in PCE to be realized.
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■ INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted a great deal of
scientific and technical interest because of their low cost and
ease of fabrication. While the development of new dyes has led
to continued improvements in the power conversion
efficiencies (PCEs) of DSSCs in recent years,1 they are still
often limited by the weak absorption of the dye sensitizer. This
is exemplified by the commonly used ruthenium(II) poly-
pyridyl dyes (e.g., N719). N719 absorbs strongly at 535 nm,
but has drastically reduced extinction coefficients at longer
wavelengths.2 Thus, improving the light harvesting efficiency
(LHE) in the 600−900 nm wavelength range is one promising
way of increasing the PCEs of these devices.3,4 The synthesis of
panchromatic sensitizers, such as porphyrin derivatives, has
been shown to improve the incident photon-to-current
efficiency (IPCE) at longer wavelengths;5,6 however, the overall
efficiency of these dyes is often lower than champion
ruthenium dyes because of their reduced LHE at shorter
wavelengths.
This issue of poor light absorption often necessitates the use

of thick photoanodes,7 scattering layers,8−10 back reflectors,11

or other light trapping elements12 to achieve the LHE required
to produce a highly efficient DSSC. An emerging approach to
better light harvesting in solar cells utilizes the localized surface
plasmon resonances (LSPRs) of noble metal nanostructures

(e.g., Au or Ag).13,14 Because of their unique optical properties,
plasmonic nanoparticles are finding applications in diverse
scientific fields such as catalysis,13 electronics,14 biological
imaging,15 and sensing.16 When applied to a DSSC, the
plasmonic nanoparticles can act as efficient light trapping
components, resulting in an enhancement of the LHE of the
cell.17−23 Plasmonic materials can enhance the LHE in one of
several ways. The first is by resonant scattering of the incident
light, whereby incident light is scattered off-normal, increasing
the effective optical path length of the device. Another
possibility is that the excitation of LSPR modes greatly
increases the local electric field at the particle surface (near-
field enhancement), and that this results in an increase of the
absorbance of the dye sensitizer in these regions.
A number of approaches have been explored for the

incorporation of metal nanoparticles in a DSSC. In the
simplest of these, gold nanoparticles were directly mixed with
the TiO2 nanoparticle paste, resulting in Au/TiO2 composite
electrodes.18 These electrodes produced a substantial increase
in the current density generated at 532 nm, near the absorption
maximum of the gold LSPR. Similarly, an increase in the short
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circuit current density was observed when silver nanoparticles
were embedded in the photoanode of a DSSC by an in situ
synthetic procedure.22 Despite these promising results, the use
of bare metal nanoparticles is undesirable from a stability
perspective, because the bare nanoparticles may suffer from
surface corrosion when in direct contact with the dye and
iodide/triiodide electrolyte.24 The nanoparticles may also act as
electron traps, reducing the electron collection efficiency. To
remedy this, the use of core−shell nanoparticles has been
explored, where the plasmonic core is protected by a thin metal
oxide (e.g., SiO2, TiO2) shell.19,20 The insulating shell both
protects the underlying particle from oxidative etching and also
helps prevent unwanted electron storage effects.25 The effect of
multiple shells and particle aggregation has also been explored
through the synthesis of Au@SiO2@TiO2 nanoparticles.

26

Most of these studies on plasmon-enhanced DSSCs have
been based on spherical nanoparticles, and the maxima of the
LSPR bands for these materials typically lie in the range of
400−550 nm.19,20 Conventional ruthenium dyes such as N719
already absorb strongly in these regions, diminishing the need
for plasmonic light trapping. In contrast, N719 absorbs much
more weakly in the 550−700 nm range, and to better amplify
the LHE in this regime, better spectral match between the
LSPR band and the edge of the N719 absorption band is
required. The position of the LSPR band depends on factors
such as the nanoparticle size, shape, and dielectric environ-
ment.27 While spherical silver nanoparticles typically have
LSPR absorption bands in the range of 380−450 nm,
anisotropic nanoparticles such as triangular silver nanoprisms
have substantially red-shifted extinction maxima. By changing
the aspect ratio of the silver nanoprisms, the position of the
LSPR band can be tuned anywhere from the blue-violet to the
near-infrared (NIR) region of the spectrum.28 Gold nanorods29

and silver nanoprisms30 have both demonstrated the viability of
such an approach in polymer bulk heterojunction solar cells.
In this study, we synthesize core−shell nanoparticles

consisting of a triangular silver nanoprism core and a silica
shell of variable thickness (Ag@SiO2). The core−shell particles
display a broad LSPR band centered at about 730 nm, which is
ideally suited to overlap with the edge of the N719 absorption
spectrum. The silica coating was designed to both protect the
underlying silver nanoprism from the corrosive I−/I3

− redox
mediator and prevent electron transfer from either the TiO2 or
the dye excited state to the metal nanoparticle. We find that the
incorporation of 0.05% (w/w) Ag@SiO2 into the photoanode
of a DSSC results in a 32 ± 17% increase in the overall PCE of
the device, and that this improvement is entirely driven by an
increase in the short circuit current density. IPCE measure-
ments suggest that this is due to an improvement in LHE in the
550−750 nm range, caused by plasmonic light trapping effects.

■ EXPERIMENTAL SECTION
Materials. Silver nitrate (99%), sodium borohydride (98%), and

hydrogen peroxide (30% w/w), glacial acetic acid (99.7%), nitric acid
(70%), and iso-propanol (99.9%) were purchased from Fisher
Scientific. Ethyl cellulose (EC) powders EC-10 (Ethocel standard 10
cP) and EC-45 (Ethocel standard 45 cP) were purchased from Dow
Chemicals. α-Terpineol (≥96%), sodium citrate tribasic (≥96%),
poly(N-vinylpyrrolidone) (≥99%, MW ∼ 40,000), 16-mercaptohex-
adecanoic acid (90%), tetraethoxysilane (99%), titanium tetraisoprop-
oxide (≥97%), and N,N-dimethylamine (40% w/v) were purchased
from Sigma-Aldrich. All chemicals were used as received without
further purification. Deionized water (18.2 MΩ·cm) was obtained
from a Milli-Q water purification system.

Characterization. UV/vis/NIR spectra were measured in a quartz
cell with an optical path length of 1.0 cm using a Varian Cary50 UV−
visible spectrophotometer. Transmission electron microscopy (TEM)
was carried out on a Philips 410 microscope operating at 100 kV. TEM
samples were prepared by placing a drop of the nanoparticle solution
on a carbon-coated 300 mesh Cu grid and allowing it to air-dry.

Synthesis of Silver Nanoprisms. The synthesis of the silver
nanoprisms was carried out based on literature procedures.31 Briefly,
0.050 M AgNO3 (50 μL) was added to deionized water (24.75 mL),
followed by the addition of 75 mM trisodium citrate (500 μL), 17.5
mM PVP (100 μL), and H2O2 (60 μL). This mixture was stirred for 2
min, after which 0.1 M NaBH4 (250 μL) was added. A change in the
color of the solution from yellow to blue was observed after 40 min.
The silver nanoprisms were collected by centrifugation at 8,500 rpm
(10,000 g) for 3.5 h, and were then redispersed in 5 mM aqueous
trisodium citrate (25 mL).

Synthesis of Ag@SiO2 Core−Shell Nanoprisms. Ag@SiO2 core
shell nanoprisms were prepared according to the synthetic protocol of
Xue et al.32 The nanoprisms were functionalized by the addition of a
5.0 mM ethanolic solution of 16-mercaptohexadecanoic acid; enough
solution was added to bring the final thiol concentration to 60 μM.
After stirring for 10 min, the functionalized nanoprisms were collected
by centrifugation at 8,500 rpm (10,000 g) for 3.5 h, and were
redispersed in ethanolic tetraethoxysilane. The entire synthesis
procedure was carried in presence of 0.6 M dimethylamine (DMA)
using 20% aqueous DMA and stirred for 12 h.

Preparation of TiO2 and Ag@SiO2/TiO2 Pastes. The TiO2
nanoparticles were synthesized according to literature procedures.33

Titanium tetraisopropoxide (13 mL) was mixed with glacial acetic acid
(2.5 mL) and stirred for 15 min, after which the mixture was poured
into deionized water (64 mL) while stirring. After 1 h, 65% nitric acid
(1.2 mL) was added into the solution, which was heated to reflux for
80 min with intensive stirring. The prepared colloidal solution was
transferred to a 125 mL Teflon-lined autoclave, and heated at 220 °C
for 15 h. After completing the autoclave reaction, 65% nitric acid (0.53
mL) was added to the colloidal solution, and the solution
homogenized using an ultrasonic horn (QSonica Q500, 1/4′′ probe)
for 15 min. The TiO2 nanoparticles were then washed three times with
ethanol by centrifugation/redispersion cycles to yield a TiO2 wet cake.

A paste was prepared from the nanoparticles by adding ethyl
cellulose and terpineol. Two kinds of pure ethyl cellulose (EC)
powders, EC-10 (Ethocel standard 10 cP, Dow) and EC-45 (Ethocel
standard 45 cP, Dow) were dissolved in a 9:7 ratio in ethanol to yield
10% (w/w) solutions. The ethyl cellulose solution, terpineol, and
ethanol were added to the TiO2 wet cake in a 5:4:17.5:1 weight ratio.
This mixture was then sonicated using an ultrasonic horn for 15 min
(2 s pulses, with a 2 s rest between pulses). The solvent was removed
by evaporation under reduced pressure to yield a 13% (w/w) TiO2
paste.

Ag@SiO2 incorporated TiO2 pastes were prepared in the same
manner as the pure TiO2 paste. Ag@SiO2 particles were added to the
TiO2 wet cake in ratios ranging from 0.01% to 1.0% (w/w). Higher
Ag@SiO2 loadings resulted in more deeply colored pastes.

Cell Fabrication and Characterization. FTO-coated glass (TEC
8, Hartford Glass Co.) was used as a substrate for both the working
and the counter electrode. The working electrode was prepared by
doctor blading the TiO2 paste onto a TiCl4 pretreated (0.2 mM(aq), 30
min at 70 °C) FTO-coated glass substrate, followed by sintering at 450
°C in air for 30 min. The thickness of the resulting films was measured
using a KLA Tencor D-120 Stylus profilometer, which was calibrated
using a 4.474 μm reference sample (VLSI Standard Incorporated,
KTS-4.5 QS). The working electrode was then post-treated with TiCl4
(0.2 mM(aq), 30 min at 70 °C) and again sintered at 450 °C. After
cooling to 80 °C, the electrode was collected and immersed in dye
solution (0.5 mM in EtOH) for 2 days. Counter-electrodes were
prepared by spreading two drops of H2PtCl6 solution (50 mM in iso-
propanol) onto a prepierced (two holes) piece of FTO-coated glass,
followed by heating to 380 °C for 30 min. The TiO2 anode and the
counter-electrode were assembled into a sandwich-type cell and sealed
with a thermoplastic sealant (Meltonix 1170−25, Solaronix) of 25 μm
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thickness by hot-pressing at 150 °C for 20 s. The I−/I3
−-based

electrolyte (Iodolyte AN-50, Solaronix) was injected through the holes
in the counter-electrode, and then sealed using the thermoplastic
sealant and cover glass.
The J−V testing of the DSSC sample was carried out using a

Keithley 2400 source measure unit. Air mass 1.5 global simulated
sunlight (100 mW·cm−2) was produced by a 450 W solar simulator
(Sol3A, Oriel Instruments). The incident light intensity was calibrated
to one sun by a photovoltaic reference cell system (91150 V, Oriel
Instruments). The cell active area was defined as 0.196 cm2 using a
black anodized aluminum aperture mask. IPCE spectra were measured
in DC mode using a QE−PV-SI system (Oriel Instruments) equipped
with a 300 W xenon arc lamp, filter wheel, and monochromator. The
IPCE spectra were calibrated to a silicon reference photodiode (71674,
Oriel Instruments).

■ RESULTS AND DISCUSSION

The synthesis of the core−shell Ag@SiO2 nanoprisms is shown
in Scheme 1. The triangular silver nanoprism core is first
prepared by the chemical reduction of silver nitrate with
NaBH4 in the presence of sodium citrate, hydrogen peroxide,
and poly(N-vinylpyrrolidone) (PVP).31 TEM images of the as-
prepared nanoprisms are shown in Supporting Information,
Figure S1, and the edge length and thickness of the prisms were
found to be 30 ± 8 nm and 2.9 ± 0.6 nm, respectively. The
particle size distributions are shown in Supporting Information,
Figure S2. The nanoprisms have a broad LSPR absorption band
centered at 693 nm (Supporting Information, Figure S3). This
peak is strongly red-shifted compared with that of spherical
silver nanoparticles because of the high aspect ratio of the

Scheme 1. Synthesis of the Ag@SiO2 Triangular Nanoprisms

Figure 1. TEM micrographs of Ag@SiO2 core−shell particles synthesized with different TEOS concentrations: (a) 0.8 mM, (b) 1.8 mM, (c) 9 mM,
and (d) 16 mM.
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nanoprisms. Previous work has assigned the shoulder at 490 nm
to an in-plane quadrupole resonance.34,35 After synthesis, the
nanoprisms are functionalized with 16-mercaptohexadecanoic
acid, and a silica shell is grown via a sol−gel process using a
solution of tetraethylorthosilicate (TEOS) and N,N-dimethyl-
amine in ethanol.32 The thickness of the silica shell can be
tuned by adjusting the concentration of TEOS in the reaction
mixture;32 starting from a single batch of silver nanoprisms, we
prepared a series of four samples with shell thicknesses ranging
from 7 to 33 nm (Figure 1). In all cases, the nanoprism core
(which is distinguishable from the silica shell because of the
higher electron contrast of silver) clearly retains its triangular
shape. At the lowest TEOS concentration (0.8 mM), a very
thin (7 nm) silica shell is visible on the particle surface; as the
concentration of TEOS in the reaction mixture is increased, the
shell increases in thickness, and the overall shape of the core−
shell particle changes from triangular to roughly spherical. At a
TEOS concentration of 16 mM, secondary nucleation of silica
particles begins to occur, and SiO2 nanospheres not containing
a silver core are observed alongside the core−shell particles. At
this TEOS concentration, a 33 nm thick shell is produced;
because of the issue of secondary nucleation, this was taken as
the upper limit of shell thickness in this study.
The position of the LSPR depends very strongly on the

dielectric environment surrounding the nanoparticle. Com-
pared to the citrate-stabilized nanoprisms, the silver nanoprisms
functionalized with 16-mercaptohexadecanoic acid show a 10
nm red-shift in the position of the plasmon band (Supporting
Information, Figure S3), consistent with thiol-coordination to
the surface. After growth of the silica shell, the plasmon peak is
further red-shifted with respect to the thiol-functionalized
nanoprisms (Figure 2). The magnitude of this red-shift was
found to increase with the concentration of TEOS in the
reaction mixture, and it tracks the silica shell thickness closely,
as would be expected for an increase in the refractive index of
the surrounding medium. After the shell has reached 24 nm in
thickness, there appears to be little further shift in the peak
position, even with further increases in shell thickness. The
local field generated by LSPRs is strongly dependent on the
distance from the nanoparticle surface.4,34,35 In the case of the
Ag@SiO2 nanoprisms, as the shell thickness increases, the effect
of the solvent medium (ethanol) on the LSPR decreases. After
the shell thickness has reached a limiting value, the effect of the
surrounding medium completely vanishes, and no further red-
shift in the LSPR peak is observed. Very similar approaches
have been used in the past to measure the distance dependence
of the local electromagnetic field,36−38 and our results suggest
that for the thickest silica shells, the position of the plasmon
band will remain constant, regardless of its inclusion in the
matrix of the TiO2 photoanode. This also provides a unique
opportunity to probe the importance of far-field effects on
device efficiency, as for silica shell thicknesses greater than 24
nm, near-field effects should be greatly attenuated, and only
resonant scattering (far-field) effects should be observed.
To carry out optimization studies on the incorporation of

Ag@SiO2 nanoparticles into DSSCs, the nanoprisms with the
thickest (33 nm) silica shell were chosen. These particles were
found to be ∼70 nm in diameter (Figure 1d), and while
somewhat larger in size than the TiO2 nanoparticles (d ∼ 20
nm) made via a sol−gel/hydrothermal approach,33 the two
materials could readily be dispersed into a homogeneous paste.
This was accomplished by blending the two types of
nanoparticles together in various mass ratios, along with ethyl

cellulose binders, followed by ultrasonication for a period of 15
min. After the homogenization process, an opaque blue paste
was obtained. The concentration of the Ag@SiO2 nanoparticles
in the paste is a key parameter affecting the PCE of the device,
since for very low concentrations of Ag@SiO2, little to no effect
should be observed, while very high concentrations of the
insulating nanoprisms will likely prove detrimental to charge
transport within the photoanode. Thus, to determine the
optimum mass ratio of Ag@SiO2 to TiO2, different TiO2 pastes
were prepared with varying concentrations of silver nanoprisms.
The Ag@SiO2 to TiO2 mass ratio of these pastes ranged from
0.01% to 1% (w/w). The pastes were subsequently used to
prepare photoanodes that were 8−10 μm in thickness, which
were in turn sensitized by N719 dye (Supporting Information,
Figure S4). For comparison, control devices were also prepared
without inclusion of the Ag@SiO2 nanoprisms.
The J−V curves of both the TiO2 and the Ag@SiO2/TiO2-

based devices are shown in Figure 3a, and the average open
circuit voltages (Voc), short circuit current densities (Jsc), fill
factors (FF), and PCEs are plotted in Figure 3b as a function of
Ag@SiO2 loading. The averaged data are also tabulated in
Table 1, along with the PCE of the highest performing device
from each set. The control devices (with no plasmonic

Figure 2. (a) Normalized UV/vis/NIR spectra of Ag nanoprisms
functionalized with 16-mercaptohexadecanoic acid (black line), and
Ag@SiO2 nanoprisms synthesized using various TEOS concentrations:
0.8 mM (red line), 1.8 mM (blue line), 9 mM (green line), and 16
mM (pink line). (b) Peak position of the LSPR band (λLSPR) as a
function of both TEOS concentration (black triangles) and shell
thickness (blue squares).
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nanoparticles) demonstrated an average PCE of 5.6%. With the
addition of 0.01% Ag@SiO2 to the photoanode, the average
PCE increased slightly to 6.3%, and then increased sharply to a
maximum of 7.4% with the addition of 0.05% Ag@SiO2.
Thereafter, the average PCE decreased slowly with increased
Ag@SiO2 loading. For the optimized loading of 0.05%, the PCE
was improved by 32 ± 17% relative to the TiO2 control devices.
This is a substantial improvement of device performance, and is
especially significant given the very low loading of Ag@SiO2
required to achieve this performance increase. Even for
unoptimized loadings (>0.1%), the devices still displayed
PCEs that were 10% higher than the TiO2 controls. Compared
to previous work on DSSCs enhanced by spherical Ag@TiO2
nanoparticles,19 the optimized loading of plasmonic nano-
particles is substantially reduced while maintaining similar
improvements in the overall PCE. Past the optimized loading of
0.05%, there is a clear downward trend in PCE with increasing
Ag@SiO2 concentration. At these concentrations, improve-
ments in the PCE due to plasmonic light trapping effects may
begin to be offset by a reduction in electron transport pathways
within the TiO2 nanoparticle network.
To statistically validate the results, the data shown in Table 1

was subjected to several statistical tests of significance. In the
first of these, an analysis of variance (or ANOVA) test, the data
is treated collectively and analyzed for differences between the
group means. The results of the ANOVA analysis (at 95%
confidence) are shown in Supporting Information, Table S1. In
short, the calculated F-value is larger than the critical F-value
required for 95% confidence, meaning that the PCE is affected
by the Ag@SiO2 loading in a statistically significant way. While
the ANOVA analysis is perhaps most applicable for data sets
containing multiple groups (as in the present case), the results
are also in very good agreement with those of pairwise t-tests
between the plasmon-enhanced cells and the TiO2 controls
(Supporting Information, Table S2), with p-values <0.05. The
pairwise t-tests are analogous to the Z-test advocated by Luber
and Buriak;39 however, for the sample sizes involved (N < 30),
the t-test is more rigorous.
From Figure 3b, it is clear that the overall increase in PCE is

driven by improvements in Jsc. Compared to the TiO2 control
devices, only small changes to the open circuit voltage and fill
factor were observed for any of the plasmonic devices (a
maximum difference of 6% and 3%, respectively). Furthermore,
there is no consistent trend observed for either the Voc or FF,
with various Ag@SiO2 loadings producing both positive and
negative changes, and some loadings leading to no change at all.
Clearly, neither the Voc nor the FF can be responsible for the 32
± 17% increase in PCE. In contrast, when 0.05% Ag@SiO2 is
incorporated into the device, the Jsc increases from 11.2 to 14.4

Figure 3. (a) Current−voltage (J−V) characteristics of the highest
performing DSSC for each Ag@SiO2/TiO2 ratio: 0.00% (purple line),
0.01% (blue line), 0.05% (green line), 0.10% (yellow line), 0.33%
(orange line), 0.50% (red line), 1.00% (dark red line). (b) Mean fill
factor, short circuit current density, open circuit voltage, and PCE
plotted as a function of Ag@SiO2 loading. The error bars show plus or
minus one standard deviation from the mean.

Table 1. Mean Voc, Jsc, FF, and PCE, along with Their Associated Standard Deviations, for DSSCs with Different Ag@SiO2
Loadingsa

Ag@SiO2 loading (%) average Voc (V) average Jsc (mA/cm2) average FF (%) average PCE (%) best PCE (%) N

0.00 0.65 ± 0.01 11.2 ± 1.2 75.7 ± 1.2 5.6 ± 0.6 6.5 15
0.01 0.64 ± 0.01 12.7 ± 0.9 77.5 ± 0.5 6.3 ± 0.5 6.9 4
0.05 0.70 ± 0.01 14.4 ± 1.4 73.5 ± 0.9 7.4 ± 0.7 8.4 13
0.10 0.64 ± 0.01 14.5 ± 1.0 76.4 ± 0.6 7.1 ± 0.4 7.3 4
0.33 0.66 ± 0.02 13.4 ± 1.3 75.6 ± 1.1 6.7 ± 0.5 7.5 6
0.50 0.67 ± 0.01 13.7 ± 0.7 74.6 ± 0.7 6.8 ± 0.3 7.1 4
1.00 0.65 ± 0.01 13.6 ± 0.7 75.8 ± 0.3 6.8 ± 0.4 7.0 4

aThe number of devices tested (N) for each loading is shown.
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mA/cm2, and then drops slowly for large Ag@SiO2 loadings,
mirroring the trends observed in the PCE. These data are
entirely consistent with plasmonic light trapping being the
primary driving force behind the increase in PCE. Increased
LHE results in improved currents, but should have no effect on
either Voc or FF. While previous work on DSSCs incorporating
Au@TiO2 has suggested that electron charging effects may
result in shifts of the quasi-Fermi level of the TiO2 (and hence
changes to the Voc),

25 the insulating SiO2 shell used in the
present work should only permit changes to the LHE.
To confirm the origin of these improvements in PCE, IPCE

measurements were carried out on a number of the completed
devices (Figure 4). Since the current density in a solar cell is
governed by the integral of the product of the photon flux and
the IPCE, any changes to the value of Jsc should also be
reflected in the IPCE spectra. The results agree well with the
trends observed in the J−V curves. DSSCs with a 0.05% loading
of Ag@SiO2 nanoprisms displayed notably higher IPCE values
in the range of wavelengths from 400 to 750 nm compared to
the reference device. The IPCE increased from 60% to 76% at
530 nm (the maximum of the IPCE spectrum), and substantial
increases were also observed at longer wavelengths as well (e.g.,
from 23% to 39% at 630 nm). While it is also possible for pure
silica nanoparticles to scatter light (and therefore produce
higher values of Jsc and IPCE), if that were the case one would
expect to see dramatically different behavior in the IPCE
spectra. Smaller nanoparticles (d < 0.1 λ) should produce
enhancements in the IPCE spectrum that closely follow the 1/
λ4 dependence typical of Rayleigh scattering, while larger
nanoparticles (d ≫ 0.1 λ) should lead to scattering that is
largely independent of wavelength. The observed differences in
the IPCE spectrum (Supporting Information, Figure S5) are
inconsistent with either scenario, but entirely consistent with
resonant scattering caused by the Ag@SiO2 nanoparticles.
As the Ag@SiO2 concentration increases, there continues to

be an improvement in IPCE for the long wavelength region of
the spectrum, despite a decrease in IPCE at shorter
wavelengths. This spectral shift can best be understood by
separately considering the various factors that control the IPCE,
including the LHE, the efficiency of electron injection from the
excited dye molecule to the TiO2 electrode, and the electron
collection efficiency at the anode. The increase in IPCE at
wavelengths resonant with the Ag@SiO2 LSPR band is
consistent with an increase in the LHE. For wavelengths off-

resonance with the LSPR band, however, the Ag@SiO2
nanoparticles are expected to have a detrimental impact on
the IPCE. Embedding insulating silica particles inside the
mesoporous TiO2 network will disrupt charge percolation
networks, forcing the charge carriers to take increasingly
convoluted pathways to the electrode as the Ag@SiO2
concentration is increased. Several reports have clearly
demonstrated that straighter, less convoluted electron transport
pathways with fewer grain boundaries are critical in maximizing
the electron collection efficiency.40−42 As such, the decrease in
collection efficiency results in a net decrease in the IPCE for
wavelengths that are off-resonance with the LSPR band, and
these effects are particularly pronounced for the devices with
the highest Ag@SiO2 loadings.
Further evidence for the contribution of the silver nano-

prisms to the enhanced LHE can be found by comparison of
the relative increase in IPCE (ΔIPCE/IPCEcontrol) and the Ag@
SiO2 absorption spectrum (Figure 4b). The IPCE enhancement
spectrum is dominated by a large feature at 660 nm, with a
second, less pronounced peak at 460 nm. This is in reasonable
agreement with the Ag@SiO2 absorption spectrum, which
displays an intense peak at 724 nm due to the in-plane dipole
LSPR mode, and a shoulder at 515 nm due to the in-plane
quadrupole mode (note that the position of this peak is slightly
offset from the data shown in Figure 2 because of batch-to-
batch variability in the preparation of the nanoprisms). This
correlation between the nanoparticle LSPR band and the IPCE
enhancement spectrum is in agreement with previous reports of
plasmon-enhanced DSSCs.19,43 There are two notable differ-
ences between the two spectra: first, the location of the IPCE
enhancement is blue-shifted with respect to the initial
absorption spectrum of the Ag@SiO2 nanoparticles, and
second, there is an additional contribution at 460 nm that is
unlikely to be entirely due to the quadrupole mode of the
nanoprisms. These discrepancies may be caused by changes in
the particle shape during the electrode deposition and/or cell
fabrication process (most likely during the sintering step). To
evaluate their stability, TEM images were acquired after
sintering a sample of Ag@SiO2 nanoparticles (Supporting
Information, Figure S6). The tips of triangular silver nano-
prisms are prone to rounding or truncation (thereby blue-
shifting the LSPR band),44 and various levels of tip rounding
can be seen in Supporting Information, Figure S6. Some
particles are still triangular in shape (giving rise to the

Figure 4. (a) IPCE spectra of DSSCs made using various Ag@SiO2/TiO2 ratios: 0.0% (black line), 0.05% (red line), 0.10% (cyan line), 0.33%
(green line), and 0.5% (blue line). (b) The relative IPCE enhancement ((IPCEAg@SiO2 − IPCEcontrol)/IPCEcontrol) for the device with a 0.05% Ag@
SiO2 (black line) loading and the absorption spectrum of the Ag@SiO2 nanoprisms (blue line).
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enhancements observed at wavelengths >600 nm), while others
have been reduced in size to smaller plates or spheres (likely
contributing to the extra IPCE enhancement observed at 460
nm). The complete retention of anisotropic nanoparticle shape
under sintering conditions is a challenge for many in this area,
and is certainly an area in which further improvements could be
made; however, regardless of any small changes in particle
morphology, the LHE of the DSSC has been dramatically
improved in the vicinity of 660 nma spectral region that is
very challenging to reach with isotropic, spherical nanoparticles.
To investigate the effect of silica shell thickness on the

plasmon-based efficiency enhancement, Ag@SiO2 nanoparticles
with various shell thicknesses were incorporated into DSSCs.
Nanoparticles with SiO2 shells of 7 nm were chosen to provide
a contrast with the thick-shelled nanoprisms studied previously;
since near-field effects are strongly distance dependent, thin
silica shells might be expected to lead to greater overall
improvements. Our results indicate that the efficiencies of
DSSCs fabricated with the thin-shelled nanoprisms are no
different than the PCEs of the TiO2 controls (Supporting
Information, Figure S7), in stark contrast to the improvements
in PCE observed for the thick-shelled nanoprisms. To better
understand this discrepancy, the stabilities of both types of
Ag@SiO2 core−shell particles were tested in I−/I3

− electrolyte
solutions over a period of 20 h. The Ag@SiO2 nanoparticles
with the thickest shells showed no change in either the intensity
or the position of the plasmon band after electrolyte exposure;
however, the Ag@SiO2 nanoparticles with the 7 nm silica shells
suffered an immediate (within 30 min) disappearance of the
LSPR band (Figure 5). This clearly indicates that the thinner
silica shell is either incomplete or slightly porous, leading to
dissolution of the underlying silver nanoprism core.

■ CONCLUSIONS
We have demonstrated the successful utilization of triangular
silver nanoprisms as light harvesting elements in a DSSC. The
loading of the silica-capped nanoprisms was optimized, and it
was found that a very low loading of 0.05% Ag@SiO2 in the
titania photoanode resulted in a 32 ± 17% increase in the
overall PCE of the device, driven primarily by an increase in the
short circuit current density. This plasmonic efficiency
enhancement resulted in an 8.4% PCE for the highest
performing device in the present study.
IPCE measurements clearly indicate that these increases are

due to improvements in the LHE at longer wavelengths

(resonant with the Ag@SiO2 LSPR band), and that further
increases in the Ag@SiO2 loading result in a detrimental effect
on the electron collection efficiency. In contrast to previous
work on spherical nanoparticle systems, the anisotropic nature
and high aspect ratio of the nanoprism core leads to strongly
red-shifted LSPR modes and large improvements in the LHE at
longer wavelengths. We expect that the application of
anisotropic metal particles to plasmon-enhanced DSSCs will
help fulfill an important role in improving the efficiency of
these devices, namely, the improvement of the LHE at red to
NIR wavelengths where most dyes absorb very weakly.
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TEM images of as-prepared silver nanoprisms, UV/vis/NIR
spectra of silver nanoprisms before and after functionalization
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parameters for DSSCs prepared using the thin-shelled Ag@
SiO2 nanoprisms. This material is available free of charge via
the Internet at http://pubs.acs.org.
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