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ABSTRACT: We report the synthesis of core—shell—shell
Au@SiO,@TiO, nanostructures and demonstrate near-field
plasmonic enhancement of dye-sensitized solar cells (DSSCs)
incorporating them. Isolated nanoparticles as well as nano-
structured plasmonic aggregates with broadband light
absorption throughout the visible light region are developed.
Comparisons to theoretical calculations are performed for the
nanoparticles to provide further insight into their structure. We
show that Au@SiO,@TiO, nanoparticles provide efficiency
enhancements greater than that of Au@SiO, plasmonic
nanoparticles and vary the distance between the molecular
chromophore and the gold NP surface to demonstrate that this
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arises from near-field plasmonic effects. Finally, enhancement of dye absorption in DSSCs using a coupled plasmonic system is
shown for the first time and results in a broadband enhancement of quantum efficiency.

B INTRODUCTION

Nanostructures made of noble metals have long been used to
manipulate light on a subwavelength scale. This has led to
numerous applications in s.pectroscopy,l optics,2 and many
other fields.>* Solar cells in particular are dependent on
efficient harnessing of light for conversion to electricity or
chemical fuel, and this has recently opened the field of
plasmonic enhancement applied to solar cells.> Of the types of
solar cells being researched, dye-sensitized solar cells (DSSCs)
are a promising alternative to traditional solar cells and are
particularly amenable to incorporation of plasmonic nano-
particles. Similar concepts can also be extended toward
plasmonic enhancement of other types of solar cells, such as
organic,” silicon,” and water-splitting systems.® In order to best
integrate them into a TiO, nanoparticle-based DSSC, we
created a nanostructure comprised of a plasmonic Au
nanoparticle encapsulated in a SiO, shell followed by a TiO,
shell. The SiO, shell electronically insulates the Au core and
also protects it from corrosion or other deleterious effects. The
TiO, layer allows these NPs to be seamlessly incorporated into
nanoscale mesoporous TiO,-based photoanodes used in dye-
sensitized photocatalytic or photoelectrochemical solar cells. It
is essential that the SiO, and TiO, shells are thin enough that
chromophores bound to the Au@SiO,@TiO, nanoparticles
experience near-field plasmonic enhancement.

Recent studies have shown that plasmonic enhancement is
indeed a viable path toward improving DSSCs. Using
plasmonics to concentrate light, it is possible to reduce the
thickness of the mesoporous TiO, working electrode without
hindering absorption.” This reduces the distance charges must
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travel to reach the external circuit and lessens the probability of
charge recombination. The first technological hurdle to
overcome in this design is that bare metallic nanoparticles are
shown to both corrode and facilitate carrier recombination in
DSSCs,"° requiring them to be insulated from the surrounding
electrolyte.'" Subsequent work incorporating an insulating SiO,
shell around a metal nanoparticle provided a partial solution to
this problem;'> however, molecular dyes cannot inject charges
into SiO,, which reduces the potential effectiveness of the
plasmonic nanoparticle. This issue of charge injection can be
resolved by coating nanoparticles instead with TiO, before
incorporating them into a DSSC, a strategy which has met with
some success.” However, chemical insulation of metal nano-
particles that does not also provide electrical insulation opens
up the metal core to charging effects, which have been shown
to increase the efficiency less than plasmonic effects."
Plasmonic enhancement of DSSCs has also been demonstrated
with both smaller'* and larger Au nanoparticles,”> Au@TiO,
hollow submicrospheres,16 and Au@Ag,S nanorods,'” though
many issues remain unresolved.

In our demonstration, we utilize a new structure combining
the advantage of an insulating SiO, coating with a photo-
conductive TiO, shell. The resulting multilayered nanoparticle
provides a greater enhancement to DSSC performance
compared to using single shells. We demonstrate this by
building devices with thin working electrodes to show that our
new approach overcomes the problems outlined previously. We
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find the greatest improvements to device performance when
nanostructures made by controlled aggregation of Au@SiO,
nanoparticles were added to a DSSC. We attribute this to both
the broadband absorption of these structures'® " and the
larger dipole moments brought about by coupled surface
plasmon resonance modes.'””

Gold was chosen as a metallic core for our system because
the localized surface plasmon resonance (LSPR) in Au
nanoparticles (NPs) occurs in the vicinity of 525 nm.
Furthermore, the peak wavelength of the LSPR increases as
the refractive index of the surrounding medium increases.”>*
Thus, it is possible to achieve a maximum in the nanoparticle’s
extinction spectrum near the maximum absorbance of the most
commonly used dye for DSSCs, N719, at 530 nm. While the
peak position of the LSPR is barely dependent on the Au NP
radius in the range 5—20 nm, the near-field plasmonic
enhancement increases significantly with decreasing particle
size.*

On the basis of the considerations given above, we have
synthesized spherical Au NPs with a 9 nm radius and added a
SiO, shell roughly 1.6 nm thick. We compare the performance
when growing TiO, shells that are ~2.5 and ~7.0 nm thick.
The optical properties of solutions of these NPs depend on the
nature of the shell(s) and surrounding medium and are
successfully simulated.

We constructed DSSCs consisting of sintered P25 TiO, NPs
sensitized with N719 using an I;7/I" redox shuttle and
compared their performance in the absence and presence of
Au@SiO,, Au@SiO,@TiO, with both thin and thick TiO,
layers, and Au@SiO,@TiO, aggregates. The DSSC efficiency
increases when incorporating each type of these plasmonic NPs
and does so most dramatically for the ones with a thin TiO,
shell and the aggregates.

One general advantage of incorporating nanoparticles into
DSSCs is that they provide far-field scattering and concomitant
enhancement due to longer effective optical path lengths.®
There have been previous reports of incorporating metal core@
shell NPs into DSSCs, where the metal core is Au or Ag and
the shell is SiO, or TiO,”'*'**5 There have also been
theoretical studies of multilayered structures,®® but no
experimental data as of yet. Encapsulating metal NPs in a
shell serves three purposes: (1) If the shell is an insulator, it can
electrically insulate the Au NP from its surroundings. This is
important because bare Au NPs trap electrons and facilitate
reduction of I;™ to I” thereby acting as a loss mechanism.'” (2)
It is possible to grow very thin shells that allow the dye
molecules to be in close enough proximity to the metal NP for
plasmonic enhancement. (3) The shell provides a physical
barrier to the I~ which is corrosive toward Au.””®

Rather than utilizing a single shell, we chose the core@
shell@shell architecture to benefit from both types of shells.
Specifically, if the TiO, layer is not used, then the dye
molecules most influenced by the plasmonic enhancement are
physisorbed rather than chemisorbed on the SiO, shell, and its
band gap is too large to allow electron injection. We note,
however, that improvements have been reported for this
structure nonetheless.'>"* This is due to dye molecules bonded
to TiO, NPs in the mesoporous network that happen to be in
close proximity to the Au@SiO, NPs. However, when a TiO,
shell is grown on top of the SiO, shell as is reported here,
electrons can be injected directly into the TiO, shell that
incorporates the NPs into the photoanode. Very thin shells are
required since the near-field plasmonic enhancement decreases
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rapidly as a function of distance from the Au surface,”*° and it

is shown here that the thin TiO, shell outperforms the thick
one.

Finally, we find that Au@SiO,@TiO, aggregates provide the
highest increase in DSSC efficiency. This is attributed to two
factors: (1) The localized surface plasmons in individual
particles are coupled to form surface plasmon resonances over a
broad frequency range, thus enhancing light absorption over a
wider frequency range than isolated NPs.*! (2) Most of the
coupled surface plasmon resonances have larger dipole
moments than those of a single NP, producing a higher local

field 32736

B EXPERIMENTAL METHODS

Au nanoparticles with a thin SiO, shell were synthesized
following previously published methods.">** To synthesize the
Au core, the Turkevich method was employed.®” A solution of
0.02% w/w hydrogen tetrachloroaurate (III) trihydrate in
deionized water (150 mL) was heated to boil, to which 6.5 mL
of a solution of 1% w/w citric acid (trisodium salt dihydrate)
was added while stirring. The solution rapidly turned black and
after ~75 s became a dark red-orange color which indicated the
formation of Au nanoparticles. The solution was boiled for an
additional 15 min to ensure that the reaction proceeded to
completion and was then removed from the heat and allowed
to cool to room temperature.

To grow conformal SiO, shells, the citrate adsorbate
surrounding the Au nanoparticles was exchanged with 3-
aminopropyltriethoxysilane (APTES) by adding 1.5 mL of a
192 uM APTES solution dropwise over 30 min while
vigorously stirring. The solution sat without stirring for an
additional 30 min before addition of 5.5 mL of 0.54% w/w
sodium silicate with pH reduced to 10.26 using a Dowex HCR-
S cation-exchange resin. This solution then sat for 36 h,
allowing the SiO, shells to grow before being centrifuged at
3150 rpm (Fischer, 614b) and redispersed via sonication into
200 proof ethanol, thereby ending shell growth.

Synthesis of TiO, shells on these Au@SiO, nanoparticles
followed methods previously described for TiO, shell growth
with small modifications.”* For thinner shells (roughly 2.5
nm), 1 mL of 4% ammonia in ethanol was added to 10 mL of
Au@SiO, nanoparticles at 1.5 times their original concen-
tration. 5 uL of Ti{OHC(CHj;),],, denoted Ti(OPr),, in 3 mL
of ethanol was then added to the solution, which was stirred for
12 h and then sonicated for 30 min. 15 uL of Ti(O"Pr), was
hydrolyzed in 1 mL of 95% ethanol and added to the
nanoparticle solution while sonicating to ensure that the same
amount of Ti(OPr), was added to both thin and thick shell
solutions. For thicker shells (roughly 7.0 nm), 1 mL of 4%
ammonia in ethanol was added to 10 mL of Au@SiO,
nanoparticles at 1.5 times their original concentration, after
which § pL of Ti(O'Pr), in 1 mL of ethanol was slowly added
to begin a thin shell growth. 10 mg of hydroxypropyl cellulose
was slowly added to the solution, which was stirred for 1 h and
then sonicated for 15 min. Another 5 L of Ti(O'Pr), in 1 mL
of ethanol was added to the solution, and it was stirred for 30
min, followed by sonication for 5 min. This process was
repeated two more times such that a total of 20 L of Ti(OPr),
was added to the solution, and the nanoparticle solution was
then stirred for 12 h. The samples with 2.5 and 7.0 nm TiO,
layers are referred to as “Au@SiO,@TiO, (thin)” and “Au@
SiO,@TiO, (thick)”, respectively.
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In order to form random nanoparticle aggregates, the
concentration of Au@SiO, nanoparticles in ethanol was
doubled via centrifugation and then sonicated for 15 min. 20
mL of the concentrated nanoparticle solution was vigorously
stirred while 1 mL of ethanol containing 10 uL of Ti(OPr),
was rapidly added to it. The solution changed color from red to
bluish-purple. Within the next 2 h, the solution continued
darkening until it turned pitch black, signifying formation of the
nanostructures. Vigorous stirring or sonication is required in
order to aerate the solution and introduce a small amount of
water into the dry ethanol, allowing the titanium precursor to
hydrolyze sufficiently to form aggregates. While a TiO, layer
was not intentionally grown on them, a very thin and
nonuniform layer forms when the Ti(O'Pr), is added to induce
aggregation (Figure S1).

Synthesis of Pt counter electrodes and I;7/I" electrolyte
solution for solar cells followed a previously published
procedure.®” In order to make a plasmonic TiO, paste used
in doctor-blading onto fluorine-doped tin oxide (FTO) for
DSSC photoanodes and glass microscope slide coverslips for
UV—vis measurements, 0.1 mL of 1% acetic acid in water was
added to 2 mL of nanoparticle solution and sonicated for 10
min. P25 TiO, nanoparticles (Evonik/Degussa) were slowly
added during sonication to ensure paste homogeneity. 500 mg
of P25 per 2 mL of ethanol solution was added to pastes
without nanoparticles and with Au@SiO, nanoparticles, while
250 mg of P25 was used per 2 mL of TiO,-shelled nanoparticle
solutions. Pastes were then carefully doctor-bladed onto
coverslips and FTO using a 0.25 cm” template for the working
electrode active area. This yielded films approximately 10—12
um thick. After coating, samples were heated to 400 °C for 2 h
to allow particle sintering without the formation of rutile in the
TiO, shells. After sintering, the nanoparticles were immersed in
a 0.2 mM ethanol solution of N719 dye [ditetrabutylammo-
nium cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4'-
dicarboxylato)ruthenium(1I)] for 24 h.

Characterization of the nanoparticles was carried out using
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and UV—vis spectrophotometry. Low-
resolution TEM images were taken using a Zeiss EM-900
operating at 80 kV while high-resolution TEM images and
scanning TEM/energy dispersive X-ray (STEM/EDX) map-
ping was performed using an FEI Tecnai Osiris operating at
200 kV. A Hitachi SU-70 was used to take SEM images. UV—
vis measurements were taken using a Varian Cary 3
spectrophotometer. Spectra of dyed samples on microscope
slide coverslips were determined with an integrating sphere in
diffuse reflectance mode by measuring transmittance and
reflectance separately and then calculating the absorptance
usingA=1—-R—-T.

DSSCs were assembled using a 60 ym plastic thermal spacer
(SX1170-60, Solaronix SA, Switzerland) to contain the
electrolyte by sandwiching it between the electrodes and held
together with metal binder clips. Photocurrent—voltage scans
were taken using a Keithley 2400 source meter, and a 300 W
ozone-free xenon lamp equipped with an AM 1.5G filter
(Newport) was used as the light source. The light intensity was
adjusted to 1-sun conditions (100 mW/cm?) prior to scanning.
Incident photon-to-current efficiency (IPCE) measurements
were made with a PV Measurements Inc. Solar Cell Spectral
Response Measurement System (Model QEXY), calibrated
between 300 and 1000 nm using a silicon photodiode. A
chopping speed of 5 Hz was used during both calibration and
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measurement. Exact TiO, photoanode areas were determined
using a 1200 dpi scanner.

B RESULTS AND DISCUSSION

The SiO, shell was grown as thin as possible without the
formation of holes or significant loss of surface coverage as
determined by TEM imaging. The near-field nature of LSPR
and the fact that the TiO, outer shell must be thick enough to
allow facile charge transfer and transport render a thin SiO,
shell critically important. The slow growth afforded by lowering
the pH of the sodium silicate precursor and controlling its
concentration ensures that the shell is as conformal as possible.
Figures la and 1b show Au nanoparticles before and after

b

a

Figure 1. Citrate-stabilized gold nanoparticles (a), along with
nanoparticles from the same batch after coating with silica (b), then
further with a thin titania coating (~2.5 nm) (c), and thick titania
coating (~7.0 nm) (d). Scale bars are all SO nm.

growth of the SiO, shell, respectively. The thickness of the shell
is ~1.6 nm. While some tunneling may occur, we found when
incorporating them in to solar cells that the majority of
electronic communication between TiO, and Au was inhibited.
Growth of the TiO, shell also required pH control of the
solution by a low concentration of ammonia in ethanol. If
concentrations were too low, nanoparticles were prone to
aggregate together rather than simply grow TiO, shells. As
shown in Figures lc and 2a, the thin TiO, shells are typically
quite jagged which may provide more surface area for dye
coverage but can also impede electron transport. Thicker TiO,
shells were also grown (Figure 1d) and have smoother surfaces
in addition to their increase in overall thickness. Dimensions of
the Au NPs and metal oxide shell(s) were obtained by image
analysis of 100 NPs of each type and are given in Table S1.
TEM, EDX, and STEM/EDX mapping were used to confirm
the morphology of the Au@SiO,@TiO, nanostructures. Figure
2a is a HRTEM image of a dual-shelled nanoparticle with a
smooth SiO, layer, covered by a jagged TiO, layer, and Figure
2b shows an EDX map of nanoparticles which clearly reveal a
gold core (green) surrounded by a SiO, shell (blue), which is
then encapsulated by TiO, (red). Additional EDX spectra,
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Figure 2. (a) HRTEM image of an Au@SiO,@TiO, (thin) NP
showing both inner SiO, and outer TiO, shells; scale bar: S nm. (b)
STEM-EDX map of Au@SiO,@TiO, (thin) NPs showing an Au core
(Au shown in green), a conformal SiO, inner shell (Si shown in blue),
and a jagged TiO, outer shell (Ti shown in red); scale bar: 30 nm.

TEM images, and characterization of the NPs and aggregates
are included in the Supporting Information.

Experimental and calculated UV—vis extinction spectra for
Au and Au@SiO, NPs in water and Au@SiO,@TiO, (thin)
NPs and aggregates in ethanol are shown in Figure 3. Mie
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Figure 3. Experimental (solid lines) and calculated (dashed lines)
UV—vis spectra of nanoparticles in solution showing a red shift in
plasmon resonance peak position as shells are added. APTES-stabilized
Au NPs, Au@SiO, NPs, and Au@SiO,@TiO, (thin) NPs are
represented by black, red, and blue traces, respectively. The purple
curve at the bottom shows the absorption spectrum of N719 for
comparison. Inset: absorption spectrum of nanostructured aggregates
formed from Au@SiO, NPs, showing broadband absorption of visible
light.

theory is used to calculate the spectra*’ using the wavelength-
dependent complex refractive index of bulk Au*' and are in
excellent agreement with the measured spectra. Refractive
indices for SiO, and TiO, of 1.461 and 2.488 were used,
respectively, and assumed to be constant over the frequency
range of interest. Similarly, the refractive indices of water and
ethanol were held fixed at 1.333 and 1.361, respectively.

The calculated peak width is too narrow when only free
electron scattering in the bulk metal is assumed. However, as
the NP size approaches the mean free path of free electrons in
Au, the scattering rate increases*” and the value of the dielectric
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constant changes. Speciﬁcallgr, the frequency-dependent dielec-

tric function, &, is given by4

e(w) = gy(w) + ep(w) (1)

The frequency is denoted w, e5(w) is due to bound electrons,
and ep(®) is due to free electrons which are assumed to obey
Drude behavior. Furthermore, the Drude term is expressed as™
w2

P

SD(w) =1 o* + iyw

)
where y is the damping coefficient and @, is the plasmon
frequency w, = ne*/egmeg (n is the electron density, e is the
magnitude of the electron charge, &, is the permittivity of free
space, and mq is the electron effective mass). In the bulk, the
damping coefficient y is given by y, = vp/l,, where vg is the
Fermi velocity and I, is the bulk mean free path.** In a NP, the
damping coeflicient depends on particle size, and for a spherical

particle with isotropic scattering it becomes*?
Avg
yR = YO L
R <)

where A is a dimensionless parameter typically near unity and R
is the NP radius. Thus, the bulk complex permittivity values,
Euul, from ref 41 (obtained from &' = n*> — k* and &” = —2nk,
since n* = €) are corrected for the additional scattering term
using

2

@p
enp(®, R) = gy — |1 = ot e
0
2
o

P

L R

" + i@ (4)

The value of A is fixed at (7/2)"3, or 1.16, for the calculated
spectra in Figure 3.*> The SiO, and TiO, shells red-shift the
localized surface plasmon resonance; the TiO, shell shifts it by
a greater amount than SiO, because the difference between its
refractive index and that of the surrounding medium is greater
than for SiO,. The average SiO, shell thickness is determined to
be 1.6 nm from TEM images. There is a bit of porosity,
however, so its effective refractive index, n.g is smaller than the
bulk value and is given by*®

Nefr = \/ngo2 + (1 - fe, (5)

where &y0, is the permittivity of the metal oxide, fis its volume

fraction, and &, is fixed at 1.0. A 92% volume fraction of SiO, in
the shell results in excellent agreement between the calculated
and measured peak position of Au@SiO, NPs in water.
Similarly, we compared the calculated extinction spectrum of
Au@SiO,@TiO, NPs in ethanol to the measured one. In this
case, the peak center moves to 634 nm, and the volume fraction
of TiO, in the 2.5 nm shell is 65%. The relatively low volume
fraction is partly due to the nonuniform thickness of the TiO,
shell.

The aggregate nanostructures have broadband absorption
throughout the visible spectral region due to coupled plasmon
modes, which results in their deep black color (a photograph is
shown in Figure S7). The absorption is broadband due to a
large distribution in interparticle distances among the randomly
aggregated particles,"” in addition to small variations in SiO,
shell thickness and excess TiO, used to form them.
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The DSSCs constructed were found to have a uniform
dispersion of NPs throughout their working electrodes. Figure
4 is an edge-on SEM micrograph of a 12 um thick doctor-

Figure 4. SEM image of a P25 TiO, film on FTO/glass with Au@SiO,
NPs embedded. Scale bar: § ym.

bladed film with Au@SiO, NPs incorporated; Au@SiO, NPs
tend to appear with a higher contrast than P25 TiO,. Relative
concentrations of NPs are represented in Figure S4, which
shows the absorptance spectra (1 — R — T) of doctor-bladed
films before being immersed in dye. The films are ~0.1% w/w
Au, which is a typical concentration for which plasmonic
enhancement is seen in DSSCs."” Figure Sa compares IPCE
results for DSSCs incorporating Au@SiO,, Au@SiO,@TiO,
(thin), Au@SiO,@TiO, aggregates, and one that does not
contain any NPs. It is seen that all of the samples with NPs
perform better than those without. The Au@SiO,@TiO,
samples perform better than the Au@SiO, ones, and the
aggregates provide the highest IPCE of all. The peak of the
IPCE curve does not shift significantly for the different samples,
which is consistent with their UV—vis absorbance spectra. It is
important to note that the LSPR modes of the nanoparticles
have been matched to the N719 peak absorption wavelength
through their size control and choice of gold over silver. In
addition, the aggregates couple with the dye at wavelengths
longer than the peak value of 530 nm, which is due to the dye
interacting with the coupled LSPR modes of multiple metal
nanoparticles in the aggregates.

Figure Sb displays their absorptance spectra after being
immersed in N719 dye, and it is seen that they follow the same
general trend as the IPCE curves except for the aggregates at
wavelengths longer than 700 nm. At these wavelengths, the
aggregates themselves absorb light but the dye sensitizer does
not, so electrons will not be injected into the semiconductor
and thus will not contribute to the IPCE. Careful inspection
reveals that this also occurs to a lesser extent with the Au@SiO,
and Au@SiO,@TiO, (thin) samples. It is seen that NPs
enhance the maximum IPCE by a factor of 1.2—1.6 and the
maximum absorptance by a factor of 1.2—1.5.

Current—voltage (J—V) curves were measured for DSSCs
that were constructed without any metal NPs, those
incorporating Au@SiO,, with Au@SiO,@TiO, (thin), Au@
SiO,@TiO, (thick), and aggregates. Nine samples of each type
were made. The best one of each type is shown in Figure 6a,
and the averages are shown in Figure 6b. The usual solar cell
parameters of open-circuit voltage, V,, short-circuit current, J,
fill factor, and efficiency are reported in Table 1, while standard
deviations are reported in Table S2 and are plotted together in
Figure S8.

P25 TiO, dispersed in ethanol without any metal nano-
particles and doctor-bladed onto the substrate resulted in highly
porous films ~12 ym thick. After being immersed in the N719
dye solution, the films remained moderately transparent, as
shown in Figure Sb. This partially accounts for their low DSSC
efficiency compared to films made using additional preparation
procedures such as TiCl, treatments, thicker active layers,
optimization of TiO, paste, and light-scattering layers,*® which
we omitted in this initial proof of concept.

Addition of Au@SiO, nanoparticles to the TiO, paste during
fabrication increases J. and the efficiency due to plasmonic
enhancement, as has been seen in previous studies.'”"> The
DSSCs made from Au@SiO,@TiO, (thin) and the aggregates
have the best efficiencies and J,. values.

The DSSC incorporating the aggregates is the first
demonstration of enhancement of efficiency using plasmonic
nanoparticles coupled with each other (in addition to the
surrounding dye). In this case, the enhancement in overall
efficiency is a result of an increase in both V. and J,.. This may
be a contribution from the high electromagnetic fields caused
by the coupled plasmonic modes in the aggregates because the
coupled surface plasmon modes typically have lar%er dipole
moments than the uncoupled ones in isolated NPs.>'*3 Overall,
the aggregates improve the efficiency of these DSSCs from
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Figure S. IPCE (a) and absorptance spectra (b) with different plasmonic NPs embedded in TiO, electrodes containing ~0.1% w/w Au.
Measurements were made on samples with efficiencies most similar to their “average” in Table 1.
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Figure 6. ]—V curves for solar cells made with no NPs in P25 TiO, (black), Au@SiO, (red), Au@SiO,@TiO, thin (purple), Au@SiO,@TiO, thick
(blue), and aggregates (maroon). (a) shows the best solar cells incorporating each type of nanoparticle, while (b) depicts an average of the nine
curves in each batch.

Table 1. Averages for Each Parameter Contributing to Solar J=J. = —Jky
Cell Efficiency in Addition to Best Efficiency Values; Total
Shell Thicknesses for the Nanoparticles Are Included in J=] —1de [q(V + ]ARS)] ) V + JARg
Parentheses L o feyT AR,
av best (6)
nanoparticles in Ve Jee FF efficiency efficiency
pas SO %) (%) where ] is the net current density, J; is the photocurrent
none 0.746 6.64 56.8 2.81 3.07 density, ], is the reverse saturation current density, V is the
A‘Zfl?ésil?é) 0.753 778 60:3 352 4.04 applied voltage, Rg and Ry are the series resistance and shunt
Au@SiO,@TiO, 0773 937 $70 402 460 resistance of the cell, respectively, A is the area of the cell, g is
(4.1 nm) the magnitude of the electron charge, ky is Boltzmann’s
Au@SiO,@TiO,  0.754 6.81 582 2.99 3.54 constant, f is the ideality factor (which is fixed at 2), and T is
(8.6 nm) the temperature, which is fixed at 298 K. The series resistance
aggregates 0.804 11.59 59.3 5.52 6.42 . .
arises from resistances of the photoanode, transparent
conducting electrodes, and electrolyte solution. Higher values
of Ry decrease the cell efficiency primarily by decreasing the fill
2.81% (no metal NPs) to 5.52%. This is the largest reported factor but also to a lesser extent through a reduction in J.
improvement of DSSC absolute efficiency due to plasmonic Smaller values of Rgy allow the parasitic shunt current, Jgy, to
enhancement to our knowledge and the first demonstration of increase which degrades the overall performance, primarily
using a coupled plasmonic system to improve a DSSC. through a decrease in the fill factor. The shunt current arises
The DSSCs with Au@SiO,@TiO, (thick) NPs perform very from losses due to carrier recombination with the oxidized dye
similarly to the standard DSSC without any NPs at all (Figure molecule and/or direct recombination with the redox couple.
6b). They are identical to those containing Au@SiO,@TiO, This model was fit to the experimental J—V curves for the
(thin) NPs except that the SiO, and TiO, combined shell best devices and for the average performance. The agreement
thickness is 8.6 nm compared to 4.1 nm for the thin-shelled between the model and the experimental data is quite good as
NPs. This demonstrates that the enhancement when using seen in Figure S9, and the parameters obtained are given in

Au@SiO,@TiO, (thin) is a near-field plasmonic effect since it Table S3. The overall trends in DSSC performance are
is extremely sensitive to distance from the Au metal core. The

DSSCs with Au@SiO,@TiO, (thick) NPs have a slightly
higher efficiency than those without any NPs at all, which
indicates a small amount of far-field plasmonic enhancement
due to scattering. Roughness of the outer TiO, shell also plays a
role in performance of the samples containing thick vs thin
TiO, shells. The thin TiO, shells have higher roughness than
the thick ones, which results in a larger surface area for dye
adsorption. More importantly, the molecules found at the
bottom of the shallow regions experience much stronger

dominated by the behavior of J;, but J, also plays a minor
role. Rg and Rgy have much smaller influence. If there is a
decrease in the reverse saturation current, J,, which is due
electrons traveling “backwards” from the conduction band to
the excited state energy level of the dye molecules, then V. will
increase with no change in J,.. An increase in J, which is caused
by higher electron injection rates, will simply shift the entire J—
V curve upward (as long as Rg is small and Rgy is large, as is the
case here), causing both J. and V. to increase. There is an

plasmonic near-field enhancement. additional limit regarding how much V. may increase since it

It is useful to model the DSSC behavior to better understand can be no larger than the difference between the TiO, Fermi
the underlying changes that affect the measured cell parameters level and the I;7/T" reduction potential. Since the aggregates
(Voo Joo fill factor, and efficiency). The standard description of have significantly higher values of ], due to interparticle
a diode solar cell has been apglied successfully to DSSCs by plasmonic coupling, they significantly outperform the other
many authors and is given by” samples.
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Bl CONCLUSION

In summary, we have synthesized a new type of nanostructure
using a metal—insulator—semiconductor design to insulate and
protect plasmonic nanoparticles while simultaneously incorpo-
rating a photoactive semiconductor as its outermost layer. In
addition, we constructed a metal—insulator aggregate system,
which allows nanoparticles to couple with each other forming
LSPR modes that show broadband absorption throughout the
visible light region.

We have shown that the metal—insulator—semiconductor
nanoarchitecture can be successfully incorporated into DSSCs
to yield improvements beyond those of a metal—insulator
system due to the closer proximity of dye molecules to the
metal surface. We have demonstrated quenching of the
plasmonic enhancement by increasing the semiconductor
shell thickness, thereby establishing that the enhancement
arises from near-field effects, namely LSPR modes. Broadband
enhancement of dye absorption in DSSCs is shown using a
coupled plasmonic system resulting in an increase in efficiency
from 2.81% to 5.52% on average when compared to those made
without metal nanoparticles. After this initial proof of concept,
our future studies will include optimizing and incorporating
these black plasmonic aggregates into higher efficiency DSSCs.

The Au@SiO,@TiO, architecture is amenable to other types
of solar cells by using a different semiconductor for the active
layer or by inducing aggregation with materials other than
TiO,. In addition, the broadband plasmonic enhancement
afforded by the aggregates can be used in other spectroscopic
applications, such as fluorescence, Raman scattering, and
second harmonic generation.*®
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TEM characterization of aggregates, EDX spectra and addi-
tional STEM-EDX maps, schematic of integrating sphere
showing T and R modes, absorptance of working electrodes
before immersion in dye, photographs of nanoparticles and
aggregates, calculated best fits of eq 6 to experimental J—V
curves, and additional solar cell characterization details. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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EDX Spectra and TEM Analysis

Nanostructured aggregates contain a varied number of gold nanoparticles in each cluster
due to the uncontrolled nature of their aggregation. The aggregation occurs in a nonlinear fashion
forming random fractal-like structures.

Figure S1: Low-resolution (a, b) and high-resolution (c, d) images of aggregate nanostructures at different
magnifications. A thin layer of TiO, can be seen on the outside of the nanoparticles in addition to the spaces
between them where dye molecules can be anchored. Scale bars: (a): 400 nm, (b): 50 nm, (c): 20 nm, (d): 5 nm.
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Additional EDX spectra were taken using STEM mode in addition to STEM-EDX
mapping to confirm the structure of the Au@SiO,@TiO, nanoparticles. Data were collected
from nanoparticles on a holey carbon support film on a Cu TEM grid (Ted Pella, Inc.) lending to
C and Cu peaks in the spectra below.
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Figure S2: HRTEM and EDX spectra for Au@SiO,@TiO; (thin). Part (a) shows a spectrum when the electron
beam is focused on a single nanoparticle. Au, Ti, and Si peaks are readily visible. Part (b) is a spectrum taken in
STEM mode of the shells only, where only Si, Ti, and O can be seen. Parts (c) and (d) are HRTEM images of
nanoparticles where their low degree of crystallinity in their shells is evident, particularly in contrast with the
crystalline Au core (scale bars = 2 nm).

Au core, SiO, shell, and combined SiO,+Ti10; shell sizes are shown below in Table S1.

Statistic Mean Standard Dev.
Au core size 18.09 2.45
SiO; shell size 1.61 0.78
Combined SiO, + thin TiO, shell size 4.09 1.19
Combined SiO, + thick TiO, shell size | 8.56 2.31

Table S1: Statistics showing mean and standard deviation of counts of 100 nanoparticles inspected under TEM.
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A breakdown of the components in the STEM-EDX map shown in Figure 2b can be seen
below. The Au cores (green, part a) are encapsulated by SiO, (Si is represented in blue, part b),
which is then further surrounded by a jagged layer of TiO, (Ti is represented in red, part c). A
different STEM-EDX map of Au@SiO,@TiO, (thin) NPs is also shown, with both Si and Au
detected in part (e) and Si, Au, and Ti detected in part (f) to more clearly illustrate the final TiO,
shell around Si0,.
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120330_adb01_b47 120330_adb01_b47
MAG: 630000 x HV: 200.0 kV WD: -1.0 mm F————"— mAG: 630000 x HV: 200.0 kv WD: -1.0 mm

j
ot "

M si AUl
120330_adb01_b47 30 nm 120330_adb01_b47
MAG: 450000 x HV: 200.0 kV WD: -1.0 mm MAG: 450000 x HV: 200.0 kV WD: -1.0 mm

Figure S3: STEM-EDX maps of Au@SiO,@TiO, (thin) NPs. Au, Si, and Ti are represented in (a), (b), and (c),
respectively, with the high-angle annular dark field image in (d). Different groups of nanoparticles are shown in (e)
and (f) with the same color scheme for Au, Si, and Ti.
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Optical Measurements

In order to both determine qualitatively the concentration of NPs in the doctor-bladed
working electrodes and show their changes in absorptance upon addition of dye, spectra shown
below were taken of the films before immersion in N719 solution.
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Figure S4: Absorptance spectra for films without dye showing relative concentrations of NPs in doctor-bladed films
post-sintering at 400 °C. The same color scheme as used in Figures 5a and b is used: black, red, blue, and maroon
represent P25 TiO, without NPs, with Au@SiO,, with Au@SiO,@TiO, (thin), and aggregate nanostructures,
respectively.

Because of the highly scattering nature of these films, the reflectance, R, and transmittance, 7, of
the samples were measured individually as shown in Figure S5, and the absorptance, 4, is
calculated using the relation 4 + R + T'= 1. The absorptance' is not to be confused with the
absorbance, which is also typically denoted with the symbol 4, and is defined as 4 = -log(1/1y)
where [ is the intensity incident on the sample and [/ is the transmitted intensity, and is only
applicable when the reflectance is negligible.
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Figure S5: Schematic of integrating sphere showing T and R Modes.

The synthesis of the aggregates requires ~2 hours of stirring in order to fully form. At the
beginning of this period, the aggregates have a bluish color and a clear, broad peak centered at
680 nm due to coupled plasmonic modes between nanoparticles that continues to broaden until it
encompasses the entire visible spectral region. This could be due to gradual increase in the size
of the aggregates, thereby increasing the number of coupled modes and plasmonic ‘hot spots’ per
nanostructure. Figure S6 shows the difference between absorption of the aggregates immediately
after addition of Ti(iPrO)4 and after they are stabilized. Figure S7 displays photos of the
aggregates in a cuvette as well as Au@SiO, NPs and Au@SiO,@TiO; (thin) NPs that clearly

illustrate their dark black coloring and difference in color from the Au@SiO, NP precursor.
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Figure S6: Absorbance spectra of aggregates immediately after adding Ti('PrO), (black) and after 2 hours (light
blue).

Figure S7: Photographs of Au@SiO; (left), Au@SiO,@TiO, (thin, middle), and aggregates (right) in ethanol.
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Solar Cell Characterization

All solar cell averages reported are the result of 9 solar cells made with their respective
nanoparticles. Table 1 in the main text provides the averages, and Table S2 reports the standard
deviations for each of the 4 batches of solar cells that incorporated different plasmonic
nanoparticles, in addition to one control batch with no nanoparticles.

Nanoparticles in P25 Vo (V) J.(mA/cm?) FF (%) | Avg Efficiency (%)
None 0.0368 0.716 4.95 0.339
Au@Sio, 0.0260 0.542 5.44 0.320
Au@SiO,@TiO, Thin 0.0472 1.780 9.34 0.326
Au@SiO,@TiO, Thick 0.0224 | 0.519 3.27 0.327
Aggregates 0.0500 1.311 3.57 0.699

Table S2: Standard deviations for solar cell parameters.

The averages, bests for each parameter, and standard deviations are plotted in Figure S8 for rapid
comparison. Figure S9 and Table S3 show the results of fitting of the solar cell diode equation

(eq. 6) to the experimental J-J curves.
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Figure S8: Plot of solar cell parameters.
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Figure S9: Experimental vs. calculated J-V curves for ‘Best’ solar cells.
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Parameter P25 TiO, | Au@SiO, | Au@SiO,@TiO, (thin) | Au@SiO,@TiO, (thick) | Aggregates
Jo (mA/cm?) | 7.85E-06 | 4.98E-06 | 1.83E-06 3.61E-06 2.64E-06

J. (mA/em?®) | 7.5461 8.2174 8.8905 7.7258 13.817

R, (Q) 17.9 8.26 11.4 15.3 10.2

Rqh (Q) 1046.4 1360.5 1700.6 1245.9 484.2

T (°C) 25 25 25 25 25

f (ideality) 2 2 2 2 2
Chisquared | 1.915 1.592 3.003 0.669 6.601

Table S3: Fitting parameters for ‘Best’ solar cells.

Only the ‘Best’ curves were chosen because the ‘Average’ curves have unrealistic fill factors,
since they do not average linearly in the same way Ji. and V. do.
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