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PLASMON ENHANCED DYE-SENSITIZED SOLAR CELLS

CLAIM OF PRIORITY
This application claims the benefit of prior U.S. Provisional Application No.

61/710,878, filed on October 8, 2012, which is incorporated by reference in its entirety.

TECHNICAL FIELD
The present invention generally relates to plasmon enhanced dye-sensitized solar

cells.

BACKGROUND
The need for preserving non-renewable energy and lowering carbon dioxide
emission requires efficient and inexpensive approaches to utilize solar energy. Dye-
sensitized solar cells (DSSCs) are a promising technology due to their low cost and
potentially higher efficiency than silicon solar cells. DSSCs offer high internal quantum

efficiency, large surface-to-volume ratio, and a tunable absorption range.

SUMMARY

Panchromatic DSSCs can be realized by adding plasmonic nanostructures to the
photoanode. The plasmonic nanostructures can have a composite core-multiple shell
structure, e.g., an oxide core, an inner metallic shell and an outer oxide shell.

In one aspect, a dye-sensitized solar cell includes a photoanode including a
plurality of TiO, nanoparticles and a plurality of a plasmon-forming nanostructures,
wherein each plasmon-forming nanostructure includes an oxide core, an inner metallic
shell on a surface of the oxide core, and an outer oxide shell on a surface of the inner
metallic shell.

The oxide core can include TiO,. The inner metallic shell can include Au, Ag, or a
combination thereof. The outer oxide shell can include TiO,. The oxide core can have a
diameter of no greater than 50 nm. The inner metallic shell can have a thickness of no
greater than 5 nm. The outer oxide shell can have a thickness of no greater than 5 nm.

The plurality of plasmon-forming nanostructures can be interspersed with the
plurality of TiO, nanoparticles. The plasmon-forming nanostructures can be 0.01 wt% to

2.5 wt% of the total nanoparticles in the photoanode.
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In another aspect, a method of generating solar power includes illuminating a dye-
sensitized solar cell including a plurality of TiO, nanoparticles and a plurality of a
plasmon-forming nanostructures, wherein each plasmon-forming nanostructure includes
an oxide core, an inner metallic shell on a surface of the oxide core, and an outer oxide
shell on a surface of the inner metallic shell.

The oxide core can include TiO,. The inner metallic shell can include Au, Ag, or a
combination thereof. The outer oxide shell can include TiO,. The oxide core can have a
diameter of no greater than 50 nm. The inner metallic shell can have a thickness of no
greater than 5 nm. The outer oxide shell can have a thickness of no greater than 5 nm.

The plurality of plasmon-forming nanostructures can be interspersed with the
plurality of TiO» nanoparticles. The plasmon-forming nanostructures can be 0.01 wt% to
2.5 wt% of the total nanoparticles in the photoanode.

In another aspect, a method of making a dye-sensitized solar cell includes forming
a photoanode including a plurality of TiO, nanoparticles and a plurality of a plasmon-
forming nanostructures, wherein each plasmon-forming nanostructure includes an oxide
core, an inner metallic shell on a surface of the oxide core, and an outer oxide shell on a
surface of the inner metallic shell.

Forming the photoanode can include depositing the plurality of plasmon-forming
nanostructures on a substrate. Forming the photoanode can include mixing the plurality of
Ti0; nanoparticles with the plurality of plasmon-forming nanostructures prior to
depositing. The oxide core can include TiO,. The inner metallic shell can include Au, Ag,
or a combination thereof. The outer oxide shell can include TiO,. The oxide core can
have a diameter of no greater than 50 nm. The inner metallic shell can have a thickness of
no greater than 5 nm. The outer oxide shell can have a thickness of no greater than 5 nm.

The plurality of plasmon-forming nanostructures can be interspersed with the
plurality of TiO, nanoparticles. The plasmon-forming nanostructures can be 0.01 wt% to
2.5 wt% of the total nanoparticles in the photoanode.

Other aspects, embodiments, and features will become apparent from the

following description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic depiction of a dye-sensitized solar cell.

FIG. 2 is a schematic depiction of plasmon-forming nanoparticles.
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FIG. 3 illustrates device structures of conventional DSSCs (FIG. 3A) and
plasmon-enhanced DSSCs (FIG. 3B). FIGS. 3C-3D illustrate photo-generated electron
collection in conventional DSSCs (FIG. 3C) and plasmon-enhanced DSSCs (FIG. 3D).
FIGS. 3E-3F illustrate mechanisms of plasmon-enhanced DSSCs.

FIGS. 4a-4c illustrate the structure and optical properties of nanoparticles. FIG.
4a, illustrations (dcere, day, and dp represent core diameter, gold shell thickness and TiO,
shell thickness, respectively) and transmission electron microscope (TEM) images of
AgT, AuT, and TAuT nanoparticles. The scale bars are 5 nm. FIG. 4b is a photograph and
absorption spectra of N719, AgT, AuT, TAuT-590 (A spr=590 nm), TAuT-700, and
TAuT-810. FIG. 4c shows simulated EM intensity enhancement (IEI*/IE,l*) in near field at
Arspr for AgT (deore=15 nm for all simulations unless specified, dr=2 nm), AuT (dr=2
nm), and TAuT (da,=3 nm, dr=2 nm) nanoparticles. FIG. 4d shows enhancement factor
as a function of wavelength for AgT, AuT, and TAuT nanoparticles with different da,
(dr=2 nm). FIG. 4e shows A;spr of AgT, AuT, and TAuT nanoparticles as a function of
dau (of TAuT) and dr (of AgT, AuT, and TAuT). FIG. 4f shows spectral integration over
300-900 nm for enhancement factor as a function of da, (of TAuT) and dr (of AgT, AuT,
and TAuT). FIG. 4g, top, enhancement factor as a function of wavelength for AgT, AuT,
and TAuT with different d, (d;=2 nm); bottom, enhancement of overall dye absorption
at for AgT, AuT, and TAuT with different da, (dr=2 nm). FIG. 4h, absorption of N719-
sensitized TiO; thin films improved by AgT, AuT, and TAuT nanoparticles. FIG. 44,
photographs and absorption spectra of thin films of Au nanocage@TiO, (AuNCT, left)
and TAuT-700 (right) on glass substrates after 500 °C annealing; after annealing, TAuT
nanoparticles maintained their structural and optical properties, whereas A;spr of AUNCT
blue-shifted toward Arspr of Au nanoparticles.

FIG. 5a shows IPCE spectra of DSSCs with AgT, AuT, and TAuT nanoparticle-
incorporated photoanodes of 1.5 um thickness, of optimized thickness (10-15 wm) for
maximum PCE, and as a function of concentration of TAuT nanoparticles in optimized
TAuT-DSSCs. FIGS. 5b, 5c, and 5d show Js¢, Voc, and PCE, respectively, of plasmon-
enhanced DSSCs with AgT, AuT, and TAuT nanoparticle-incorporated photoanodes, as a
function of concentration of plasmonic nanoparticles (0 to 1.0 wt%) and thickness of
photoanodes (1 to 20 pm).

FIGS. 6a-6b illustrate the absorption coefficient of bulk silicon (Fig. 6a) and
extinction coefficient of N719 (Fig. 6b); the shaded areas are low LH regions, which
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require thicker photoactive layers to achieve high LHE. FIG. 6¢ shows a schematic of the
spectral response of a solar cell. The solar energy is less utilized in A;,, of LH materials
(usually red-NIR).FIG. 6d shows illustrations of enhancement of EM intensity as a
function of wavelength for AgT (yellow), AuT (purple), and TAuT (blue) plasmonic NPs.
Arspr of AgT and AuT overlaps with Ay; of N719, maximizing the effect of plasmon-
enhanced LH. A;spr of TAuT matches A, of N719, balancing LH at different

wavelengths.

DETAILED DESCRIPTION

Dye-sensitized solar cells (DSSCs) have attracted great attention for high power
conversion efficiency (PCE; in some cases exceeding 12%(refs. 35-37)) and the low cost
of materials and solution-based fabrication processes (refs. 1-5).

With reference to FIG. 1, solar cell 100 includes substrate 110 (e.g., glass) which
supports current collector 120. Current collector 120 is proximate to photoanode 140 such
that current can flow between photoanode 140 and current collector 120. Photoanode 140
can be a porous layer. Photoanode 140 can include porous layer 150 of a photoanode
material. The photoanode material includes nanoparticles 160 of the photoanode material.
The nanoparticles can be dispersed within a matrix. Nanoparticles 160 can be discrete
nanoparticles, or can be interconnected by the matrix (which may also include or be made
of the photoanode material), or the nanoparticles can include a mixture of discrete and
interconnected nanoparticles. a combination of the two. Porosity in layer 150 can exist
between and among nanoparticles 160. Light absorbing dye 170 is optionally adsorbed
and/or covalently bound on the photoanode material. FIG. 1 illustrates dye 170 adsorbed
to nanoparticles 160.

Photoanode 140 also includes electrolyte 180. Electrolyte 180 is in contact with,
and can be suffused through, the porosity of porous layer 150. Electrolyte 180 is also in
contact with conductive layer 190 (i.e., the cathode). Conductive layer 190 can be, for
example, a layer of Pt. Conductive layer 190 is covered by cover layer 200, which is
transparent, e.g., glass.

Composite materials, such as nanocomposite materials, can provide advantageous
properties that non-composite materials cannot. For example, nanocomposites including
plasmon-forming nanostructures can be useful in a variety of applications, including

optoelectronic devices, such as light emitting devices, and photovoltaics, e.g., dye-
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sensitized solar cells. Metal nanoparticles, with an optional semiconducting oxide on the
surface of the metal nanoparticle, can be plasmon-forming nanostructures.

To improve the power conversion efficiency (PCE) of DSSCs, conventional
approaches include enhancing absorption of incident light (refs. 2,5) and improving
collection of photo-generated carriers (refs. 6,7). PCE can be enhanced by increasing light
harvesting (LH) or by enhancing carrier collection. Light harvesting (LH), the process of
capturing solar energy with electrons, is an important factor of PCE and is directly
determined by the bandgap energy (E,) and extinction coefficient (¢) of the materials. LH
efficiency (LHE) limits the achievable short-circuit current density (Js¢) and PCE of
photovoltaic devices. Thicker photoanodes absorb more light (enhanced LH) but collect
less photo-generated carriers due to charge recombination. Thus there is a tradeoff
between light harvesting and carrier collection.

Effort has also been devoted to developing new dyes (refs. 8-10) and using
semiconductor quantum dots (refs. 11-12) to improve PCE. Nevertheless, employing new
dyes or quantum dots could change the adsorption of the sensitizers on the photoanode
material (typically TiO,), as well as their energy band positions relative to the conduction
band of TiO, and the redox potential of electrolyte, affecting charge separation.
Therefore, improving light harvest or carrier collection without affecting other factors has
been considered a more effective approach to improve device performance (ref. 13).

Unbalanced LH at different wavelengths can also limit the achievable PCE; in
other words, LH materials with low ¢ or non-ideal E, inefficiently exploit the solar
spectrum (usually red-near-infrared (NIR) region); € is inevitably small when the photon
energy is close to E, or far away from the HOMO-LUMO gap. Most LH materials
possess unbalanced LH in high and low absorption wavelength regions (Ay; and A;,),
resulting in another tradeoff regarding the thickness of photoactive layers. Fully
absorbing solar energy at A;, would again require larger absorption lengths (i.e.,
increased thickness) which reduces carrier collection, and only a small portion of the
photoactive layers contribute to LH at Ay;. Consequently, the ability to balance LH at
different wavelengths is desirable to construct a solar cell with similar absorption lengths
over a broad spectral range.The optical density (OD), LHE, and IPCE are all correlated.
LHE relates to OD as LHE(X)zl—Transmittancezl—10"OD(M. The LHE enhancement

achieved is,
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LHE(L)/LHEy(M)=(LHE; sp(A)-LHEo(A))/LHE(A)=(1-10 P8Py (1 -107OP®0y 1,

Achieving such balanced LH would lead to panchromatic solar energy conversion,
leading to increased overall LH and therefore increased overall PCE. Several approaches
toward panchromatic DSSCs have been attempted to further improve the PCE, including
the development of panchromatic dyes, co-adsorbing dyes, and energy relay systems
(refs. 38-40). However, these methods require extensive synthesis and optimization for
various parameters (e.g., spectral overlapping and spatial distance) and are limited to a
small range of materials. Therefore, a general and simple approach for balanced LH and
panchromatic DSSCs is required.

Localized surface plasmon (L.SP) has potential for improving performance of
DSSCs for the unique capability to improve the light absorption of dye with minimal
impact on other material properties. Generally, there are three types of plasmonic light-
trapping geometries (ref. 14), including far-field scattering, near-field LSP, and surface
plasmon polaritons at the metal/semiconductor interface (see, e.g., Atwater, H. A.;
Polman, A., Nature Mater. 2010, 9, 205-213, which is incorporated by reference in its
entirety). Surface plasmon arising from metal nanoparticles has been applied to increase
the optical absorption and/or photocurrent in a wide range of solar cell configurations,
e.g., silicon solar cells, organic solar cells (refs. 19-21), organic bulk heterojunction solar
cells (ref. 22), CdSe/Si heterostructures (ref. 23) and DSSCs (refs. 24-32). However, work
on plasmon-enhanced DSSCs has reported improved dye absorption or photocurrent,
while improved device performance was not observed (refs. 24-28). In addition, earlier
plasmonic geometries contained metal nanoparticles in direct contact with the dye and the
electrolyte (refs. 24-26, 29, 30), resulting in recombination and back reaction of photo-
generated carriers and corrosion of metal nanoparticles by electrolyte.

Recently, core-shell Au@SiO, nanoparticles have been used to enhance PCE by
preventing carrier recombination and back reaction (ref. 32). However, by using an
insulating shell, some of the photo-generated carriers from the most absorption-enhanced
dye molecules located on the surfaces of SiO; are lost, due to the difficulty in the
injection to Si0,.

A general and simple strategy for broadband LLH enhancement and panchromatic
DSSCs is described. This strategy, utilizing plasmonic multiple-core-shell oxide-metal-

oxide nanoparticles, does not require the development of photo absorbers and energy
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transfer systems. These nanoparticles have adjustable LSP resonance (LSPR)
wavelengths (Arspr) of 600-1,000 nm and enhance near-field electromagnetic (EM)
intensity. Compared to other geometries of plasmonic nanoparticles with tunable Arspr,
the multiple-core-shell nanoparticles feature larger electric-field enhancement and
maintain plasmonic properties during device fabrication. Demonstrated by simulations
and experiments, matching Ay spr With Ag; or A, has different impact on the spectral
response of LH. Although matching A;spr With Ay; readily improves LH and PCE for thin
photo-absorbing layers, matching Arspr With A1, maximally increases LH and PCE for
practical photovoltaic devices with thicker photo-absorbing layers, through enhancing
photo-absorption at the otherwise low-absorption wavelengths. By matching Ay spr of
TiO,-Au-TiO; (TAuT) nanoparticles to A1, of a common ruthenium-based dye (N719), a
panchromatic DSSC with balanced LH at different wavelengths and a PCE of 10.8% is
achieved (30% increase comparing to DSSCs without plasmonic nanoparticles).

With reference to FIGS. 1 and 2, photoanode 140 can further optionally include
nanostructures 210. Nanostructures 210 can include an oxide core 220 and an inner
metallic shell 230 on a surface of the oxide core. Oxide core 220 can be made from a
semiconducting oxide material, for example, TiO,, ZnO, HfO,, Si0,, MTiO; (where M =
Ca, Ba, Sr, or La), an iron oxide; or a combination thereof. Inner metallic shell 230
includes a metal such as Au, Ag, Pt, Pd, or Cu; or a metal titanate such as lead zirconate
titanate or calcium copper titanate. Nanostructure 210 can include an outer oxide shell
240 on a surface of the inner metallic shell 230. Outer oxide shell 240 can independently
be made from the materials suitable for oxide core 200, i.e., TiO,, ZnO, HfO,, SiO»,
MTiO; (where M = Ca, Ba, Sr, or La), an iron oxide; or a combination thereof. In some
cases, oxide core 220 and outer oxide shell 240 can be made from the same material; for
example both oxide core 220 and outer oxide shell 240 can be made from TiOs.

Nanoparticle 220 can have any of a variety of shapes, including spherical, oblate,
elongated, rod-shaped, wire-shaped, cubic, tetrahedral, octahedral, or another regular or
irregular shape. A combination of nanoparticles having different shapes can be used.
Nanoparticles having various shapes, and methods for making these, are known in the art.
Methods for formation of an oxide core are known, as are methods for formation of an
inner metallic shell and an outer oxide shell. The size of nanoparticle 220 can be small,
e.g., having a diameter of no larger than 200 nm, no larger than 150 nm, no larger than

100 nm, no larger than 50 nm, no larger than 40 nm, no larger than 30 nm, or less. Inner
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metallic shell 230 can have a thickness of, for example, less than 20 nm, less than 15 nm,
from 1 to 10 nm, or from 2 to 5 nm. Outer oxide shell 240 can have a thickness of, for
example, less than 20 nm, less than 15 nm, from 1 to 10 nm, or from 2 to 5 nm

In some instances, oxide core 220 and/or outer oxide shell 240 can include or be
made of the same material(s) as found in the photoanode material (the material(s) that are
found in or make up nanoparticles 160, or the material(s) that are found in or make up the
optional matrix in which nanoparticles 160 are dispersed). For example, photoanode 140
can include a TiO, matrix in which TiO, nanoparticles 160 can be dispersed. Optionally,
plasmon-forming nanoparticles 210 where oxide core 220 and/or outer oxide shell 240 are
TiO, can also be dispersed in the TiO, matrix of photoanode 140. In this regard, see also
FIGS. 3A and 3B.

When the oxide is a semiconducting oxide, carriers can be more readily
transferred to the photoanode material than if the oxide is an insulator. This transfer can
be particularly facilitated when both the semiconducting oxide and the photoanode
material include TiO».

Porous layer 150 can be made by first preparing a population of nanoparticles of a
photoanode material, e.g., TiO,, followed by a spin-casting procedure to deposit the
nanoparticles over a current collector. For porous layers including nanoparticles 210, a
population of plasmon-forming nanoparticles can be formed separately. The photoanode
nanoparticles and the plasmon-forming nanoparticles can be combined in a desired ratio
prior to depositing over the current collector. The desired ratio can be measured with
regard to wt% of the plasmon-forming nanoparticles in the total combined population of
nanoparticles prior to depositing. Once the combined population has been formed, porous
layer 150 can be made with the combined population according to conventional
procedures.

The structure and mechanism of the conventional and plasmon-enhanced DSSCs
is illustrated in FIGS. 3A-3D. In the conventional DSSCs (FIGS. 3A and 3C), the dyes
absorb incident light and generate electrons in excited states, which inject into the TiO,
nanoparticles. The dye molecules are regenerated by electrons transferred from the
electrolyte, which can be a solid or liquid electrolyte. For purposes of illustration only,
and not by way of limitation, the following discussion is made with reference to a liquid
electrolyte including I" and I3 The regenerative cycle is completed by reducing triiodide

to iodide at the Pt cathode. The electrons in TiO, diffuse to the current collector (fluorine-
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doped tin oxide, FTO). In the plasmon-enhanced DSSCs, the LSP arising from plasmonic
nanoparticles increases dye absorption, allowing the thickness of photoanode to be
decreased for a given level of light absorption. By decreasing the thickness of
photoanode, less materials are required, and both recombination and back reaction of
photo-carriers is reduced. Reducing recombination and back reactions in turn improved
the electron collection efficiency and thus overall device performance. See, for example,
U.S. Patent Application no. 13/560,422, which is incorporated by reference in its entirety.

The oxide in the plasmon-forming nanoparticle reduces the recombination and
back reaction of electrons on the surface of metal nanoparticles by providing an energy
barrier between metal and dye/electrolyte, as illustrated in FIG. 3E. In this situation,
electrons produced by light absorption can be collected and contribute to device
operation. Compare FIG. 3F, where a metal nanoparticle without an oxide on the surface
makes non-productive electron transfers from I', through the TiO, and the metal
nanoparticles, and ultimately reducing I5". The situation in FIG. 3F results in light
absorption without electron collection. The outer oxide shell can also protect the metallic
inner shell from etching by the electrolyte.

DSSCs incorporating the nanostructures can have a PCE greater than comparable
DSSCs which lack the nanostructures, particularly for DSSCs having thin photoanodes
(e.g., no greater than 20 um thick, no greater than 15 pm thick, no greater than 10 um
thick, no greater than 5 um thick, or thinner). In particular, DSSCs incorporating the
nanostructures can take better advantage of the full spectrum in converting light to
electricity, e.g., can be panchromatic DSSCs. The DSSC can have increased efficiency
when the nanostructures are present in only a small amount (e.g., no greater than 5 wt%,
no greater than 2 wt%, or no greater than 1 wt%, relative to the amount of photoanode
material). Furthermore, that increased efficiency can be achieved with a thinner
photoanode than a comparable DSSC which lacks the nanostructures. A thinner
photoanode can provide more effective electron collection within the device. The DSSCs
including the nanostructures can achieve similar levels of efficiency as those lacking the

nanostructures, while requiring less material in construction.
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EXAMPLES

Materials and methods

Materials. Sodium citrate, silver nitrate (AgNO3), tetra chloroauric acid
(HAuCly), acetic acid, hydroxylamine (NH>OH), titanium tetrachloride (TiCl), ethyl
cellulose, terpineol, acetonitrile, turt-butanol, 1-butyl-3-methylimidazolium iodide,
iodine, guanidinium thiocyanate, 4-tert-butyl pyridine, and valeronitrile are purchased
from Sigma Aldrich. Titanium isopropoxide (TPO, 97%), titanium butoxide (TBO),
polyvinylpyrrolidone with an average molecular weight of 8,000 (PVP-8) and poly
(allylamine hydrochloride) (PAM) were purchased from Alfa; ethanol (99.5%), acetone
(99.5%), nitric acid (70%), and ethylene glycol (99.9%) were purchased from
Mallinckrodt Chemicals; ammonia (28-30 wt%NH; in water) was purchase from VWR
International Inc. Poly(acrylic acid) (PAA, average molecular weight 5,000, 50% aqueous
solution) was obtained from Polysciences, Inc. Cis-diisothiocyanato-bis(2,2’-bipyridyl-
4,4’-dicarboxylato) ruthenium(II) bis(tetrabutylammonium) (also named N719 or
Ruthenizer 535-bisTBA, purchased from Solaronix) was used as a 0.5 mM solution in
acetonitrile and tert-butanol (volume ratio = 1:1). All chemicals were used as received.
All water was deionized (18.2 M, milli-Q pore)

Synthesis of AgT nanoparticles. Ag nanoparticles of average diameter of 15 nm
were synthesized by a modified polyol process. Typically, 0.1 mmol of silver nitrate was
added into 25 ml of ethylene glycol solution containing 0.5 g of PVP-8 and the mixture
was kept stirring at room temperature till silver nitrate was completely dissolved. Then
the solution was slowly heated up to 120 °C and kept at the temperature for 1 hour with
constant stirring. After the reaction, 12.5 mL of the as synthesized Ag nanoparticles in
ethylene glycol (containing 0.05 mmol of Ag) was added with 5 mL of 1% PAA aqueous
solution. The solution was kept stirring for over 4 h and then 100 mL acetone added and
centrifuged at 3,000 rpm. Then the supernatant was removed and the Ag nanoparticles
were washed again with ethanol, and centrifuged at 10,000 rpm.

The Ag nanoparticles were then redispersed in 25 mL ethanol. After cooling down
the solution with ethylene glycol-dry ice bath, 1 mL of ethanol solution containing 10 pL.
of TBO was added into the solution. The reaction was kept stirring in the dark for 1 hour,
and then sonicated in a bath sonicator for 30 min, after which the reaction was kept
stirring in the dark for a certain time to achieve the desired TiO, shell thickness (typically

12 hours).
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Synthesis of AuT nanoparticles. 100 mL of 0.01% HAuCl, solution in a 300 mL
round-bottom flask was brought to boiling with vigorous stirring. 1.8 mL of 1% sodium
citrate was added to the solution. The solution color turned to blue within 25 s; and to red-
violet 70 s later. The reaction was kept boiling for another 30 min; then the solution was
stirred for another 15 min while the heating source was removed. TEM indicated an
average diameter of 15 nm for the Au nanoparticles. To the as-synthesized solution, 5 mL
of 5% PVP aqueous solution was added and kept stirring for 12 hours. Then, after
centrifuging the reaction at 18,000 rpm, the supernatant was removed and the Au
nanoparticles were washed with ethanol and centrifuged again.

The Au nanoparticles were redispersed into 25 mL of ethanol and used for
synthesis of AuT core-shell structure. After cooling down the solution with ethylene
glycol-dry ice bath, 1 mL of ethanol solution containing 10 uL. of TBO was added into the
solution. The reaction was kept stirring in the dark for 1 hour, and then sonicated in a bath
sonicator for 30 min, after which the reaction was kept stirring in the dark for a time to
achieve the desired TiO; shell thickness (typically 12 hours).

Synthesis of TiO; nanoparticles. The 15-20 nm sized TiO, nanocrystals were
synthesized according to known methods. An amount of 12 g (0.2 moles) of acetic acid
was added all at once to 58.6 g (0.2 moles) of titanium isopropoxide under stirring at
room temperature. The modified precursor was stirred for about 15 min and poured into
290 mL water as quickly as possible while vigorously stirring (700 rpm). A white
precipitate was instantly formed. One hour of stirring was required to achieve complete
hydrolysis. After adding 4 mL of concentrated nitric acid, the mixture was heated from
room temperature to 80 °C within 40 min and kept at that temperature for 75 min. Water
was then added to the cooling liquid mixture to adjust the volume to 370 mL. The
resultant mixture was kept in a 570 mL titanium autoclave and heated at 250 °C for 12 h.
Following this step, 2.4 mL of 70% nitric acid was added and the dispersion was
sonicated to re-disperse in water.

Synthesis of TAuT nanoparticles. The as-synthesized TiO, nanoparticles were
dispersed in DI water and were positively charged because of the H termination. The
surface of the nanoparticle was modified by layer-by-layer (LbL) coating of
polyelectrolytes (refs. 53-56). To 50 mL of 5 mM TiO; nanoparticles aqueous solution,
10 ml of 5% PAA solution was added in order to modify the nanoparticles with a

negatively charged polyelectrolyte and incubated for 6 hours at room temperature with
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stirring. The dispersion was then precipitated by centrifugation at 12,000 r.p.m. and
redispersed in DI water (repeated three times) to remove excess PAA. To modify the
nanoparticles with a positively charged polyelectrolyte layer, to PAA-coated nanoparticle
aqueous solution, 10 ml of 5% PAH aqueous solution was added and incubated for 12
hours at room temperature with stirring. The nanoparticles were then centrifuged and
redispersed in DI water to remove excess polyelectrolyte (repeated three times).
Sequentially, another PAA and PAH layers were coated by repeating incubation,
precipitation and dispersion in DI water. LbL. modified nanoparticles were characterized
by dynamic light scattering, and zeta-potential measurements. 50 mL of the
aforementioned solution containing 100 pmol TiO; and 3 ml of 1% HAuCl, were mixed
and diluted with DI water to 100 mL. The HAuCl, precursor was incubated with the
PAA/PAH/PAA coated particles for more than 6 hours for complexation and
immobilization on the particle surface at room temperature. Then, the flask of solution
was immersed in acetone-iced water bath and the solution was allowed to cool down.
Subsequently, 5% hydroxylamine aqueous solution was added dropwise to initiate the
surface confined growth of the gold-shell. After the reaction, 10 ml of 5% PAA aqueous
solution was added in the solution and incubated more than 4 hours.

The gold shell encapsulated TiO, nanoparticles (TAu) were thus obtained, and
were centrifuged, washed and redispersed in 25 mL of ethanol for coating of TiO, outer
shell. After cooling down the solution with ethylene glycol-dry ice bath, 1 mL of ethanol
solution containing 10 pL. of TBO was added into the solution. The reaction was kept
stirring in the dark for 1 hour, and then sonicated in a bath sonicator for 30 min, after
which the reaction was kept stirring in the dark for a time to achieve the desired TiO;
shell thickness (typically 12 hours).

Calculation of plasmonic nanoparticle concentration. For all of TiO; (3.9 gcm’
? of density), Ag (10.5 g cm™ of density), and Au (19.3 g cm™ of density) core
nanoparticles, the particle concentrations were estimated by assuming complete reaction
for the synthesis of core particles, a uniform distribution of ~15 nm diameter particles. An
estimated yield of 80% was used when considering the loss during washing and
centrifugation steps after the nanoparticles were coated to form TAuT, AgT, and AuT
(multiple-)core-shell nanoparticles.

The plasmonic AgT nanoparticle-TiO; ratios in the photoanodes were from 0.01-

1.0 wt%, which corresponds to a volume density of 0.003-0.3 vl% and a particle density
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of 8.4%10'%-8.4%10" cm™, assuming that the porosity of TiO, photoanodes was 0.60, as
demonstrated in the literature using the same composition of TiO, paste (including 9 wt%
ethyl cellulose as binders and 73 wt% terpineol as solvent).

The total number of NPs was calculated by

- P e Ymm
—_— totwl # of malss

R P S a8 . — ! —

total B of NP = - - =
gaf mois g NP

In the above equation, r is the radius of the nanoparticle, d is the density, and My
is the molecular weight.

Subsequently, for AuT and TAuT nanoparticles, the ranges of plasmonic particle
densities in TiO, photoanodes were chosen to be the same as AgT-incorporated
photoanodes. Considering the different densities of Ag, Au, and TAu nanoparticles, the
Au-TiO, and TAu-TiO; ratios in the photoanodes were 0.018-1.8 wt% and 0.032-3.2
wt%, respectively. For the volume density, AuT nanoparticles had the same range with
AgT nanoparticles; considering a TAuT nanoparticle with 1,,=3 nm and 17=2 nm, the
volume density of TAuT NPs in the photoanode was 0.0069-0.69 v1%. There exists a
factor of 2 to 3 comparing the volume densities of TAuT and AgT or AuT nanoparticles,
due to the different core radius and shell thickness. We believe that this was not
responsible for the different device performance observed, simply because, even for the
same concentration of different plasmonic nanoparticles, the different device performance
still existed.

Other geometries of plasmonic nanoparticles. Silver nanocubes and gold
nanocages were synthesized using previously published methods (refs. 45, 57). The gold
nanorods (10 nm in diameter and different aspect ratios to achieve Arspr between 700 to
800 nm) were purchased from Strem Chemicals, Inc.

TEM characterization of nanoparticles. TEM observations of the synthesized
nanostructures (TiO,, Ag, Au, AgT, AuT, TAu, and TAuT) were performed using JEOL
2010, JEOL 2010F, and JEOL 2100F TEMs with an accelerating voltage of 200 kV.
TEM samples were prepared by directly dropping nanoparticle solution to carbon
supported copper or nickel grids. To get better contrast image, the high contrast objective
aperture was used for all images. The high resolution image was taken under smaller
illumination area size by changing the alpha selector. The STEM images were taken by
both Gatan High-Angle Annular Dark Field (HAADF) and Bright filed (BF) detectors
under 0.2 nm probe size and 12 cm camera length. The X-Max 80mm?* EDX system and
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Inca software of Oxford Company was used for chemical analysis. For the thermal
stability observation, the grids with nanoparticles were heated at 450 to 500°C for 15 to
30 minutes in argon atmosphere and followed by fast quenching.

Zeta-potential measurement of alternating polymer PAA and PAH-coated
TiO,. Zeta-potential were measured at an accumulation time of 10 with 5 measurements
per sample at 20 V using DelsaNano (Beckman Coulter). Electrophoretic mobility was
calculated using the Smoluchowski approximation.

Optical absorption measurements. For both solutions and thin films of AgT,
AuT, and TAuT nanoparticles, the optical absorption measurements were performed
using a Beckman Coulter DU800 UV-Vis spectrophotometer. One micrometer-thick films
of Ti0O; nanoparticles or TiO, nanoparticles incorporated with plasmonic nanoparticles on
2.5x2.5 cm® fused silica wafers were used for thin-film optical absorption measurements,
which were prepared by spin coating (Specialty Coating Systems, 6800 spin coater) and
followed by annealing at 500 °C for 15 min. Then the film thickness was measured using
a Dektak 150 surface profiler. These films were immersed into 0.1 mM ruthenium dye
solution (volume ratio of acetonitrile to tert-butanol is 1:1) and kept at room temperature
for 12 h. Then the dyed films were immersed in acetonitrile for 5 min to remove
nonadsorbed dye.

Preparation of TiO; paste for spin-coating and doctor-blading. Two kinds of
pure ethyl cellulose (EC) powders, i.e., EC (5—-15 mPas) and EC (30-50 mPas) were
dissolved prior to usage in ethanol to yield 10 wt% solutions. 4.5 g of EC (5-15) and 3.5
g of EC (30-50) of these 10 wt% ethanol solutions were added to a round bottom flask
containing 1.6 g pure TiO; (obtained from previously prepared precipitate) and 6.5 g of
terpineol and diluted with 8 ml of ethanol to obtain a final total volume of 28 ml. This
mixture was then sonicated using an ultrasonic horn. Ethanol and water were removed
from these TiO,/ethyl cellulose solutions by rotary-evaporator. The final doctor-blading
pastes correspond to 18 wt% TiO,, 9 wt % ethyl cellulose and 73 wt % terpineol. For
each doctor-blading process using the scotch-tape, a film of 5-7 um was formed.

To achieve the spin-coating paste, the doctor blading paste was diluted by
terpineol for 2 to 3 times. By adjusting the spin-coating speed from 1000 to 3000 r.p.m.,
the film thicknesses from 3 to 1 um were obtained.

Fabrication of photoanodes of DSSCs. The FTO glass (TEC15 2.2 mm

thickness, 15 Q/o, Pilkington, USA) was first cleaned in a detergent solution using an
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ultrasonic bath for 15 min, and then rinsed with water and ethanol. After treatment in an
air plasma system for 1 min, the FTO glass plates were immersed into a 40 mM aqueous
TiCly solution at 80 °C for 30 min and washed with water and ethanol. The fabrication of
the 1.5-3 pm thick photoanodes of both TiO,-only DSSCs and plasmon-enhanced DSSCs
was performed by spin coating, the same method used for preparing thin films for optical
absorption measurement.

A layer of paste was coated on the FTO glass plates by doctor blading, left for 3
min to reduce the surface irregularity of the paste, and then dried for 5 min at 120 °C.
This doctor blading procedure with paste (coating, storing, drying, and annealing) was
repeated to get an appropriate thickness about 5-20 um for the photoanodes. The
photoanodes were sintered at 500 °C for 30 min after the desired thicknesses of
photoanodes was achieved. The TiO; film was then treated with 40 mM TiCl, solution at
80 °C for 30 min again, rinsed with water and ethanol, and then sintered again at 500 °C
for 30 min. After cooling to 80 °C, the TiO, electrode was immersed into a 0.5 mM N719
dye (Solaronix) in a mixture of acetonitrile and tert-butyl alcohol (volume ratio, 1:1), and
kept at room temperature for 24 hours. The photoanodes incorporating plasmonic
nanoparticles were fabricated with a modified procedure. The different amounts of AgT,
AuT, and TAuT nanoparticles in ethanol solution (ratio of plasmonic nanoparticles-to-
TiO; nanoparticles ranging from 0.01 wt% to 1 wt%) were mixed with TiO, paste
(mixture of TiO, nanoparticles, ethyl celluloses, and terpineol), followed by stirring and
sonicating. Then the ethanol was removed by a rotary-evaporator. After the paste
incorporated with plasmonic nanoparticles was achieved, the fabrication procedure of the
photoanodes of plasmon-enhanced DSSCs was the same as that of the TiO,-only DSSCs.

Assembly of DSSCs with photoanodes, electrolyte, and counter electrodes.
The counter electrode was 100-nm-thick platinum, sputtered on ITO substrate (Delta
Technologies). The electrolyte was a solution of 0.6 M 1-butyl-3-methylimidazolium
iodide (Sigma Aldrich), 0.03 M L, (Sigma Aldrich), 0.10 M guanidinium thiocyanate
(Sigma Aldrich) and 0.5 M 4-tert-butyl pyridine (Sigma Aldrich) in a mixture of
acetonitrile and valeronitrile (volume ratio, 85:15). The dye-adsorbed TiO, photoanodes
and Pt counter electrodes were assembled into a sandwich type cell and sealed with a hot-
melt surlyn of 25 mm in thickness (Solaronix). The size of the TiO, electrodes used was
0.16 cm® (4 mmx4 mm). The aperture of the Surlyn frame was larger than that of the

Ti0O, area by 2 mm. Copper tape was adhered on the edge of the FTO outside of the cell.
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The position of the tape was 1 mm away from the edge of the Surlyn gasket and 4 mm
away from the edge of the TiO, layer. Masks made of black plastic tape were used to
block the light coming through inactive part of the FTO substrates.

Characterization of DSSCs. Photovoltaic measurements were performed under
illumination generated by an AM 1.5 solar simulator (Photo Emission Tech.). The power
of the simulated light was calibrated to 100 mW/cm” by using a reference Si photodiode
with a powermeter (1835-C, Newport) and a reference Si solar cell in order to reduce the
mismatch between the simulated light and AM 1.5. The J-V curves were obtained by
applying an external bias to the cell and measuring the generated photocurrent with a
Keithley model 2400 digital source meter. The voltage step and delay time of the
photocurrent were 10 mV and 40 ms, respectively. A black tape mask was attached to the
device in order to prevent irradiation from scattered light.

Spectral response of incident photon-to-current conversion efficiency (IPCE).
IPCE spectra were measured with a commercial IPCE measurement system (Model
QEX7, PV Measurements, Inc.). Under full computer control, light from a xenon arc
lamp (150 W) was focused through a grating monochromator, equipped with two 1200
g/mm diffraction gratings, onto the photovoltaic cell under test. The monochromator was
incremented through the visible spectrum (from 350 nm to 850 nm) to generate the
spectral response of IPCE with a spectral resolution of 10 nm. The incident photon flux
was determined using a calibrated silicon photodiode (calibrated by PV Measurements,
Inc.). Measurements were performed in a short-circuit condition, while the cell was under
background illumination from a bias light of 50 mW/cm®. Bias illumination was from the
same direction as the monochromatic light, which was from the FTO side. The
monochromatic beam was chopped using a computer-controlled shutter at a frequency of
1.33 Hz, and averaging of up to 10 shutter cycles was employed.

Electrochemical impedance spectroscopy (EIS). Electrochemical impedance
spectra measurements of DSSCs were performed with a Solartron 1260 frequency
response analyzer. The spectra were measured at various forward bias voltages (from -
0.85 to -0.45 V) in the frequency range of 0.1 Hz~1 MHz with oscillation potential
amplitudes of 10 mV at room temperature. The photoanode was connected to the working
electrode. The Pt electrode was connected to the auxiliary electrode and the reference

electrode. The impedance measurements were carried out in dark conditions.
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Derivation of the enhancement factor. In order to arrive at an enhancement
factor, the electric-field intensity of the enhanced near field was integrated by fixing the
nanoparticle core diameter as the characteristic length scale and considering the field
contained within a two-diameter sphere and then divided by the electric-field of the
incident light over this same volume when the nanoparticle was absent. While the
nanoparticle was present, the EM intensity inside the nanoparticle was considered to be
zero, because no dye-molecules can access this space. The EM intensity of the remaining

space in the two-diameter sphere was calculated from the finite-difference time-domain

simulation. In summary,

Simulated absorption spectra of N719 enhanced by plasmonic nanoparticles
with Apspr from 400 to 700 nm.

The simulated absorption spectra of N719 enhanced by plasmonic nanoparticles
with different A;spr Were obtained by multiplying (normalized) absorption spectrum of
N719 and the enhancement factors (as a function of wavelength) at each wavelength. The
enhancement factors (as a function of wavelength) were represented by the Gaussian
distributions with center at 400-700 nm and full-width at half-maximum (FWHM) about
100 nm (shown next to the simulated enhanced absorption spectra of N719). The
maximum enhancement factors of 2 were considered, and the enhancement factors away

from A;spr were set to 1, i.e.
Enfancement Factor{d) = e wos  + Lwhere d, 5o = 300 — 700 um

Calculation of electron diffusion length from electrochemical impedance
spectra. The electron diffusion length, L, can be calculated from Ln:L(RREC/RT)” 2,
where L is the film thickness, Rrgc is electron recombination resistance, and Ry is
electron transport resistance. Rrpc and Rt were obtained by fitting the measured
electrochemical impedance spectra to the equivalent circuit (known as transmission line
model) with the Z-view software (v3.2b, Scribner Associates Inc (The transmission line
component in an equivalent circuit is often used to represent the interface resistance and
capacitance for a porous structure, which is the case for the photoanodes of DSSCs).
During fitting the electrochemical impedance spectra to the transmission line model, the
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resistance and capacitance at the substrate/Ti0, interface, and the substrate/electrolyte
interface were assumed negligible due to good contact between substrate and TiO, and
blocking layer of TiO,, achieved by TiCl, treatment to the substrate.

Calculation of electron collection efficiency from electron diffusion length.

The electron collection efficiency is (ref. 39):

[—er cosh (g} + sinh (g) + Lixe ™4 ] La
Mool = - - =

{1—e e} {1~ [2q?]cosh (}i)
where d is the thickness of the TiO, film, L is the electron diffusion length, and o
is the extinction coefficient of dye sensitized TiO; film. (The notation is different from
that we used in the manuscript: we used L for the thickness of the TiO; film and L, for
the electron diffusion length.) For the calculation, ad was assumed to equal 1, indicating
90% of the incident light was absorbed. For semiconducting SWNTs-incorporated
DSSCs, L/d=8, ncor=1; for DSSCs with only-TiO,-nanoparticles, L/d=2, 1¢o1=0.93; for
metallic SWNTs-incorporated DSSCs, L/d=0.5, ncor=0.54 (all L/d values were taken at a
bias value of 600 mV, as shown in FIG. 5). Since the electron generation efficiency and
charge separation efficiency were similar for the devices without and with different
electronic types of SWNTs, the electron collection efficiency (decided by electron
diffusion length) should fit to the difference of the power conversion efficiency. In fact,
the calculated ratio of electron collection efficiency for semiconducting SWNT's
incorporated DSSCs, DSSCs with only TiO» nanoparticles, and metallic SWNTs
incorporated DSSCs is 1:0.93:0.54, and the measured power conversion efficiency ratio is
1:0.79:0.63. Therefore, the order of magnitude differences in extrapolated diffusion

length account for the difference in power conversion efficiency.

Results and discussion

Synthesis and characterization of the optical properties were performed for the
core-shell (core diameter~15 nm, shell thickness~2 nm) Ag@TiO, (AgT) and Au@TiO,
(AuT) and multiple-core-shell (core diameter ~15 nm, various Au inner shell thickness
and oxide outer shell thickness ~2 nm) TAuT nanoparticles (FIGS. 4a-4b). FIG. 4a show
illustrations and transparent electron microscope (TEM) images of AgT, AuT, and TAuT
nanoparticles. The symbols dcore, day, and dy represent core diameter, gold-shell thickness
and TiO»-shell thickness, respectively.

For the synthesis of the gold shell of TAuT nanoparticles, Au seeds gradually

covered the core and coalesced to form a continuous layer, which was stable at 500 °C
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(annealing condition for DSSCs). The outer TiO, shells for all plasmonic nanoparticles
impeded the metals from acting as trap sites that promote recombination in the DSSCs
(refs. 32, 41). The Arspr of AgT and AuT nanoparticles were 420 and 550 nm,
respectively, and the A;spr of TAuT nanoparticles was tunable continuously from 1,000 to
600 nm by gradually increasing the thickness of the Au inner shell up to 4 nm (FIG. 4b).
FIG. 4b shows a photograph and absorption spectra of N719, AgT, AuT, TAuT-590
(Aspr=590 nm), TAuT-700, and TAuT-800. Thus, Arspr Was tunable across the visible-
near-infrared (vis-NIR) region.

The interaction of the nanoparticles with light was investigated using the finite-
difference time-domain (FDTD) method. All plasmonic nanoparticles amplify the
electromagnetic (EM) fields in the near-field zone outside the particles. See FIG. 4c,
which shows contour plots of FDTD simulated EM field intensity enhancement (IEI*/IEo|)
in near field at Arspr for AgT (core diameter 15 nm, shell thickness 2 nm), AuT (core
diameter 15 nm, shell thickness 2 nm), and TAuT (core diameter 15 nm, Au shell
thickness 2 nm, TiO; shell thickness 2 nm) nanoparticles. Therefore, surrounding dye-
molecules would experience a significantly increased light intensity near the LSPR
frequency (refs. 42-43), and thus a higher photon flux (®p4), which increases electron-
hole pair generation. The enhancement factors (derived by integrating over space
surrounding nanoparticles) of AgT, AuT, and TAuT nanoparticles as a function of
wavelength (FIG. 4d) showed similar results for A;spr to those measured from absorption
spectra. The characteristic absorption peak of the TAuT nanoparticles originated from the
LSPs arising in the gold nanoshell structure (ref. 44, 50-52). By tuning the thicknesses of
the Au inner shell and TiO, outer shell of TAuT nanoparticles in the range of 2-6 nm,
Arspr of 600-800 nm was predicted, in good agreement with the experimental results. As
expected, thinner gold and thicker TiO; shells resulted in longer Arspr (FIG. 4e).
Furthermore, the enhancement factor at Arspr and that integrated over 300-900 nm show
that an optimum Au inner shell thickness~3 nm maximized the enhancement and thicker
Ti0; shells tended to weaken the enhancement (FIG. 4f). These results represented the
intrinsic properties of plasmonic nanoparticles and did not take photo-absorption spectra
of dye into account.

Furthermore, the impact of LSP on the photo-absorption of surrounding dye-
molecules was analyzed by simulating the enhancement factors of TAuT nanoparticles at

different wavelengths (wavelength regions) (FIG. 4g). The greatest enhancement for dye
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absorption at A;,=700 occurred in a region of the contour plot corresponding to
ArLspr~700 nm (e.g., TAuT nanoparticles with Au outer shell thickness ~3 nm and TiO,
inner shell thickness ~2 nm). In contrast, the enhancement factor integrated over 300-900
nm weighted by N719 absorbance spectra presented maximum improvement using thick
Au shells, whose A;spr matches Ay;. These results and the simulated absorption spectra of
N719 enhanced by plasmonic nanoparticles with A spr=530 and 700 nm suggested that,
on the level of individual plasmonic NANOPARTICLE, matching Ay spr With A
enhanced overall LH of N719 more effectively, whereas matching Ay spr With A1,
balanced LH of N719 at different wavelengths.

The effect of tunable LSP on LH of sensitized mesoporous 1 um thick TiO, films
was investigated. Plasmonic nanoparticles greatly improved LH of thin films, which was
ascribed to the interaction between dye-molecular dipoles and the enhanced near-field
EM intensity and enhanced scattering cross-section of the nanoparticles induced by LSPs.
AgT and AuT nanoparticles improved LH mostly around Ay; of N719, slightly changing
absorption spectral shape. TAuT nanoparticles, however, increased LH around A,
resulting in balanced LH and broadened absorption spectra. Moreover, the enhancements
of simulated EM field and LH of thin films were similar around Ay spr, confirming the LH
improvement stemmed from LSP-enhanced EM field.

The multiple-core-shell oxide-metal-oxide plasmonic nanoparticles can be
advantageous over other geometries (e.g. nanorods, nanodisks, and hollow nanoshells)
which also possess tunable Arspr in red-NIR region (refs. 44-45). The TAuT nanoparticles
maintained their geometric and plasmonic properties after thermal treatment due to the
rationally-designed templated metal-shell structure, while the characteristic A;spg of other
geometries blue-shifts when the materials are thermal-treated and melt to spheres or
spheroids (FIG. 41), and the ability to enhance LH at A;, is severely reduced. Moreover,
simulations indicated that TAuT nanoparticles possessed larger EM field enhancement
than other geometries. For a 15 nm diameter TiO; core, tuning the gold shell thickness
from about 1 nm to 4 nm has achieved Arspr of 1000-600 nm, which did not require much
change for the synthesis. However, for gold nanorods, tuning the A;spr from 550 nm to
800 nm required the aspect ratio of the nanorods changing from 1 to 4, which involved
more sophisticated synthesis and more geometric modification than simply changing the
gold shell thicknesses in the TAuT nanoparticles. For Au nanoplates with cylindrical or

triangular shapes, the synthesis can be more complicated.
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To study the spectral response of tunable LSP-enhanced DSSCs, different
plasmonic nanoparticle-incorporated TiO, photoanodes (thickness of 1-20 um and
plasmonic nanoparticle-TiO; ratio of 0.01-1.0 wt%) were assembled into DSSCs (refs.
41, 46). The 1.5 pum thin photoanodes revealed the impact of LSP on incident photon-to-
current conversion efficiency (IPCE) in vis-NIR. AgT, AuT, and TAuT nanoparticles
increased the IPCE at A, (maximum absorption wavelength~530 nm for N719) by 45%,
60%, and 50%, respectively (FIG. 5a). Enhancement was maximized when Arspr Was
closest to Amax. Similarly, at 700 nm, TAuT-700 nanoparticles (ArLspr=700 nm) increased
IPCE the most--by 80%--whereas AgT and AuT nanoparticles enhanced IPCE only by
21% and 22%, respectively, due to the large mismatch between Apspr and Ap,. It is worth
noting that optical density, LH efficiency, and IPCE were all correlated. In fact, the
matching experimental results of optical density and IPCE enhancement indicated that the
IPCE improvement mainly arose from LSP-enhanced LHE.

While IPCE (specifically LHE) of thin photoanodes was readily increased by
LSPs, thicker photoanodes (~10-15 pum) for practical devices are required to ensure
balanced LH and carrier collection for maximized PCE (ref. 47). At optimized
thicknesses of photoanodes, the LHE of Apy; and internal quantum efficiency are close to
unity (ref. 47). At Anax, less than 5% enhancement of IPCE for all plasmonic
nanoparticles is observed (FIG. 5a). In contrast, at Ajw, the TAuT nanoparticles increased
IPCE by up to 100%, whereas AgT and AuT nanoparticles increased IPCE slightly due to
large mismatch between Ay spgr and A;,. Moreover, the IPCE at A, increased
monotonically with the concentration of TAuT nanoparticles (FIG. 5a). The different
results of IPCE enhancement for thin and thick photoanodes led to the conclusion that
matching A spr With Ay enhanced overall LH effectively for thin photoanodes, whereas
matching A spr With A, balanced LH at different wavelengths, which benefits practical
photovoltaic devices.

All AgT, AuT, and TAuT NPs improved the IPCE of optically-thick photoanodes
at Admax by less than 5%. There are several possible reasons.
IPCE(M)=LHE(L)CSE(A)CCE(L). For TiO,-only photoanodes or LSP-photoanodes, the
LHE at Apy; (especially Ap.x) and CCE should be balanced and close to unity. However, a
slight difference still existed for the LHE and CCE due to the thinner photoanodes for
optimized PCE for the following reasons. First, even for the photoanodes with the same

optical density, thinner photoanodes would have less loss of incident light due to the
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optical absorption from electrolyte. Second, thinner photoanodes have higher CCE due to
similar electron diffusion length. In addition, it is possible that the CSE was affected by
plasmonic nanoparticles, due to the changed photo-physical processes, e.g. increased
radiative recombination rate has been observed as photoluminescence enhancement.
Consequently, the IPCEs at A,z of LSP-incorporated optically-thick photoanodes were
improved slightly.

There is no significant decreasing or increasing effect of the plasmonic
nanoparticles on the fill factors of the DSSCs. However, compared to a more uniform
distribution of the fill factors of TiO,-only DSSCs, the fill factors of the DSSCs with
plasmonic nanoparticles showed a similar average but more random distribution. This
was probably due to the preparation of plasmonic nanoparticles-incorporated TiO, paste.
Since the TiO, pastes were prepared for each condition (each type of nanoparticle, each
concentration, and for doctor-blading and spin-coating) in a relatively small amount, the
quality of the plasmonic nanoparticless-incorporated pastes was not as perfect as the
original TiO; paste, which was prepared in a relatively large amount. This randomness in
fill factor was also responsible for the slighter randomness observed for the PCEs.
However, if the plasmonic nanoparticle-incorporated TiO, pastes are prepared in large
quantity, this issue could be easily solved.

The PCEs of tunable LSP-enhanced DSSCs were measured, where
PCE=JscVocFF/Pin (Voc, FF, and P, represent open-circuit voltage, fill factor, and input

power density, separately). Since

Jsc = & f, " IPCE(R) by (1)

2

all plasmonic nanoparticles increased Jsc in the same way as IPCE and with increasing
concentrations of nanoparticles; the largest Jsc was achieved by incorporating 1.0 wt%
TAuT nanoparticles (FIG. 5b). Besides extended harvested solar spectrum, thinner
photoanodes for optimized PCE improved charge collection due to unchanged electron
diffusion length (the optimized thicknesses for TiO,, AgT, AuT, and TAuT DSSCs were
13.2,10.9, 10.3, and 11.0 pm, respectively).

Additionally, introducing plasmonic nanoparticles increased Voc (FIG. 5¢).
Generally, Voc 1s limited by the material properties of electronic structure (e.g., the quasi-
Fermi level of TiO, and redox potential of electrolyte in DSSCs); enhancing Voc usually

requires exploiting new materials (ref. 35). Two possible reasons exist for LSP-induced
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Voc enhancement: the voltage loss from dark current is reduced because of thinner

photoanodes for optimized PCE:

for photoanodes of the same thickness, the increasing concentrations of plasmonic
nanoparticles were still responsible for enhancement of Voc presumably owing to the
lifted quasi-Fermi level from equilibrium between quasi-Fermi level of TiO, and LSPR
energy level of plasmonic nanoparticles (refs. 48, 49). In addition, TAuT nanoparticles
increased Voc less significantly than AgT and AuT nanoparticles did, probably due to
smaller metal-TiO, ratio. The different Voc enhancement from various plasmonic
nanoparticles could help elucidate the origin of plasmon-enhanced Vo, and the PCE
would be further improved with the ability to rationally increase Voc.

The relationship between Vo and the thickness of the photoanode showed that
Voc increased with decreasing the thickness of photoanodes, which was due to less
charge recombination. Since the plasmon-enhanced DSSCs featured thinner photoanodes
for optimized PCE due to the enhanced light harvesting ability, the Voc of the optimized
plasmon-enhanced DSSC was thus larger than the V¢ of the optimized DSSCs without
plasmonic nanoparticles.

In terms of the material properties of electronic structure, the Voc of a DSSC was
determined by the difference between the quasi-Fermi level of TiO, and the redox
potential of electrolyte. By introducing plasmonic nanoparticles, the quasi-Fermi level
was lifted from the equilibrium between quasi-Fermi level of TiO, and LSPR energy
level of plasmonic nanoparticles. The ground states of the electrons in plasmonic
nanoparticles were the Fermi level, and the work functions for Ag and Au are 4.7 eV and
5.1 eV, respectively. Considering that the energy difference between the ground state and
the surface plasmon state of the electrons was provided by the photo-excitation, this
energy difference was 3.0 eV, 2.3 eV, and 1.8 eV, corresponding to 420 nm, 550 nm, and
700 nm of A;spr for AgT, AuT, and TAuT nanoparticles, respectively. Therefore, AgT,
AuT, and TAuT nanoparticles have the highest to lowest LSPR energy levels, which
could be responsible for that the TAuT nanoparticles increased Voc less significantly than
AgT and AuT nanoparticles. In addition, the different interfaces of metal-TiO, and
different recombination rates induced by metal particles could also be related to the

different Voc enhancement.
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Since LSPs had a larger effect on enhancing LH than changing Voc and FF did,
all plasmonic nanoparticles improved the PCE with increasing concentrations of
nanoparticles (in the range of 0-1.0 wt%; higher amount of plasmonic nanoparticles could
reduce performance) and in a similar way to IPCE and Jsc (FIG. 5d), achieving maximum
PCEs of 10.1%, 10.3%, and 10.8% for AgT, AuT, and TAuT nanoparticle-incorporated
DSSCs, respectively. The optimized overall device performance facilitated the
comparison of the effective improvement from different plasmonic nanoparticles. AgT
and AuT nanoparticles here as well as in previous studies (refs. 32, 41, 42, 48) on LSP-
enhanced DSSCs improved IPCE and PCE by matching A; spr With Ay, through improved
LHE mainly around Ay, carrier collection and Voc. However, this approach could not
break the compromise imposed by unbalanced LH at A and Ar,. In contrast, the strategy
of matching Arspr of TAuT nanoparticles with A1, balanced and optimized LH in a broad
spectrum range (FIG. 6d), achieved panchromatic solar energy conversion with the same
dye, and further enhanced LHE, Js¢, and PCE. In fact, due to the distribution of core sizes
and shell thicknesses, the broad absorption spectrum of TAuT nanoparticles with a peak

at AL, is advantageous for both panchromatic LH and carrier collection.
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WHAT IS CLAIMED IS:

1. A dye-sensitized solar cell comprising a photoanode including a plurality
of TiO; nanoparticles and a plurality of a plasmon-forming nanostructures, wherein each
plasmon-forming nanostructure includes an oxide core, an inner metallic shell on a

surface of the oxide core, and an outer oxide shell on a surface of the inner metallic shell.

2. The dye-sensitized solar cell of claim 1, wherein the oxide core includes

Ti0,.

3. The dye-sensitized solar cell of claim 2, wherein the inner metallic shell

includes Au, Ag, or a combination thereof.

4. The dye-sensitized solar cell of claim 3, wherein the outer oxide shell
includes TiO,.
5. The dye-sensitized solar cell of claim 4, wherein the oxide core has a

diameter of no greater than 50 nm.

6. The dye-sensitized solar cell of claim 5, wherein the inner metallic shell

has a thickness of no greater than 5 nm.

7. The dye-sensitized solar cell of claim 6, wherein the outer oxide shell has a

thickness of no greater than 5 nm.

8. The dye-sensitized solar cell of claim 1, wherein the plurality of plasmon-

forming nanostructures is interspersed with the plurality of TiO, nanoparticles.

9. The dye-sensitized solar cell of claim 8§, wherein the plasmon-forming

nanostructures are 0.01 wt% to 2.5 wt% of the total nanoparticles in the photoanode.

10. A method of generating solar power, comprising illuminating a dye-

sensitized solar cell including a plurality of TiO, nanoparticles and a plurality of a
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plasmon-forming nanostructures, wherein each plasmon-forming nanostructure includes
an oxide core, an inner metallic shell on a surface of the oxide core, and an outer oxide

shell on a surface of the inner metallic shell.

11. The method of claim 10, wherein the oxide core includes TiOs.

12. The method of claim 11, wherein the inner metallic shell includes Au, Ag,

or a combination thereof.

13. The method of claim 12, wherein the outer oxide shell includes TiO-.

14. The method of claim 13, wherein the oxide core has a diameter of no

greater than 50 nm.

15. The method of claim 14, wherein the inner metallic shell has a thickness of

no greater than 5 nm.

16. The method of claim 15, wherein the outer oxide shell has a thickness of

no greater than 5 nm.

17. The method of claim 10, wherein the plurality of a plasmon-forming

nanostructures is interspersed with the plurality of TiO, nanoparticles.

18. The method of claim 17, wherein the plasmon-forming nanostructures are

0.01 wt% to 2.5 wt% of the total nanoparticles in the photoanode.

19. A method of making a dye-sensitized solar cell comprising forming a
photoanode including a plurality of TiO, nanoparticles and a plurality of a plasmon-
forming nanostructures, wherein each plasmon-forming nanostructure includes an oxide
core, an inner metallic shell on a surface of the oxide core, and an outer oxide shell on a

surface of the inner metallic shell.
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20. The method of claim 19, wherein forming the photoanode includes

depositing the plurality of plasmon-forming nanostructures on a substrate.

21. The method of claim 20, wherein forming the photoanode includes mixing
the plurality of TiO, nanoparticles with the plurality of plasmon-forming nanostructures
prior to depositing.

22. The method of claim 19, wherein the oxide core includes TiO».

23. The method of claim 22, wherein the inner metallic shell includes Au, Ag,

or a combination thereof.

24. The method of claim 23, wherein the outer oxide shell includes TiO,.

25. The method of claim 24, wherein the oxide core has a diameter of no

greater than 50 nm.

26. The method of claim 25, wherein the inner metallic shell has a thickness of

no greater than 5 nm.

27. The method of claim 26, wherein the outer oxide shell has a thickness of

no greater than 5 nm.

28. The method of claim 19, wherein the plurality of plasmon-forming

nanostructures is interspersed with the plurality of TiO, nanoparticles.

29. The method of claim 28, wherein the plasmon-forming nanostructures are

0.01 wt% to 2.5 wt% of the total nanoparticles in the photoanode.
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