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ABSTRACT: Localized surface plasmon resonance (LSPR) by silver nanoparticles that are Dye  AgyTIO; (1<X<2)
photochemically incorporated into an electrode-supported TiO, nanoparticulate framework TAY

enhances the extinction of a subsequently adsorbed dye (the ruthenium-containing molecule,
N719). The enhancement arises from both an increase in the dye’s effective absorption cross section
and a modest increase in the framework surface area. Deployment of the silver-modified assembly as
a photoanode in dye-sensitized solar cells leads to light-to-electrical energy conversion with an
overall efficiency of 8.9%. This represents a 25% improvement over the performance of otherwise
identical solar cells lacking corrosion-protected silver nanoparticles. As one would expect based on
increased dye loading and electromagnetic field enhanced (LSPR-enhanced) absorption, the
improvement is manifested chiefly as an increase in photocurrent density ascribable to improved

light harvesting.
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B INTRODUCTION

Dye-sensitized solar cells (DSSCs) have received great atten-
tion as a promising technology for renewable energy production,
in part because they can be fabricated from low-cost materials.
To improve efficiencies of DSSCs, efforts have been directed
at engineering the anode, cathode, dye, and redox shuttle. For
instance, coating mesoporous TiO, networks with various types of
insulating metal oxides,"” replacing TiO, by other semiconducting
oxides,”" fabricating networks from highly porous aerogels,” selec-
tively positioning several kinds of dyes to form multicolored layers of
porous networks,® synthesizing new dyes that broadly and effec-
tively absorb visible and near-infrared light,” synthesizing alternative
redox shuttles,® and substituting the platinized dark electrode with a
secondary photoelectrode have all been investigated.”'* Nevertheless,
the photoanode has been regarded as paramount since the factors
for improving efficiency such as presenting a high density of light-
harvesting molecules, fast electron injection from dyes to networks,
fast electron transport within networks, slow back electron transfer to
oxidized dyes and shuttles, and high open-circuit photovoltages
(Voc) are determined, at least in part, by the properties of the anode.

Localized surface plasmon resonance (LSPR) behavior is an
intriguing characteristic of metal nanoparticles (NPs). LSPR is
generated by resonance between electric fields of electromagnetic
waves and free electrons in metal nanoparticles. It has been used
to advantage in surface-enhanced spectroscopy,'" biological and
chemical imaging,'>"? lithographic fabrication,'* and other appli-
cations.">'® One of the most intriguing features of LSPR behavior
is that it can enhance the apparent extinction coeflicient of mole-
cules adsorbed on suitable metal nanoparticles.'”'® Based on the
above, studies of the effects of LSPR on the performance of
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photoelectrodes have been attempted.'”>° While some studies
were subsequently found to be compromised by unrecognized
corrosion or photocorrosion of plasmonic particles, others appear
robust. In one study involving carefully corrosion-protected photo-
electrodes, the extinction of the dye, N3 (i.e., Ru(4,4'-carboxylic
acid-2,2-bipyridine),(NCS),), adsorbed on nanosized Ag is-
lands was ~10 times higher than that of N3 adsorbed on a bare
FTO (fluorine-doped tin oxide) platform."” This enhancement
led to a sevenfold increase in overall energy conversion efficiency.
However, efficiencies were still very low (~0.05%) owing to the
extremely low surface areas of two-dimensional arrays of pro-
tected silver nanoparticles.

In this report, we have extended the investigation to high-area
photoanodes to determine whether the silver-based plasmon-
amplification strategy can be used to enhance the performance of
DSSCs that already are operating at reasonably high efficiency.
As detailed below, we find that efficiencies indeed can be
improved significantly. While our report was in preparation,
related reports a})peared by Qi and co-workers®” and by Brown
and co-workers.”® Their observations, based on silver and gold
nanoparticles, respectively, are broadly consistent with ours.

B EXPERIMENTAL SECTION

Preparation of Electrodes for Photovoltaic Studies. Samples
of FTO-coated glass (10 Q cm 2, Hartford glass) with dimensions of
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15 x 15 mm® were refluxed in 40 mM TiCl, in isopropyl alcohol
(prepared from 90 mM TiCl, in 20% HCl solution, Aldrich) for 30 min
and then calcined at 420 °C for 30 min. For fabrication of transparent
TiO, layers (TL), TiO, paste featuring 18 nm diameter particles (DSL
18NR-T, Dyesol) was deposited on the FTO samples by doctor-blading.
After each film was dried, a scattering TL was deposited in similar fashion, but
using TiO, paste featuring 400 nm diameter particles (WER4-0, Dyesol).
The multilayer film was then calcined at 420 °C for 30 min. For depos-
ition of Ag NPs, S uL of S mM AgNO; (99.995%, Aldrich)/EtOH solu-
tion was dropcast on each film, and the sample was irradiated with UV
light (mixed 254 and 365 nm wavelength, UVGL-1S compact UV lamp,
UVP) for S min after solvent was evaporated. This step was repeated
three times to optimize photovoltaic performance. Finally, composite films
were refluxed in 1.0 M TIP (titanium(IV)isoproxide, Aldrich) in iso-
propyl alcohol solution for 25 min and then calcined at 370 °C for 15 min.
For samples lacking Ag NPs, we followed the above procedure (includ-
ing treatment with TIP) but omitted the dropcasting-related steps. N719
(Dyesol) was loaded onto photoelectrodes by soaking them for 24 hina
0.5 mM solution in ethanol. Cathodes were prepared by drilling a 0.3 mm
diameter hole in each of several FTO-coated glass samples. Then, 10 4L
of a $ mM solution of H,PtCls (Aldrich) in ethanol was dropcast on the
FTO samples and allowed to dry. Finally, the cathodes were calcined for
30 min at 380 °C.

Assembly of Photovoltaic Cells. Cathode/anode pairs were
combined in each case with a 60 um thick Surlyn polymer film (Surlyn-
1702, Dupont) that served as a spacer and defined the perimeter of a
photoelectrochemical sealing. The components were permanently com-
bined by placing them on a hot plate at 170 °C and allowing the spacer to
melt slightly. Tin-coated copper wires were connected to each electrode
with silver epoxy. 1-Butyl-3-methylimidazolium iodide (0.60 M) (98%,
TCI), 0.03 M I, (99.8%, Aldrich), 0.10 M guanidine thiocyanate (99%,
Aldrich), and 0.50 M 4-tert-butylpyridine (99%, Aldrich) in an 85:15 vol %
mixture of acetonitrile and valeronitrile (99.5%, Aldrich) constituted the
cell solvent, redox electrolyte, and inert electrolyte. Approximately 30 L
of the electrolyte-containing solution was dropcast onto the drilled hole
on the back side of the platinized cathode and then drawn into the cell via
application of a vacuum.

Instrumentation. Scanning electron microscopy (SEM) images
were obtained using a FE-SEM (Hitachi S-4800) operated at an accelera-
tion voltage of 10 kV after samples had been coated with ca. 3 nm of a
Pt—Pd alloy. Transmission electron microscope (TEM) images were
obtained using a JEOL JEM-2100F at an acceleration voltage of 200 kV.
XPS spectra were recorded on an ESCAPROBE spectrometer (Omicron
NanoTechnology). Binding energies of Ti (2p) and Ag (3d) electrons
were calibrated to the binding energy of C (1s), 284.6 €V, as an internal
standard. Visible region extinction spectra of dyes and electrodes were
recorded on a Varian Cary 5000 UV—vis—NIR spectrophotometer.
Photocurrent-density-to-applied-voltage (J—V) and IPCE curves of
samples were obtained using a home-built setup comprising a xenon
lamp, an AM 1.5 light filter, and a CHI 1202 Electrochemical Analyzer
(CHI instruments). The power of filtered light was calibrated by optical
power meter (OPM) to 100 mW cm 2,

B RESULTS AND DISCUSSION

Plasmonic Photoelectrode Assembly and Characteriza-
tion. In order to incorporate plasmonic particles uniformly, we
prepared them directly within the mesoporous framework of
already-assembled TiO, networks. Ag NPs were deposited on
TiO, networks possessing high surface areas, via photoreduction
of Ag" from dissolved AgNO3.29 Figure 1b, a TEM image of TiO,
NPs that had been photolyzed in an Ag" solution, shows that
silver NPs (with diameters ranging from 3 to 8 nm) are homo-
geneously distributed over the titanium dioxide. In contrast,

Figure 1. TEM images of TiO, NPs (a) and Ag NPs-deposited TiO,
NPs (b).

metal nanoparticles are absent (as expected) from a TEM image
of TiO, NPs that have not been exposed to Ag” (Figure 1a).
Silver is a reasonably stable transition metal under ambient
conditions. Nevertheless, it is easily corroded when it contacts
acids or strong oxidants. If strongly oxidizing tri-iodide is emplo-
yed as one-half of a redox shuttle in a DSSC, any immersed Ag
NPs will require protection. Previously, with particles on flat
surfaces we found that atomic layer deposition (ALD) of various
metal oxides could be used to create thin, pinhole-free coatings
that physically isolate the particles from the surrounding corro-
sive electrolyte solution.'”** Unfortunately, for small Ag NPs
on high-area TiO, electrodes, we found ALD to be ineffective
in preventing corrosion. Consequently, we devised instead a
condensed-phase method for coating and protecting Ag NPs.
Briefly, Ag/TiO, photoanodes were placed in a 1 M TIP
(titanium(IV)isoproxide) solution in refluxing isopropyl alcohol
for 25 min, removed and rinsed, and then calcined at 370 °C for
15 min. In the photoelectrochemical studies outlined later in our
report, this protocol proved to be sufficient for preventing silver
corrosion. XPS measurements were used to gauge the extent of
oxidation of the silver nanoparticles. As shown in Figure 2a, the
XPS spectrum in the Ag (3d) region shows two peaks; these are
connected to spin—orbit coupled energy states ] = 5/2 and 3/2.
In Ag/TiO,, the Ag 3ds/» and Ag 3d; , appear at 367.9 and 373.9
eV, indicating that the Ag NPs are not oxidized.*® For TIP —Ag/
TiO,, however, both peaks are shifted to lower energy and both
are broadened, with tailing extending into the higher energy
regions that are characteristic of Ag’. The broadening points to a
mix of species. We found that the Ag 3ds,, and Ag 3d;,, peaks
each could be reasonably fit to a pair of narrower peaks, desig-
nated I and IL. From the fitting, we find for I peaks at 367.4 and
373.4 eV and for I peaks at 367.9 and 373.9 eV. (Bandwidths are
listed in Table S1.) The peaks designated Ag Il5,, and Ag 115, in
TIP—Ag/TiO, precisely match those in Ag/TiO, and indicate
the presence of Ag’. Those designated Ag Is/, and Ag I, are
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Figure 2. XPS spectra of TiO,, Ag/TiO,, and TIP—Ag/TiO, (as
indicated) in the Ag (3d) region (a) and in the Ti (2p) region (b). (c)
Illustration of Ag NPs deposited on TiO, NP.

characterized by lower binding energies and are indicative of
silver oxidation. Thus both neutral and oxidized silver atoms are
present. Hoflund and co-workers observed that the spin—orbit
coupled binding energies of Ag 3ds, in Ag, Ag,O, and AgO, res-
pectively, are at 368.0, 367.7, and 367.2.° That the binding energy
for silver decreases, rather than increases, as the oxidation state
increases, is atypical and has been ascribed to a combination of
factors, including changes in lattice potential and extra-atomic
relaxation energy.30 On the basis of the Hoflund work, the oxida-
tion state of Ag here appears to be between +1 and +2 (Ag”, and
1 < X < 2). The presence of both Ag® and Ag™ is speculatively
attributed to the formation of an oxidized shell around a silver nano-
particle core. The shell, presumably, is what prevents the
remaining Ago from being oxidized when TIP—Ag/TiO, is incor-
porated in solar cells and exposed to tri-iodide. Finally, comparisons
of XPS spectra for TIP—Ag/TiO, before and after calcination
reveals that calcination effects little if any additional oxidation.
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Figure 3. (a) Plasmonic absorption spectra of Ag NPs in Ag/TiO,
(blue solid curve) and TIP—Ag/TiO, (red solid curve). Each spectrum
was decomposed into two absorption peaks (blue or red dashed curves)
depending upon the geometry of Ag NPs. The inset shows a TEM image
of the side view of Ag NP on TiO,. Ag, and Ag_ indicate the direction in
the geometry of Ag NP. (b) UV—vis absorption spectra of D—TiO,
(blue solid curve), D—TIP—Ag/TiO, (red dashed curve), and C5,—D
TIP—Ag/TiO, (red solid curve).

A change in the average oxidation state of titanium in
TIP—Ag/TiO, samples was also observed. XPS spectra in the Ti
(2p) region show two peaks, assignable again to spin—orbit
coupled energy states featuring J = 3/2 and 1/2 (Figure 2b). In
the spectrum of bare TiO,, symmetric peaks for Ti 2p;,, and Ti
2p1,, appear at 458.8 and 464.5 eV, respectively. The binding
energies and bandwidths of Ti (2p) in the XPS spectrum of Ag/
TiO, are identical to those for bare TiO,, indicating that titanium
remains in oxidation state IV. For TIP—Ag/TiO,, however, both
Ti (2p) peaks in the are shifted to a lower energy region, but with
higher energy tailing that again points to the presence of over-
lapping pairs of peaks. (See Table S1.) We denoted the decon-
volved peaks at 458.8 and 464.5 eV, assignable to Ti 2p;, and Ti
2p1/2 as TiIly, and Till, /,, respectively, and the deconvolved
peaks at 458.3 and 464.0 eV, also assignable to Ti 2p;/, and Ti
2p1/2, as Tilz ; and Ti 1, 5, respectively. The binding energies of
Ti I3/, and Ti II, » in TIP—Ag/TiO, precisely match those of
bare TiO, and indicate, therefore, the presence of Ti atoms in
oxidation state IV. The significantly lower binding energies for Ti
I3/, and Ti1, , indicate the presence as well of partially reduced
titanium atoms (i.e., atoms in an oxidation state less than IV).
The reducing equivalents presumably come from metallic silver.
Together with the results above for Ag, they point to the for-
mation silver titanate compound(s)—most likely as shells around
silver cores (although the only compelling evidence for core/
shell structures (Figure 2c) is the subsequent stability of the
putative metallic silver cores in the presence of tri-iodide).
Turning again to the results above for silver, the most reasonable
formulation of the titanate material is AgyTiO3 (1 < Y < 2).
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Photoelectrode Optical Properties. The color of Ag/TiO, is
dark brown, while bare TiO, is colorless (see Figure S1). The
extinction spectrum of the Ag NPs spans the range from 360 to
800 nm, with A, at 404 nm and a shoulder at ~500 nm (Figure 3a).
The extinction spectrum can be reasonably well treated as a pair
of bands that are Gaussian on energy scale and that peak at
3.11 eV (398 nm) and 2.44 eV (508 nm) (Figure 3a). Small,
nonaggregated spherical particles typically yield a single peak,
while elliptical and rod-shaped NPs yield pairs of bands corre-
sponding to energetically distinct transverse and longitudinal
excitation of free electrons. Link and El-Sayed, for example,
observed that gold nanorods display two plasmonic bands and
that the feature associated with absorption and scattering via
transverse (horizontal) oscillation shifts to the red as the length
of nanorod increases.*’ Similarly, Rand and co-workers showed
that S nm Ag NPs having an elliptical shape with an aspect ratio of
~2.0 exhibit a pair of (Plasmonic absorption bands peaking at
~400 and ~490 nm.”’ Based on their results, we have spec-
ulatively interpreted the observation here of a pair of bands as
similarly indicating that the Ag NPs are elliptically shaped. Thus,
we have tentatively assigned the higher energy peak (A,) at
398 nm to Ag) and the lower energy peak (A_) at 508 nm to Ag_..
These values point to an aspect ratio of ~2.6 for Ag, versus Ag_,
as shown in the inset of Figure 3a. Consistent with the apparent
similarity of aspect ratios, the difference here between peak
energies for A; and A_ (0.67 V) is close to that for the silver
NPs described by Rand et al.*°

For TIP—Ag/TiO,, the wavelengths for A and A_ are red-
shifted by 6 and 3 nm, respectively, compared to their values for
Ag/TiO,. Reduction in the size of the silver nanoparticles (due to
conversion of their exteriors to silver titanate) should yield blue
shifts. Evidently this effect is more than counter-balanced by
increasing the refractive index of the local environment (i.e.,
silver titanate versus air (essentially vacaum)). The wavelengths
of extinction maxima are well-known to be sensitive to the refrac-
tive index and the thickness of the immediate surroundings.'>'®

The LSPR-based extinction of TIP—Ag/TiO, is only about a
quarter of that of Ag/TiO,. Based on the anticipated proportion-
ality between the metal NP extinction and volume, " the thickness
of the silver titanate shell surrounding the Ag NP is estimated to
be ca. 2 nm. We observed that extending either the TIP-reflux
period or the subsequent calcination time further diminished
plasmonic band intensities, implying further thicking of shells at
the expense of metallic cores.

Electronic absorption spectra for the well-known ruthenium-
based dye, N719, adsorbed on bare TiO, (designated D—TiO,)
and TIP—Ag/TiO, (designated D—TIP—Ag/TiO,) are shown
in Figure 3b. For ease of measurement, the underlying TiO,
samples were prepared as ~6 ym thick transparent films (Figure
$2). Since the extinction spectrum of D—TIP—Ag/TiO, in-
cludes contributions from Ag NPs, we subtracted the spectrum of
TIP—Ag/TiO, from D—TIP—Ag/TiO, (Cay—D—TIP—Ag/
TiO,, red solid curve in Figure 3b) before comparing dye spectra.
Listed in Table S2 are A,,,, and peak absorbance values for the
two metal-to-ligand charge transfer bands of N719 (MLCT-I and
MLCT-II) on TiO, and TIP—Ag/TiO,. In the presence of TIP-
treated silver nanoparticles, the dye absorption, 4., of MLCT-I
was blue-shifted from 388 nm (3.20 eV) to 379 nm (3.28 eV) and
that of MLCT-II was also blue-shifted from 520 nm (2.38 eV) to
511 nm (2.43 eV).

As shown in Figure 3b and Table S2, the absorbance of
MLCT-Ilin Cpg—D—TIP—Ag/TiO, (1.24) is 1.42 times higher
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Figure 4. J—V (a) and IPCE curves (b) of D—TiO, and D—TIP—Ag/
TiO, as indicated.

than that in D—TiO, (0.87). An increased surface area of Ag-
deposited TiO, NPs could contributes to this increase. Thus, the
number of N719 dye molecules adsorbed on Co,—D—TIP—Ag/
TiO, and D—TiO, per square centimeter was calculated by
measuring the absorbance of the detached dye in basic KOH
solution. The number of dye molecules in Cp;—D—TIP—Ag/
TiO, was 1.18 times larger than that in D—TiO, (Table S2). The
increased dye loading alone, however, is not sufficient to account
for the increased absorbance of MLCT-II (1.42). The remaining
difference (a factor of ca. 1.2) can be attributed to plasmonic
amplification of the apparent extinction coefficient of the mo-
lecular light harvester.

Plasmonic Photoelectrode Behavior in DSSCs. D—TiO,
and D—TIP—Ag/TiO, were prepared in forms suitable for
DSSCs. Briefly, the materials consisted of supported-films fea-
turing an ~11 pum thick transparent layer, topped by an ~8 um
thick light-scattering layer (Figure S2). Once assembled, the
films were loaded with N719. Shown in Figure 4a are J—V curves.
From the curves it is clear that while the open-circuit voltages of
D—TIP—Ag/TiO,-containing cells are similar to those of D—TiO,-
containing cells, the short-circuit photocurrent density (Jsc) with
D—TIP—Ag/TiO, (16.2 mA-cm ?) is 1.31 times higher than
with D—TiO, (12.4 mA-cm™ ). The overall light-to-electrical
energy conversion efficiencies (77) are 8.9% (with Ag) and 7.1%
(without Ag), i.e., a relative efficiency increase of 25% when silver
nanoparticles are included in the photoanode. (The cases shown
are the best performing cells of more than 10 each, with and
without silver. The corresponding average efficiency values (and
error bars) are reported in Table S3, along with other cell perfor-
mance parameters. The averaged data likewise show silver-
containing cells to be superior to silver-free cells.) The efficiency
enhancement in the presence of silver can be seen to arise chiefly from
an increase in photocurrent density. Consistent with this observation,
the wavelength-dependent incident-photon-to-current-efficiency
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(IPCE) with D—TIP—Ag/TiO, is significantly higher than with
D—TiO, across the visible spectrum (Figure 4b). The ratio of
integrated IPCE values (1.27) is similar to the ratio of Jsc values
(1.31). A reviewer has raised the question of whether silver
incorporation influences the rate of electron interception by the
oxidized shuttle. In principle, a decrease in interception rate could
lead to an increase in photocurrent due to higher electron collec-
tion efficiency. In practice, since iodide/tri-iodide cells already
approach 100% in terms of current collection efficiency, there
is very little room for performance improvement via improved
charge collection. Nevertheless, we performed open-circuit photo-
voltage decay measurements on silver-containing and silver-free
DSSCs, as these measurements report on relative rates of inter-
ception. As shown in Figure S3, the decay curves are similar for
the two types of cells.

Finally, while there is good agreement between the wavelength
maximum in the IPCE plot (IPCE,,.,) and the dye absorption
maximum, 4,,,,, (=520 nm) for the D—TiO, system, the IPCE,,,,
for the D—TIP—Ag/TiO, system is red-shifted by 40 nm from
Amax (510 nm). This phenomenon was also observed in our
previous report.'” For an organic photovoltaic cell, Rand and co-
workers likewise observed a red shift in the IPCE,,,, relative to
Amax When Ag nanoparticles were incorporated.”® In rationalizing
similar behavior (i.e., red shift of IPCE,,,,) for photocells con-
taining gold nanoparticles, Hagglund et al. focused on wavelength-
dependent plasmonic enhancement of the rate of electron injec-
tion by dyes into photoanodes.'” While wavelength-dependent
plasmon effects are presumably the cause of the shift in IPCE,,,
seen here, the detailed explanation likely does not involve injec-
tion behavior as the yield for electron injection from N719 into
titanium dioxide is already close to unity.

Bl CONCLUSIONS

In summary, localized surface plasmon resonance effects
associated with spatially dispersed and protectively coated silver
nanoparticles can be exploited to enhance the light-harvesting
efficiency, the photocurrent density, and the overall light-to-
electrical-energy-conversion efficiency of high-area DSSCs based
on N719 and nanoparticulate TiO, photoanodes. Overall effi-
ciency improvements of ca. 25% (i.e., increases in % from ~7% to
~9%) were obtained. Roughly half the improvement can be
traced to increased dye loading by the photoanodes following
silver incorporation, with the remaining improvement coming
from LSPR enhancement of the effective absorption cross
section of N719. While the findings are encouraging, we had
hoped, based on our earlier work with low-area photoelectrodes,'”
to observe substantially greater enhancements—especially with
regard to the dye absorption cross section. Almost certainly
diminishing the magnitude of the plasmonic amplification effects
is loss of approximately 75% of the initially introduced metallic
silver to formation of a mixed titanium/silver oxide. The loss
diminishes the intensity of the localized surface plasmon reso-
nance and, therefore, the magnitude of the electromagnetic field
created by plasmon excitation. Additionally, to the extent that the
mixed metal oxide exists as a shell around each metallic silver
core, dye molecules are spatially separated from the plasmonic
core particles and subjected, therefore, to smaller electromag-
netic fields. An attractive idea for further investigation would be
to find a method for protecting silver particles that yields thinner
barrier coatings and that does not entail loss of metallic silver.
When incorporated in photoanodes and then plasmon-excited,

these particles should subject neighboring dye molecules to much
larger electromagnetic fields, resulting in substantially greater en-
hancement of dye absorbances and, presumably, greater eflici-
ency improvements (provided that offsetting effects due to plasmon
enhancement of the radiative decay rate of the photoexcited dye
and concomitant diminution of injection yields are not important).

B ASSOCIATED CONTENT

© Supporting Information. Experimental details, photo-
graphs, and SEM images. This material is available free of charge
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