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emiconductor nanoparticles have been

extensively used in the design of next-

generation solar cells' > and photoca-
talysts for water splitting®~” and environ-
mental remediation.® In recent years surface
plasmon resonance of metal nanoparticles
has been regarded as an attractive approach
to boost the performance of semicon-
ductor nanostructure-based light-harvest-
ing assemblies.’ '* For example, by cou-
pling semiconductor nanostructures with
nanoparticles in a core—shell geometry
one can observe an enhancement in their
photocatalytic or photovoltaic behavior. A
variety of explanations have been pre-
sented in these studies to explain the ob-
served photoconver-
sion efficiency. These include (i) increased
absorption due to surface plasmons and
light-trapping effects, (ii) improved charge
separation as a result of localized electro-
magnetic field, (iii) promoting electron
transfer to adsorbed species, and (iv) elec-
tron storage effects that can drive the Fermi
level to more negative potentials.

The marriage between semiconductor
and metal nanoparticles in photocatalysis
dates back to the 1970s, when efforts were
made to generate hydrogen using photo-
assisted catalysis.”>"2*> Since then, many
studies have focused on the role of metal
nanoparticles as a cocatalyst in facilitating
electron discharge and reduction of H" or
other species at the interface.”?*2° While
metals such as Pt quickly discharge elec-
trons to the surrounding medium, metal
nanoparticles such as Ag and Au store a
fraction of electrons captured from photo-
excited semiconductor nanoparticles.3° 3
Double-layer charging has been shown to
play a role in stabilizing stored electrons

improvement in
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ABSTRACT Neighboring metal nanoparti-
cles influence photovoltaic and photocatalytic
behavior of semiconductor nanostructures either
through Fermi level equilibration by accepting
electrons or inducing localized surface plasmon
effects. By employing Si0,- and Ti0,-capped Au
nanoparticles we have identified the mechanism
with which the performance of dye-sensitized

solar cells (DSSC) is influenced by the neighbor-

ing metal nanoparticles. The efficiency of an N719 dye-sensitized solar cell (9.3%) increased to
10.2% upon incorporation of 0.7% Au@SiO, and to 9.8% upon loading of 0.7% Au@TiO,
nanoparticles. The plasmonic effect as monitored by introducing Au@Si0, in DSSC produces

higher photocurrent. However, Au nanoparticles undergo charge equilibration with Ti0,

nanoparticles and shift the apparent Fermi level of the composite to more negative potentials.

As a result, Au@Ti0, nanoparticle-embedded DSSC exhibit higher photovoltage. A better

understanding of these two effects is crucial in exploiting the beneficial aspects of metal

nanoparticles in photovoltaics.

KEYWORDS: semiconductor—metal composite - photocatalysts - TiO, -
core—shell nanoparticles - localized surface plasmon - solar energy conversion -

electron storage - Fermi level equilibration

within the metal nanoparticles>>3’ The
storage of electrons, which depends on
the size of the metal nanoparticles, under-
goes charge equilibration with a photoex-
cited semiconductor and drives the Fermi
level to more negative potentials. For ex-
ample a shift of 60—100 mV in the Fermi
level (and hence the photovoltage) is seen
when TiO, films were coupled with size-
selective gold nanoparticles.>* Another in-
fluence of such electron storage is the sup-
pression of back electron transfer. For
example, in a photosensitization experi-
ment, such Ag@TiO, particles have been
shown to reduce charge recombination
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Scheme 1. (A) Charging effect (Au@TiO,) versus plasmonic effect (Au@SiO,) of metal core—oxide shell particles. (B) Schematic
drawing depicting the layered structure of a mesoscopic TiO, film incorporating core—shell particles typically employed for

high-efficiency DSSC.
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Scheme 2. Synthesis of Au core oxide shell structures.

between the injected electron and oxidized sen-
sitizer.3®

A convenient way to probe the electron storage in
metal nanoparticles is by monitoring its plasmon fre-
quency. The accumulation of electrons within silver
and gold nanoparticles or nanorods causes a blue-shift
in the absorption spectrum due to the increasing
surface plasmon frequency of the electron gas.3%°
Thus, the correlation between the number of stored
electrons and the shift in plasmon frequency provides
a good measure to establish the mechanism with
which electron charge and discharge cycles operate
in a semiconductor-assisted photocatalytic system.

Metal nanoparticles such as silver and gold exhibit
surface plasmons, creating an intense electromagnetic
field in the immediate vicinity.*' ~*” Such localized
surface plasmon resonance, which has been well cap-
tured in surface-enhanced Raman spectroscopy (SERS),
can be manipulated to influence charge separation by
placing the semiconductor nanoparticles near the
plasmonic metal nanoparticles.*® In addition, the metal
nanoparticles enhance the light absorption of semi-
conductor nanostructures, thus enabling better
photon management in photovoltaics.”'"*® Many re-
cent studies that employ Ag@TiO, or Au@TiO, in solar
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cells and photocatalysis have attributed the improved
photoconversion efficiency exclusively to surface plas-
mon effects.”'3>4°732 Similarly, enhancement seen in
the photocurrent generation of iron oxide-coated gold
nanopillars and water splitting reaction with gold
nanoparticles deposited on Fe,Oz; photoanodes has
been attributed to surface plasmon resonances and
photonic-mode light trapping.*®*° No effort was made
in these studies to include or exclude photocharging
effects that would arise from storage of electrons
within the metal core. As shown in a recent review,
the plasmonic effect coupled with electron charging of
metal particles plays an important role in the operation
of semiconductor—metal devices.>® In addition, if the
semiconductor (e.g., CdSe) is quantized, the strong
coupling between the lowest excited state or excitonic
transition and surface plasmon of the neighboring
metal surface needs to be taken into account.>*>®
The focus of the present study is to isolate the
plasmonic and charging effects by capping the Au
nanoparticles with SiO, and TiO,, respectively, and
track their influence in a dye-sensitized solar cell.
SiO,, being an insulator, acts as a barrier to prevent
electron charging of the metal core, thus exhibiting
only surface plasmon effects. On the other hand TiO,,
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Figure 1. TEM and HRTEM images of (A, B) Au@TiO, and
(C, D) Au@SiO, NPs.

being a semiconductor, is capable of transferring
electrons to the Au core and thus charges the core in
Au@TiO, core@shell nanoparticles. By incorporating
Au core@metal oxide shell nanoparticles in the dye-
sensitized solar cells (DSSC), we have succeeded in
identifying the influence of these effects.

RESULTS AND DISCUSSION

Synthesis and Characterization of Au@Ti0, and Au@Si0,.
The metal core—oxide shells were synthesized using
a stepwise synthetic protocol as summarized in
Scheme 2. Metal core—oxide shell structures were
prepared by a three-step synthesis that involved re-
duction of metal ions, exchange of surface ligand, and
hydrolysis of titanium isopropoxide and sodium sili-
cate as the TiO, and SiO, precursor, respectively.

The TEM images of two different core—shell struc-
tures are presented in Figure 1. In both cases the Au
core was similar, with a particle diameter of 5—6 nm.
All particles have a very thin capping of a TiO, or a
SiO, shell of thickness in the range 0.7—1.0 nm. The
presence of the TiO, shell was confirmed from the
grating pattern. Further evidence for the core—shell
structure was obtained by performing an energy dis-
persive X-ray analysis (see Supporting Information).

The particle concentration was estimated by assum-
ing a uniform distribution of Au core particles and an
average particle size of 5 nm, as obtained from Figure 1A
and B. In this work, the concenturation of Au nanoparti-
cles (conc) was 10 mM. The average number of particles
was estimated to be 1.559 x 10" per mL, following eq 1.

total # of moles ~conc x vol
# of moles per NP~ 4/37r3 x d/M

total # of Au NPs = (1)

In the above equation, r is the half-diameter of the
gold nanoparticle, d is the density of gold, and M is the
atomic weight of the gold.
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Figure 2. Absorption spectra of (a) Au, (b) Au@SiO,, and
(c) Au@TiO, suspension in toluene.

Figure 2 shows the absorption spectra of Au,
Au@TiO,, and Au@SiO, colloids in toluene. These three
types of particles exhibit surface plasmon absorption in
the visible, confirming the plasmonic activity of Au nano-
particles or the Au nanocore. The surface plasmon band of
Au@SiO, and Au@TiO, nanoparticles seen at 527 and
542 nm, respectively, were red-shifted as compared to the
Au nanoparticle (518 nm) prepared using the borohydride
reduction method. This small shift in the plasmon peak in
the case of Au@TiO, and Au@SiO, colloids is attributed to
the oxide shell surrounding the Au nanocore. The higher
refractive index of the SiO, and TiO, shell has been shown
to influence the surface plasmon absorption.”® For a shell
thickness of less than 10 nm this red-shift in the absorp-
tion is expected to be linear”?

Plasmon Response of Au@Ti0, and Au@Si0, Nanoparticles to
Steady-State UV-Irradiation. In order to probe the light-
induced effects, we subjected the two core@shell
nanoparticle suspensions (deaerated) in toluene/ethanol
to UV (1 > 300 nm) irradiation. Figure 3A shows the
changes in the plasmon absorption following the UV-
irradiation of Au@TiO, at different times. The plasmon
absorption shifts from 530 nm to 516 nm within 15 min of
UV-irradiation. The shift of 14 nm in the plasmon absorp-
tion band represents increased electron density in the Au
core during photoirradiation since the plasmon frequency
(wp) is directly proportional to the square root of the
electron density (N), as illustrated in expression 2,

wp = (N /eome) 2 2
where e, &, and m are the charge, vacuum permittivity,
and effective mass of the free conduction band electrons,
respectively.”’

Under UV-irradiation the electron—hole pairs are
generated within the TiO, shell. As the holes are
scavenged, the electrons are transferred to the Au core
(reactions 3 and 4).

Au@QTiO, + hv — Au@QTiO,(e — h) (3)

Au@TiOy(e — h) +CHsOH — Au(e)@TiO,+eCyHsO  (4)
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Figure 3. Absorption spectra recorded following UV-irradiation of (A) Au@TiO, and (B) Au@SiO, colloidal suspensions in
toluene/ethanol (1:1): (a) 0, (b) 1, (c) 3, (d) 6, (e) 10, (f) 15 min of UV-irradiation. Spectrum g was recorded after stopping the

illumination and exposing it to air.

The "C,Hs0 radical possesses reductive properties
and also can donate additional electrons to Au@TiO,. The
Fermi level of Au nanoparticles, though dependent on
the particle size, is expected to be close to the value of
bulk Au (Er = +0.45 V vs NHE). Since this value is more
positive than the conduction band of TiO, (Ecg = —0.5V
vs NHE), the electrons are readily transferred to the Au
core. As the electrons accumulate within the Au core,
the Fermi level shifts to more negative potential. This
electron transfer between the two continues until the
Fermi levels of TiO, and Au equilibrate. This observa-
tion is consistent with the blue-shift observed with
electron storage in gold nanoparticles under reductive
conditions. The small gold nanoparticles have the
ability to undergo double-layer charging and thus
stabilize stored electrons in an inert atmosphere.

To verify the observed plasmon absorption shift
was due to the excitation of the semiconductor shell
and not by the direct excitation of the metal core, we
monitored the absoprtion spectrum of Au@SiO, col-
loids suspended in deaerated toluene/ethanol (1:1)
after UV-irradiation. The plasmon absorption band
with a maximum at 526 nm remained constant during
the UV-irradiation (Figure 3B). SiO,, being an insulator,
does not directly participate in the photoinduced
electron transfer process. By comparing these results,
we can conclude that the changes in the plasmon
absorption band in Au@TiO, arise from the shell and
not the Au core.

The electrons stored in the Au core could be
discharged if we subject the previously irradiated
Au@TiO, suspension to air. The oxygen quickly sca-
venges the electrons, restoring the original plasmon
absorption. The reproducibility of charging and dis-
charging of electrons in Au@TiO, nanoparticles was
ascertained by repeating the cycles of UV-irradiation of
a deareated suspension followed by exposure to air in
the dark. Figure 4 shows the shift in plasmon absorp-
tion peak during the irradiation and exposure to air
after stopping the illumination. It should be noted that

CHOI ET AL.

i on Air on Air on Air
530 i off off off
ve sl
£ 525} | g
£ | / /
S conl
: 520 | .j j
o / / =
Q -
£ 515 F .
L)
o
510
o 10 "20 30 40 50

Irradiation time({min)

Figure 4. Reversibility of electron storage—discharge cy-
cles: The response of the plasmon absorbance peak was
recorded following UV-illumination (charge) of a deaerated
Au@TiO,; colloidal suspension in toluene/ethanol (1:1) and
dark discharge in air.

the suspension was deaerated for 20 min before UV-
irradiation of each charging cycle to exclude oxygen
from the suspension. The reproducibility of a ~15 nm
shift during these cycles confirms the ability of Au@TiO,
nanoparticles to undergo charging when excess electrons
are available in the TiO, shell.

We also estimated the electron storage capacity of
the Au core by titrating with an electron acceptor. We
followed the titration procedure adopted earlier of
using methylene blue dye as an electron acceptor.”
Since the reduced dye (two-electron reduction product is
stable in inert atmosphere) is colorless, we can add
increments of deaerated dye solution in small amounts
until dye absorption occurs. From the end point we
estimate the ability to store about 600 electrons/per
particle of in Au@TiO, under equilibrium conditions.
Details of the electron titration using thionine dye are
given in the Supporting Information. Such large electron
storage is in agreement with earlier observations.3>344058
Such electron storage under Fermi level equilibration
conditions renders the Au@TiO, nanoparticles more re-
ductive than TiO, alone. Now the obvious question that
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Figure 5. (A) Absorption spectra of N719 in EtOH before and after immersing films of (a) TiO,, (b)TiO,/Au@TiO,, and (c) TiO,/
Au@SiO; cast on conducting glass electrodes. (B) Corresponding spectra of the dye adsorbed onto TiO, films.

we need to address is how does such electron storage
influence the performance of dye-sensitized soalr cells.

Dye-Sensitized Ti0, Films and the Effect of Gold Nano
Neighbor on the Optical Absorption. In a dye-sensitized solar
cell dye molecules are anchored on mesoscopic TiO,
films. In order to assess the effect of Au metal on the
performance of DSSC, we incorporated Au@TiO, and
Au@SiO, in two separate TiO, pastes. The concentra-
tion of these core@shell particles was about 0.7%
similar to the composition employed in earlier
studies."” Each film was prepared by doctor-blading
TiO, NPs and TiO, NPs blended with Au@TiO, and
Au@SiO, NPs on optically transparent electrodes. The
electrode prepared with TiO, paste alone served as a
reference. The annealed electrodes were soaked in dye
solution for several hours. The absorption spectra of
the dye solution was periodically measured until the
desired amount of dye was loaded onto the electrodes.
Figure 5A shows the absorption spectra of N719 dye
solution before and after immersion of TiO, electrodes
in three separate sets of experiments. As evident from
the difference in the absorption spectra, we were
successful in obtaining the same amount of dye load-
ing on each of these three electrodes. The electrodes
were then washed with EtOH to remove any physi-
sorbed dye molecules.

The absorption spectra of three dye-loaded TiO,
films are shown in Figure 5B. The absorption spectra of
dye molecules adsorbed onto a pristine TiO, film and a
TiO, film mixed with Au@TiO, exhibit similar absor-
bance features. However the dye adsorbed onto TiO,
films containing Au@SiO, exhibits slightly higher ab-
sorption compared to the other two. Despite the same
amount of dye loading in these films, the presence of
Au@SiO, seems to have a noticeable effect on the dye
absorption properties. The increase of dye extinction is
attributed to the interaction of the dye molecular
dipole and the enhanced electromagnetic field in-
duced by localized surface plasmons (LSP). As dis-
cussed earlier for a similar system, the increased light
absorption of the dye arises from the contributions of
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Figure 6. IPCE spectra of DSSC employing N719 adsorbed
onto (a) TiO,, (b) TiO,/Au@TiO,, and (c) TiO,/Au@SiO, as
photoanodes and platinum counter electrode. The loading
of core—shell particles in (b) and (c) was maintained at 0.7%.

resonant energy transfer or near-field coupling be-
tween the surface plasmon and the dye-excited
state.'

Photoelectrochemical Performance of DSSC. If indeed a
localized surface plasmon effect is responsible for
increased absorptivity, we should be able to observe
this effect in the photocurrent action spectra of the
electrode in DSSC operation. The N719 dye-loaded
TiO, films along with the those incorporated with
Au@TiO, and Au@SiO, were employed as photoa-
nodes in a sandwich-type solar cell. The counter elec-
trode was platinum, and the electrolyte consisted of
0.6 M 1,2-dimethyl-3-propylimidazolium iodide, 0.05 M
I, 0.1 M Lil, and 0.5 M tert-butylpyridine in acetonitrile.
The photocurrent action spectra recorded in terms
of incident photon-to-current conversion efficiency
(IPCE) versus incident light wavelength are shown in
Figure 6. All three electrodes show absorbance in the
visible with IPCE (or external quantum efficiency)
greater than 80%. Small broadening of the IPCE spectra
is seen for TiO; films containing Au@SiO, and Au@TiO,
films. However, the films containing Au@SiO, show
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Figure 7. J—V characteristics of sandwich solar cells. (A) sensitized with dye N719 and (B) without dye configuration: (a) TiO,,
(b) TiO,/Au@TiO,, and (c) TiO,/Au@SiO, employed as photoanodes and platinum counter electrode. The TiO, films were
modified with the dye N719in (A) and used as is in (B). The solar cell was subjected to AM 1.5 illuminations with a masked area

of 0.22 cm?.

TABLE 1. Dye-Sensitized Solar Cell Performance?

support/dye J (A cm?) Voe (V) ff 7 (%)
Ti0,/N719 18.28 0.729 0.697 9.29
Ti0,+Au@Ti0,/N719 18.281 0.771 0.694 9.78
Ti0,+Au@Si0,/N719 2031 0.727 0.691 10.21

? performances of DSSCs were measured with 0.18 cm? working area under AM 1.5
illumination. Electrolyte: 0.6 M DMPImI, 0.05 M I, 0.1 M Lil, and 0.5 M tert-
butylpyridine in acetonitrile. Au@Ti0, and Au@Si0, loadings were kept at 0.7% by
weight. ff and # correspond to fill factor and power conversion efficiency,
respectively. DMPImI, 0.05 M 15, 0.1 M Lil, and 0.5 M tert-butylpyridine in
acetonitrile. Excitation: AM 1.5 white light.

slightly higher IPCE, in agreement with the absorption
changes seen in Figure 5B. We have repeated these
experiments several times to ensure the validity of the
small changes seen in the IPCE spectra. The improved
photocurrent response in the visible region, though
small, can be attributed to the localized surface plas-
mon effect. The charging effect if any in these films
could not be resolved through these IPCE experiments.

The J—V characteristics of the DSSC employing
three dye-loaded TiO, photoanodes are presented in
Figure 7A, and the cell parameters are summarized in
Table 1. The short-circuit current density (Js), open-
circuit voltage (V,,), fill factor (ff), and overall conver-
sion efficiency (1) of TiO,+Au@TiO,/N719 are 18.28
mA cm 2, 771 mV, 0.69, and 9.78%, respectively. For
TiO,+Au@SiO,/N719, the photovoltaic parameters are
20.31 mAcm 2,727 mV, 0.69, and 10.21%, respectively.
For TiO,/N719, the photovoltaic parameters are 18.28
mA cm 2, 729 mV, 0.69, and 9.29%, respectively. We
also tested all three electrodes without modification
with dye (Figure 7B). The small fraction of UV accessible
under AM 1.5 irradiation produced relatively small
photocurrent and photovoltages. It is interesting to
note that except for the magnitude, the trends ob-
served in the photocurrents and photovoltages were
similar to those with dye-sensitized films in Figure 7A.

CHOI ET AL.

From these results (Figure 7 and Table 1), two
distinct features emerge. First, the DSSC employing
TiO,+Au@SiO,/N719 as photoanode shows an in-
crease in short-circuit current. This increase in photo-
current is consistent with the superior performance
seen in the IPCE spectra. On the other hand, the open-
circuit voltage of this solar cell (viz,, TiO,4+Au@SiO,
photoanode) is similar to the one employing TiO,/
N719 as photoanode. A distinctively different trend is
seen in DSSC that employs TiO,+Au@TiO,/N719 as
photoanode. The DSSC employing TiO,+Au@TiO,/
N719 exhibits an increase of 42 mV in open-circuit
voltage as compared to the TiO,/N719 photoanode
with no noticeable changes in the photocurrent
(Figure 7B). This significant increase in V. suggests
that a mechanism other than plasmon-induced en-
hancement must be operative in determining the
performance of DSSC. As shown in previous sections,
the Au@TiO, are capable of storing electrons in the
metal core, which contributes to the shift in Fermi level
of the composite to more negative potential. Indeed,
the increase in open-circuit voltage supports such a
shift in the Fermi level. The observed shift of 42 mVis in
good agreement with the shift (40 mV) in apparent
Fermi level observed for 5 nm diameter Au nanopar-
ticles covalently linked to TiO, nanoparticles.®*

Figure 8 shows the dependence of DSSC cell param-
eters (short-circuit current density (J5c), open-circuit
voltage (V,), fill factor (ff), and overall conversion
efficiency (1)) on the loading of Au@SiO, and Au@TiO,
in mesoscopic TiO, films. These experiments con-
ducted as a separate set allowed us to optimize the
performance as well as distinguish the role of core—
shell nanoparticles in DSSC. It is interesting note that
increasing the Au@SiO, concentration results in in-
creased photocurrent with no significant influence on
the open-circuit voltage. At loadings greater than 0.7%
we see a decrease in photocurrent, probably caused
by the filtering effects caused by the Au core.
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Figure 8. Dependence of DSSC cell parameters on the concentration of core—shell particles: (A) short-circuit current (J.), (B)
open-circuit voltage (V,), (C) fill factor (ff), and (D) overall power conversion efficiency (17) under AM 1.5 illumination. Traces (a)
and (b) correspond to the loading of Au@SiO, and Au@TiO, nanoparticles into the mesoscopic TiO, film. All films were

sensitized with N719 dye.

The Au@TiO,, on the other hand, exhibited relatively
smaller enhancement in the photocurrent. The in-
crease in photovoltage was responsive to the neigh-
boring Au@TiO, and not to Au@SiO,, confirming the
observations in Table 1 and Figure 7. Given the DSSC
employed in the present experiment is a high-efficency
cell, the fill factor essentially remained unchanged
around 0.7.

In the case of Au@SiO, the enhancement in photo-
electrochemical performance is exclusively attributed
to the influence of localized surface plasmon effect.
However, in the case of films containing Au@TiO,, both
charging and LSP are in play. In an earlier study, Snaith
and co-workers observed an increase in power con-
version efficiency of DSSC from 1.2% to 2.2% after
incorporating 0.7% Au@SiO, nanoparticles in the TiO,
film."" In another study Qi et al.”® observed an increase
from 3.1% to 4.4%. for 0.6% loading of Ag@TiO, and
7.8% to 9.0% for 0.1% loading of Ag@TiO, in DSSC.
Since these two studies were carried out under differ-
ent experimental conditions, it is difficult to make a
direct comparison to distinguish the participation of
plasmonic metal@oxide nanoparticles. The compari-
sons of overall efficiency with similar size core but
different shell plasmonic Au nanoparticles allowed us
to compare their influence on overall efficiency. DSSC
employing Au@TiO, and Au@SiO, exhibit higher effi-
ciency than pristine TiO, as support, thus confirming
the influence of metal nanoparticles in boosting the
efficiency (Table 1).

The increased power conversion efficiency (1) of
DSSC with Au@SiO,, which exclusively provides a
plasmon resonance effect, yields nearly 10% higher
power conversion efficiency. This increase in efficiency
is in line with the increase observed in an earlier
study."" The higher photocurrent essentially arises

CHOI ET AL.

from the improved charge separation and increased
absorption of the incident light. Despite the higher Vi,
observed with Au@TiO,, the overall increase in power
conversion efficiency, 7, is about 5%, slightly less than
that observed with Au@SiO,. These results suggest that
the charging effects seen in Au@TiO, seem to minimize
the plasmonic influence in DSSC. Although the Au core
in both these cases is similar, the surrounding oxide
shell results in the difference in its influence. Au@TiO,
particles undergo charge equilibration with the neigh-
boring TiO, nanoparticles, which in turn assist in
maintaining a more negative Fermi level.

Obviously, the charge equilibration between metal
nanoparticle and semiconductor remains an important
contributor, and its influence cannot be ignored. At
present limited information is available to explain the
counterintuitive effects of plasmonic and charging
effects.

Plasmonic versus Charging Effect in DSSC. Metal particles
have been known to play an important role as coca-
taylsts in semiconductor-assisted photocatalytic re-
duction processes. The ability of metal nanoparticles
to accept electrons and promote interfacial charge
transfer has been well studied.”?®2%°=61 Hence, it is
important to take into account this property when
considering light-harvesting systems composed of
metal nanoparticles directly in contact with semicon-
ductor nanostructures. Recent reports have attributed
enhancement in the performance of semiconductor—
metal composite based photocatalysts or solar cells
exclusively to plasmon-induced effects.'34¢480752 |
the majority of these cases the evidence for plasmon-
induced enhancement includes the increase in absorp-
tion cross section and/or corresponding enhancement
in photoconversion efficiency. Can such results alone
explain the plasmon-induced effect or should other
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Scheme 3. Electron equilibration and its influence on the
apparent Fermi level (Eg): (A) dye—TiO, (B) dye—TiO,/Au@-
SiO,, and (C) dye—TiO,/Au@TiO,. Note that LSP influence is
seen in both (B) and (C), and shift in Fermi level as a result of
electron accumulation in the metal core is seen in only (C)

factors associated with semiconductor—metal interac-
tions be taken into account? As shown in the present
study, capping with a TiO, and a SiO, shell provides a
convenient way to assess the role of metal nanoparti-
cles in DSSC.

The three scenarios corresponding to the experi-
ments presented in Table 1 are illustrated in Scheme 3.
In the case of normal DSSC one observes charge
injection from the excited dye into TiO, nanoparticles
followed by the transport of electrons to the collecting
electrode surface. When Au@SiO, is present as a

EXPERIMENTAL SECTION

Materials. All reactions were carried out under a nitrogen
atmosphere. Solvents were distilled from appropriate reagents.

Synthesis of Oleylamine-Capped Gold Nanoparticles. The Au core
nanoparticles were prepared using a two-phase synthesis
method with minor modifications.®> A 50 mL amount of a
10 mM HAuCl, solution was prepared in H,O and then mixed
with 50 mL of a toluene solution containing 25 mM TOAB. After
all Au precursors were transferred into the toluene phase, the
water phase was discarded. Then 1.65 mL of oleylamine
(capping agent) was added into the Au-TOAB precursor. A
0.283 g portion of NaBH, dissolved in 15 mL of deionized water
was quickly added dropwise with vigorous stirring. The mixture
turned deep red, indicating formation of Au nanoparticles. The
mixture was used without further purification.

Synthesis of Au@Ti0, Core/Shell Nanoparticles. For further growth
of TiO, shells, 10 mM mercaptoacetic acid (MAA) was added into
a 1 mM gold nanoparticle suspension and stirred for 15 min to
replace the amine functional group with thiol. After that, 80 uL
of titanium tetra-isopropoxide as the TiO, precursor was added,
and the reaction solution was kept near the boiling temperature
with a reflux attachment for 3 h. The Au@TiO, nanoparticles
were collected by adding toluene/ethanol, then centrifuged

CHOI ET AL.

neighbor, the influence is mainly limited to localized
plasmonic effects, resulting in better charge separa-
tion. Note that such LSP does not alter the apparent
Fermilevel of the composite film. If Auis in contact with
a TiO, nanoparticle or nanoshell, it is capable of
accepting electrons from the neigboring TiO,/dye
particles and undergoing Fermi level equilibration.
Such Fermi level equilibration and shift of the apparent
Fermi level to more negative potential are reflected as
an increase in the open-circuit voltage of the DSSC.
Indeed, a closer look at earlier reported plasmonic
DSSC papers'® that employ a Ag -capped TiO, system
shows a clear increase in open-circuit potential of
about 50—100 mV. The results discussed in this work
highlight the need to consider charging of the metal
core in addition to localized surface plasmon effects.

Concluding Remarks. It is important that the metal
nanoparticles introduced as a friendly neighbor in a
semiconductor -based assembly can influence the
overall photocatalytic or photovoltaic performance in
more than one way. Whereas plasmonic effects in-
duced by gold nanoparticles play an important role,
other effects such as electron storage could coexist and
in fact dominate in many instances. The examples
discussed in the present study provide a convenient
way to isolate the two effects. The surface plasmon
resonance effects increase the photocurrent of DSSC,
while the charging effects lead to an increase in
photovoltage. These observations open up new op-
portunities to introduce both these paradigms and
synergetically enhance the photocurrent and photo-
voltage of DSSC. Experiments are under way to
optimize these two core@shell structures in DSSC
and explore their synergy in further improving the
efficiency.

three times. Finally, the Au@TiO, nanoparticles were dried
under vacuum at 60 °C.

Synthesis of Au@Si0, Core/Shell Nanoparticles. A procedure similar
to that for Au@TiO, was repeated for SiO, shell growth. Instead
of MAA, 1 mM (3-mercaptopropyl)trimethoxysilane was added
into the Au nanoparticles solution and stirred for 15 min to
modify silane molecules for further SiO, shell growth. Then,
10 uL of sodium silicate as the SiO, precursor was added and
reacted at boiling temperature with a reflux system for 3 h. The
nanoparticles were collected by adding toluene/ethanol, then
centrifuged three times. Finally, the Au@SiO, nanoparticles
were dried under vacuum at 60 °C.

Optical and Electrochemical Measurements. All experiments were
carried out at room temperature. All solutions were deaerated
by purging nitrogen or argon. Absorption spectra were mea-
sured with a Varian Cary 50-Bio UV—vis spectrophotometer.
Transmission electron microscopy (TEM) of Au@TiO, and
Au@SiO, core—shell particles was performed on a Titan
80-300 (FEI Company, 300 kV). Energy dispersive X-ray analysis
was performed using the EDX detector coupled to the FEI TEM.
A Princeton Applied Research model PARSTAT 2263 was used
for recording I—V characteristics. A Newport Oriel QE kit
(QE-PV-SI) was used for measuring IPCE values.
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Steady-State Photolysis Experiments. The experiments were con-
ducted by photolyzing a N»-purged solution with UV—visible light
(250 W xenon lamp). A CuSO filter was introduced in the path of
the light beam to cut off light below the wavelength of 300 nm.

Nanocrystalline Photoanode Preparation. FTO glass plates
(Pilkington TEC Glass-TEC 8, Solar 2.3 mm thickness) were
cleaned in a detergent solution using an ultrasonic bath for
30 min and rinsed with water and ethanol. The FTO glass plates
were immersed in 40 mM TiCl, (aqueous) at 70 °C for 30 min and
washed with water and ethanol. The paste incorporating
Au@MO, (M = Ti, Si) was fabricated with a modified procedure.
The Au@MO, in ethanol solution (Au@MO, to TiO, ratio = 0.7 wt %)
was mixed with the TiO, paste (Solaronix, Ti-Nanoxide T/SP),
followed by stirring for 2 days and sonicating. Then ethanol was
removed by rotary evaporator. A transparent nanocrystalline
layer on the FTO glass plate was prepared by doctor blade
printing the TiO, paste (Solaronix, Ti-Nanoxide T/SP) and TiO,
paste incorporating Au@MO; and then dried at 25 °Cfor 2 h. The
TiO, electrodes were gradually heated under an air flow at
325 °Cfor 5 min, at 375 °C for 5 min, at 450 °C for 15 min, and at
500 °C for 15 min. A paste for the scattering layer containing
400 nm sized anatase TiO, particles (CCIC, PST-400C) was
deposited by doctor blade printing and then dried for 2 h at
25 °C. The photoanodes were again gradually heated under an
air flow at 325 °C for 5 min, at 375 °C for 5 min, at 450 °C for 15 min,
and at 500 °C for 15 min. The photoanodes were treated again by
TiCl, at 70 °C for 30 min and sintered at 500 °C for 30 min.

Solar Cell Fabrication. The dye-sensitized TiO, film was used as
a photoanode in the solar cell. The FTO plate (Pilkington TEC
Glass-TEC 8, Solar 2.3 mm thickness) used for the counter
electrodes was cleaned with an ultrasonic bath in H,0, acetone,
and 0.1 M HCI (aq), sequentially. Counter electrodes were
prepared by coating with a drop of H,PtCls solution (2 mg of
Ptin 1T mL of ethanol) on the cleaned FTO plate and sintered at
400 °C for 15 min. The dye-adsorbed TiO, electrode and Pt-
counter electrode were assembled into a sealed sandwich-type
cell by heating at 80 °C with a hot-melt ionomer film (Surlyn SX
1170-25, Solaronix) as a spacer between the electrodes. A drop
of electrolyte solution (electrolyte of 0.6 M 1,2-dimethyl-3-
propylimidazolium iodide, 0.05 M I,, 0.1 M Lil, and 0.5 M tert-
butylpyridine in acetonitrile) was placed over a hole drilled in
the counter electrode of the assembled cell and was driven into
the cell via vacuum backfilling. Finally, the hole was sealed using
additional Surlyn and a cover glass (0.1 mm thickness).
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