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Abstract: Titanium dioxide (TiO,) displays photocatalytic behavior under near-ultraviolet (UV) illumination.
In another scientific field, it is well understood that the excitation of localized plasmon polaritons on the
surface of silver (Ag) nanoparticles (NPs) causes a tremendous increase of the near-field amplitude at
well-defined wavelengths in the near UV. The exact resonance wavelength depends on the shape and the
dielectric environment of the NPs. We expected that the photocatalytic behavior of TiO, would be greatly
boosted if it gets assisted by the enhanced near-field amplitudes of localized surface plasmon (LSP). Here
we show that this is true indeed. We named this new phenomenon “plasmonic photocatalysis”. The key to
enable plasmonic photocatalysis is to deposit TiO, on a NP comprising an Ag core covered with a silica
(SiO,) shell to prevent oxidation of Ag by direct contact with TiO,. The most appropriate diameter for Ag
NPs and thickness for the SiO, shell giving rise to LSP in the near UV were estimated from Mie scattering
theory. Upon implementing a device that took these design considerations into account, the measured
photocatalytic activity under near UV illumination of such a plasmonic photocatalyst, monitored by
decomposition of methylene blue, was enhanced by a factor of 7. The enhancement of the photocatalytic
activity increases with a decreased thickness of the SiO, shell. The plasmonic photocatalysis will be of use
as a high performance photocatalyst in nearly all current applications but will be of particular importance
for applications in locations of minimal light exposure.

Introduction hydroxyl groups on the surfadeand the presence of oxygen
deficiencies affect the photocatalytic activitgecond, attempts
have been made to enhance the photocatalytic activity by
extending light absorption from the UV region into the visible
region: a considerable increase in the photocatalytic activity
in the visible region has been observed in nitrogen-doped
titanium oxide (TiQN,).8 Third, successful attempts have been
made to suppress the recombination of electioole pairs in
TiOy, e.g., by depositing platinum particles on Bidhere the

Since 1969, Ti@ has been recognized as a fascinating
material that shows photoelectrochemical solar-energy conver-
sion1}2 TiO, in anatase phase has been widely used as a
conventional photocatalyst. Applications of Li@xtend into
various areas of photocatalydimcluding self-cleaning surfaces
and photoinduced superhydrophilicityThe photocatalytic
activity of TiO, has been markedly improved through efforts
of many research groups. All the efforts to improve the activity
can be categorized into three approaches. First, many researchefdePosited pi?rtlcles act as electron traps aiding eleetofe
attempted to improve the quantum yield. It was found that, SeParatior?:

among other factors, the crystal structBrehe presence of A question that arises is why not use a thicker Ff(lm to
observe a much higher photocatalytic activity? It has been
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Plasmonic Photocatalyst Consisting of Ag NPs in TiO-

The values indicate that thick Tids opaque like a mirror.
Thus an appropriate thickness for the Fifayer in order to
have an overall high transmission is estimated to be less than
100 nm. In other words, it is impossible to enhance photocata-
lytic activity with thick TiO,. This is also a motivation for our
work.

Our present research forms a fourth approach, namely
plasmonic photocatalysis. The idea of plasmonic photocatalysis
is as follows. TiQ of anatase phase is a semiconductor with a
band gap of 3.26 eV2 so near UV irradiation can excite pairs
of electrons and holes. Ag NPs show a very intense LSP
absorption band in the near-UV regi&iiThis is associated with
a considerable enhancement of the electric near-field in the
vicinity of the Ag NPs. We therefore hypothesized that this
enhanced near-field could boost the excitation of electiuie
pairs in TiQ, and therefore increase the efficiency of the
photocatalysis.

Similar ideas were already outlined in the pHs For
example the photoinduced charging and dark discharging
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Figure 1. Scattering response. The extinction cross section for a spherical
Ag nanoparticle (NP) of 50 nm diameter as a function of the wavelength
and the thickness of a Si&hell. The core-shell structure is surrounded

by TiO,. White denotes a large value, and black, a low value.

600

details on the Ag NPs fabrication are described in the Supporting

of a silver core as a means to modulate the surface plasmoninformation. A solution for the photocatalytic TiGilm of thickness

band of Ag@TiQ clusters was reported. Also the photocatalytic
activity of TiO, colloids was compared with Ag@ TiOby
carrying out reduction of g following 308 nm laser pulse
excitation. Nevertheless, the anticipated higher catalytic activity
for Ag@TIO, clusters could not have been confirmed. The
experimental results showed an opposite trénd.

From our point of view, a problem is that Ag NPs, which
are chemically very reactive, would be oxidized at direct contact
with TiO,. For example, Ag could have been oxidized at the
TiO,—Ag interface to form eventually a 10 nm thick layer of
silver oxide (AgO) at room temperature. Such values were
already measured employing time-of-flight secondary ion mass
spectroscopy (TOF-SIMSY. The result strongly supports our
idea. To prevent this oxidation, Ag NPs have to be coated with
a passive material, such as $j@ separate them from TiO
However, as the near-field amplitude decays in a rough
estimation exponentially with the distance from the NP’s
surface!d the protection layer has to be kept sufficiently thin.

of ~90 nm was spin-coated onto the Sifayer, and the composite
was heated at 500C for 30 min to give an anatase phase. For
comparison, Ag NPs embedded in Ti@ithout a SiQ coating were

also prepared. Commercial grade methylene blue trihydrate (Wako Pure
Chemical Industries, Ltd.) was used as a standard material to estimate
photocatalytic decomposition. The photocatalytic decomposition of
methylene blue (MB) on Ti@was examined by optical absorption
spectroscopy. A 20 mM aqueous solution of MB was spin coated onto
the surface of the Ti©@on the Ag/SiQ core-shell structure and the
uncoated TiQ structure. The amount of the MB layer was monitored
from its absorbance at a wavelength of 580 nm for various illumination
times.

Results and Discussion

To start with, the extinction cross section (extinctien
scattering+ absorption) upon plane wave illumination for a
spherical Ag NP with a diameter of 50 nm has been calculated
using Mie theory as a function of the wavelength and the,SiO
shell thickness. Results in Figure 1 show the color coded

Furthermore, the peak wavelength of the plasmon resonance isyiinction. We have assumed Ti@s the surrounding medium

sensitive to both the NP size and the medium surrounding the
NP. Mie theory is a powerful tool for estimating the resonance
wavelength and was therefore applied to predict the scattering
behavior of the NP’ We need to estimate the optimal diameter
of Ag NPs and the appropriate thickness of the Ss@ell to
generate LSP in the wavelength region near UV. The Finite-
Difference Time-Domain (FDTD) method was then applied to
simulate exemplarily a setup to permit for an estimation of the
field enhancement in the TiQayer due to the presence of the
Ag NPs!8

Experimental Section

For experimental realization, the Ag NPs were coated with, B0
a sputtering technigue to form a Ag/Si€ore—shell structure. Further

(12) Rao, M. V.; Rajeshwar, K.; Pai Verneker, V. R.; Dubowd.PPhys. Chem.
198Q 84, 1987-1991.

(13) Kerker, M.J. Colloid Interface Sci1985 105 297-314.

(14) Hirakawa, T.; Kamat, P. VLangmuir2004 20, 56455647.

(15) Hirakawa, T.; Kamat, P. \J. Am. Chem. SoQ005 127, 3928-3934.

(16) Romanyuk, A.; Oelhafen, Bol. Energy Mater. Sol. Cel007, 91, 1051~
1054.

(17) Mie, G.Ann. Phys. (Leipzigl908 25, 377-445.

(18) Taflove, A.; Hagness, S. Computational Electrodynamics: The Finite-
Difference Time-Domain Methp@nd ed; Artech House: Norwood, MA,
2000.

in the entire outer space. Refractive indices of the materials were
taken from literaturé? We can see that the maximum extinction
for a Ag NP without a Si@ shell (Rshet = 0 nm) occurs at a
wavelength of 600 nm. This is in good approximation with the
wavelength where the dielectric function of TiQulfills the
excitation condition for an LSP resonance in the dipole limit,
namely 2tio2(4) + eag(4) = 0. By increasing the thickness of
the SiQ shell the resonance wavelength shifts to smaller
wavelengths. It shifts down to approximately 390 nm in the
case of a 50-nm-thick Sishell, although sufficient saturation
toward the required wavelengths of 400 nm is observed for shell
thicknesses as small as 20 nm. Here, we recall that the
photocatalytic activity of TiQappears in the wavelength region

of near-UV. We can therefore conclude that a 50-nm spherical
Ag NP with a SiQ shell less than 50-nm thick is appropriate
to cause a plasmon resonance at about 400 nm. Extinction
spectra for larger NPs show the same qualitative behavior, with
the only difference being a further broadening of the resonance
line width. To obtain a more detailed estimation on the potential

(19) Palik, E.Handbook of Optical Constants of Solidscademic Press Inc.:
U.S., 1985.
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Figure 2. Near-field amplitude. Amplitude enhancement inside aTiO
substrate was shown at the interface to a,SGbstrate where a Ag NP
with a diameter of 40 nm is embedded. The center of the coordinate system
coincides with the center of the NP. The sketched sphere does not posses
the correct dimensions but merely serves to indicate the geometrical situation
that was simulated. Thepolarized illuminating plane wave propagates in
the z-direction.

enhancement of the electric near-field amplitude in the vicinity
of Ag NPs, the light propagation in a representative geometry
of the device was furthermore simulated using the FDTD
method (for details see the Supporting Information). Figure 2

shows the amplitude enhancement at a wavelength of 400 nm

inside a TiQ substrate shortly below an interface to Sihere
a 40 nm Ag NP is embedded. An amplitude enhancement up

to 7 can be observed. This enhanced electric near-field amplitude

around the Ag NPs will be used for the plasmonic photoca-
talysis. From such a simple consideration, we conclude that Ag
NPs in the size domain of 28100 nm covered with a SO
shell will support LSP resonances in the relevant spectral domain
of near-UV. The occurrence of such an LSP resonance is
experimentally verified.

A scanning-electron micrograph (SEM) of the fabricated Ag
NPs is shown in Figure 3a. Ag NPs with a wide range of
diameters in the range 3@00 nm were observed (for fabrica-
tion details see the Supporting Information). In this preparation
method, the volume ratio of the Ag NPs was dictated by the
heating temperature and time. Figure 3b shows a top-view SEM
of the Ag/SiQ core—shell structure. The milky colored spots
represent Ag NPs covered with a Si@yer. In other words,
the Ag NPs on the Si@substrate were completely covered with
a layer of SiQ.

Figure 3c shows a cross-sectional SEM of T the Ag/
SiO, core-shell structure. The top layer is a porous FiO
structure with a thickness of 90 nm. A 60-nm-diameter Ag NP
can be seen between the pi@nhd SiQ layer (red arrow). Some
milky-colored Ag NPs can also be identified (black arrows),
but these are not so clear because they are hidden by the TiO
and SiQ layers. To observe the Tibn the Ag/SiQ core—
shell structure clearly, a transmission electron micrograph (TEM)
study was also performed. The specimen was thinned by the
ion-milling method. Figure 4 shows a cross section of JJi@

other words, the Ag NPs are nicely covered with a SiBell
~20-nm thick. To estimate the impact of the Ag NP’s distance
from the TiQ; layer on the photocatalytic response, further
samples were fabricated with various thicknesses for the SiO
shell (see Supporting Information, Section 2). For comparison,
a structure comprising Ag NPs embedded in Fi@thout a
covering of SiQ was also prepared.

The optical absorption spectra of TAO'iO, on Ag NPs, and
TiO, on Ag/SiG core—shell structures were measured. Results
are shown in Figure 5 curves (a), (b), and (c), respectively.
The thickness of Ti@ for all the samples was 90 nm. The
hump in the absorbance at 380 nm and the maximum at 530
nm in curve (a), TiQ only, arise potentially from interference
in the stratified media and not from absorption. Therefore,
absorbance at 530 nm disappears in the film comprising the
Ag NPs and shown in curve (c). The absence of a plasmon
peak in curve (b) is associated with the oxidation of Ag NPs.
The refractive index of the resulting AgO is 2.30t is almost
the same as the refractive index 2.19 for anatase phasge TiO
The layer therefore shows well pronounced FabPgrot
oscillations.

Also after methylene blue (MB) was completely removed
by UV illumination, the contour of the spectrum became complet
ely the same as that for the spectrum before MB deposition.
This strongly supported the fact that optical absorption was
not introduced in any materials by UV illumination. The
strong absorption below a wavelength of 340 nm in curve (a)
of Figure 5 is associated with the optical band gap of; Ti®
curve (b), a peak indicating the presence of an LSP for the
sample made of Ti@on Ag NPs is not observable. It is
presumed that the Ag NPs were destroyed through oxidation
by TiO,. A LSP resonance peak can be observed at 410 nm in
the case of TiQ on the Ag/SiQ core-shell structure. We
conclude that the SiDlayer acts successfully as a barrier on
the Ag NPs. Furthermore, the plasmon resonance is sufficiently
blue-shifted to enhance the photocatalytic response 0f.TiO
The tail of the localized surface plasmon resonance in the
UV region has an effect on the photocatalyst. Detailed inves-
tigations on the relation between LSP and the thickness of the
SiO; shell are shown in Figure S2 of the Supporting Information,
Section 2.

The photocatalytic decomposition of methylene blue (MB)
on TiO, was examined by optical absorption spectroscopy.
Experimental details are shown in Figure S3 in the Supporting
Information, Section 3. Figure 6 shows the absorbance at a

wavelength of 580 nm plotted against the near-UV illumination
time for TiO, alone [(a), black line and triangles] and Tion
the Ag/SiQ core-shell structure with the shell thickness of 20

nm [(b), red line and circles]. Average values of each three
different areas on two samples which were fabricated on
different days (i.e., average of six values) were plotted with
error bars. The rate of decomposition of MB on the Ag/SiO
core—shell structure was five times faster than that on sTiO
alone. Ag NPs were not found on the top surface of ;Ji€d

the Ag/SiQ core—shell structure observed by TEM. Ag NPs
with diameters in the range 300 nm can be seen. It is
possible to distinguish between the S&ibstrate and the S;O
layer deposited by sputtering because the bottoms of the Ag
NPs are on the same line. In Figure 4, a thin silica layer can be
recognized between Ag nanoparticles and the,Ti&er. In
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Figure 3. SEM observations. (a) Top view of Ag NPs on a gEDbstrate. The 2.5-nm-thick Ag film was annealed at 80@or 5 min to generate Ag NPs.
(b) Top view of Ag NPs embedded in a Sitayer deposited by sputtering. (c) Cross-sectional view of, Til® on Ag-core-SiO,-shell on a Si@substrate.
The TiQ;, film was deposited by spin coating with a coating solution, followed by heating atGd0r 30 min.
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Figure 5. Optical absorption spectra. (a) TiQhin film, (b) Ag NP
embedded in TiQ and (c) Ag NPs covered with Sidayer embedded in
TiOa.

the accelerated decomposition of MB is not the result of Ag
NPs acting as an electron trap to aid electrbple separation
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Figure 6. Decomposition rate of methylene blue (MB) under near-Uv
irradiation. Decomposition was monitored at a wavelength of 580 nm in
the optical absorption spectra. A 20 mM aqueous solution of MB was coated
on the TiQ with a spin coater. (a) A Ti®film on a SiG, substrate. (b) A
TiO; film on a Ag/SiQ core-shell structure on a SiOsubstrate. Si@
thickness for (a) and (b) was 20 nm. (c) A Bi@m on a Ag/SiQ, core—

shell structure where SiCthickness was 5 nm on a SiGubstrate. All
lines serve as a guide for the eyes.

and must, therefore, be the effect of LSP resonance. Photocata-

Iytic activity was examined on Ag/Sikcore—shell structures
with even thinner Si@shell thicknesses. In Figure 6c, the blue
line and squares represent results obtained from, BiIOAg/
SiO, core—shell structures with a Sigahickness of 5 nm. The

decomposition rate of the structure was seven times faster tha

that on TiQ alone in (a). In the case of 5-nm-thick SiG\g
NPs appeared on the SiGurface as shown in Figure S1(a).

We assumed that Ag NPs potentially retard furthermore the

recombination of electronhole pairs. In conjunction with the
LSP resonance it gives rise to the observed enhancement i
photocatalytic activity.

Finally, we examined the effect of LSP on photocatalytic
activity as a function of the SiDthickness. Photocatalytic
activity decreased with increasing thickness of the S#&yer.
Photocatalytic activity with 100 nm thick SiQvas observed
to be close to that of pure T This fact implies that the
increase of photocatalytic activity was obtained exclusively from
the LSP resonance from Ag nanoparticles.

Summary

We propose a new type of photocatalyst that employs the
enhanced electric field amplitude on the surface of Ag NPs
the spectral vicinity of their plasmon resonances,
particularly for the near-UV region. The key is that the Ag
NPs must be coated with a SiGhell to prevent foremost
their oxidation by TiQ. Furthermore, as the wavelength of

n

surface plasmon resonance is shifted toward a higher

wavelength with an increasing refractive index of the
neighboring material, the necessary Si€hell with a low
refractive index plays a cardinal role in shifting the LSP
resonance back to the important spectral domain of the
near-UV. Besides the enhanced photocatalytic efficiency as
achieved by this method, a further cardinal advantage of the
present device is the ability to fabricate it as a large area
photocatalytic material.
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