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ABSTRACT: We report the plasmonic enhancement of the
photocatalytic properties of Pt/n-Si/Ag photodiode photo-
catalysts using Au/Ag core/shell nanorods. We show that
Au/Ag core/shell nanorods can be synthesized with tunable
plasmon resonance frequencies and then conjugated onto
Pt/n-Si/Ag photodiodes using well-defined chemistry.
Photocatalytic studies showed that the conjugation with
Au/Ag core/shell nanorods can significantly enhance the
photocatalytic activity by more than a factor of 3. Spectral
dependence studies further revealed that the photocatalytic
enhancement is strongly correlated with the plasmonic
absorption spectra of the Au/Ag core/shell nanorods,
unambiguously demonstrating the plasmonic enhancement
effect.

Photocatalytsts can harness solar energy to drive useful redox
chemistry and therefore are of considerable interest for solar
energy harvesting, conversion, and storage as well as environ-
mental pollutant treatment." We recently reported the design
and synthesis of a new generation of photocatalysts involving
integration of a nanoscale photodiode with two distinct redox
nanocatalysts in a single nanowire heterostructure.” Specifically,
a nanoscale metal/semiconductor (e.g., Pt/n-Si) Schottky diode
is encased in a protective insulating shell (silicon oxide) and
integrated with two metallic nanocatalysts (e.g,, Pt and Ag) in a
heterojunction nanowire. The internal built-in potential across
the Schottky diode promotes the eflicient dissociation of photo-
excited electron—hole pairs and directs the transport of the
separated charge carriers to the integrated redox catalysts
for improved photocatalytic activity. The silicon oxide shell
also prevents direct electrochemical reactions on the semicon-
ductor surface and therefore ensures exceptional photochemical
stability.

This rational design of photocatalytic nanosystems allows
efficient charge separation, transport, and utilization to enable
excellent photocatalytic quantum efficiency. However, the over-
all efficiency of the Pt/n-Si/Ag photodiodes can still be limited by
relatively low optical absorption (<20%).>> Here we report a
further enhancement of the photocatalytic performance of such
photodiodes using Au and Au/Ag core/shell plasmonic nano-
rods. Coupling plasmonic metal nanostructures with semicon-
ductor materials has the potential to increase significantly the
absorption of semiconductors through a local field enhancement
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effect”® However, the investigation of plasmonic-enhanced
photocatalytic properties is less straightforward. Most studies
carried out to date have involved direct contact between the
metallic nanostructures and the semiconductors.” With this
direct coupling, the enhanced photoactivity is often convoluted
and has been attributed to the roles of the metal nanostructures
as the electron-trapping centers and/or the local surface plasmon
resonance effect.* It is often difficult to differentiate these two
fundamentally different mechanisms. On the other hand, direct
contact between the metal and the semiconductor may also
introduce interface trapping states that can increase electron—
hole recombination and Fermi level pinning to degrade the
photocatalytic activity.” Indeed, a reduced photocatalytic ac-
tivity has also recently been reported for photocatalysts with
direct contact between the metal nanostructures and the semi-
conductor materials.” Introducing a thin insulating shell to
provide electrical isolatation of the metal nanostructures can
avoid the interface defects and/or charge transfer between the
semiconductor and the metal while allowing the propagation of
an optical field around the metal nanostructures, resulting in
locally concentrated light for the enhancement of photocatalytic
:;1ctivity.7

Herein we report an unambiguous investigation of plasmonic
modulation of photocatalyst properties by coupling plasmonic
nanostructures (Au nanorods and Au/Ag core/shell nanorods)
and Pt/n-Si/Ag photodiode photocatalysts with ~15 nm thick
silicon oxide shells. The Au/Ag core/shell nanorods were
selected here because of their broad plasmon resonance tun-
ability from the near-UV to the IR range, which allows for wide
spectral dependence studies. The 15 nm silicon oxide shell
can serve several purposes: (1) 1t protects the semiconductor
materials from direct photoelectrochemical corrosion to improve
the stability; without this protection, the photoelectrochemical
corrosion could lead to degradation/dissolution of the semicon-
ductors and/or cause the metal nanostructures to break away
from the semiconductors. (2) It avoids direct charge exchange
between the semiconductor and the metal to avoid the formation
of interface defects and Fermi level pinning. (3) It prevents the
metal nanostructures from functioning as an additional cocatalyst
for photocatalytic reactions that could complicate the interpreta-
tion of the results. Therefore, the coupling of silicon oxide-
insulated Pt/n-Si/Ag photodiodes with Au/Ag nanorods pro-
vides an interesting and clean system for investigating the
plasmonic effect on photocatalysis.
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Figure 1. Structure and spectroscopic characterization of Au and Au/
Ag core/shell nanorods. (a—c) TEM images of (a) Au nanorods, (b)
Au/Ag core/shell nanorods-A with a Ag/Au molar ratio of 0.86,
and (c) Au/Ag core/shell nanorods-B with a Ag/Au molar ratio of
2.58. The scale bars in (a—c) are all SO nm. (d) Absorption spectra of
the Au and Au/Ag core/shell nanorods shown in (a—c): black, Au
nanorods; red, Au/Ag core/shell nanorods-A; blue, Au/Ag core/shell
nanorods-B.

The Au/Ag core/shell nanorods were synthesized by adding
gold nanorod seeds (Figure 1a) into a silver coating solution
containing silver nitrate (AgNOj3), ascorbic acid (AA), and
sodium hydroxide (NaOH).® For a fixed amount of gold nanorod
seeds, increasing the amount of AgNOQj; led to a strong color
change from light-brown to green, orange, and yellow, suggesting
a change of plasmonic absorption due to the formation of the
silver coating. Transmission electron microscopy (TEM) studies
clearly showed Au/Ag core/shell nanorod structures (Figure 1b,c).
The images also confirmed the expected increase of silver
shell thickness with increasing concentration of AgNOj in the
coating solution. UV—vis absorption spectroscopic studies
clearly showed the obvious tunability of the spectral features.
With increasing silver ion concentration and consequently
increasing silver shell thickness, the resulting plasmonic absorp-
tion peaks were progressively blue-shifted relative to the spec-
trum of the starting gold nanorods (Figure 1d).

The synthetic method for the Pt/n—Si/Ag nanowire photo-
diodes is summarized in our previous report” and the Support-
ing Information (SI). In brief, the silicon nanowire arrays were
prepared by electroless wet chemical etching followed by
baking at 900 °C under ambient conditions to form a silicon
oxide shell with a thickness of ~15 nm. The Pt/Si heterojunc-
tion nanowires were prepared through partial silicon dry
etching followed by electrodeposition of Pt. Silver metal was
deposited on the silicon end of Pt/Si heterojunction nanowires
through a self-catalyzed photoreduction process. The TEM
image in Figure 2a clearly shows the interface of the Pt/Si
heterostructure with a silver particle anchored at the silicon end
of the nanowire. Energy-dispersive X-ray (EDX) studies further
confirmed the three distinct sections of Pt, Si, and Ag in the
heterojunction nanowire.

Figure 2. TEM images of (a) a Pt/n-Si/Ag photodiode, (b) a photo-
diode photocatalyst with Au nanorods loaded on the surface, (c) a
photodiode photocatalyst with Au/Ag core/shell nanorods-A on the
surface, and (d) a photodiode photocatalyst with Au/Ag core/shell
nanorods-B on the surface. The insets in (b—d) show images of
individual nanorods on the surfaces of the photodiodes. The scale bars
in the insets are 30 nm.

The three kinds of Au or Au/Ag plasmonic nanorods were
then loaded on the surfaces of photodiodes using (3-mercapto-
propyl)trimethoxysilane (MPTMS) as the coupling agent. To
this end, MPTMS was first used to modify the Au and Au/Ag
core/shell nanorods. The silane-modified nanorods were then
conjugated onto the silicon oxide shell of the photodiodes in
ethanol solution. Coupling the photodiodes with Au nanorods
(Figure 1a), Au/Ag core/shell nanorods-A (Figure 1b), and Au/
Ag core/shell nanorods-B (Figure 1c) afforded three photocata-
lysts, named as Au NRs—Diodes (Figure 2b), Au/Ag NRs-A—
Diodes (Figure 2c), and Au/Ag NRs-B—Diodes (Figure 2d),
respectively. The average number of metallic nanorods per micro-
meter length of photodiode nanowire was about 200, 175, and 115
for AuNRs, Au/Ag core/shell nanorods-A, and Au/Ag core/shell
nanorods-B, respectively.

The photocatalytic degradation of organic dyes or toxic
pollutants is of great significance in environmental pollutant
treatment and represents a commonly used approach to char-
acterize the activity of photocatalysts. To this end, photocatalytic
degradation of nitrobenzene (NB) was performed to evaluate the
photocatalytic activity of the photodiodes and plasmonic reso-
nance effect of the metal nanorods. NB has an absorption peak at
267 nm (Figure S1 in the SI) that does not interfere with the light
absorption of the plasmonic nanostructures. For photocatalytic
studies, photocatalysts containing 2 mg of photodiodes were
dispersed in 10 mL of 300 #M NB aqueous solution. The reaction
mixtures were exposed to light irradiation from a 300 W xenon
lamp (power density ~0.56 W/cm®) under vigorous stirring. The
experimental parameters were identical for all reactions. The
reaction system was cooled by air flow. Small aliquots were taken
out at different reaction times. The nanowire photodiodes were
centrifuged off, and the concentration of the NB aqueous solution
was monitored by UV—vis absorption spectroscopy.

Figure 3a shows the concentration of the NB solution as a
function of reaction time. The blue up-triangles, red circles,
olive diamonds, and purple right-triangles represent the NB dye
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Figure 3. (a) Photocatalytic activities of two controls and four catalysts
in the NB degradation reaction: NB alone (black squares); mixture of
NB and Au/Ag core/shell nanorods-B (magenta stars); Pt/n-Si/Ag
photodiodes alone (blue triangles); Au NRs—Diodes (red circles); Au/
Ag NRs-A—Diodes (olive diamonds); Au/Ag NRs-B—Diodes (violet
right-triangles). (b) Photoactivity enhancement factor (black squares)
for Au NRs—Diodes as a function of excitation wavelength. The solid
curve is the absorption spectrum of Au nanorods. (c) Photoactivity
enhancement factor (black squares) for Au/Ag NRs-A—Diodes as a
function of excitation wavelength. The solid curve is the absorption
spectrum of Au/Ag core/shell nanorods. (d) Photoactivity enhance-
ment factor (black squares) for Au/Ag NRs-B—Diodes as a function of
excitation wavelength. The solid curve is the absorption spectrum of
Au/Ag core/shell nanorods.

photodegradation catalyzed by photodiodes, Au NRs—Diodes,
Au/Ag NRs-A—Diodes and Au/Ag NRs-B—Diodes, respec-
tively. The percentage of NB degraded by pure photodiodes
was 34.6% within 40 min of light irradiation. In contrast, light
irradiation of NB alone and of a mixture of NB and 1 mg of Au/
Ag core/shell nanorods-B resulted in slow photodegradation of
NB (~7% within 40 min), confirming that the photocatalytic
activity indeed originated from the Pt/Si/Ag photodiodes. Sig-
nificantly larger percentages of NB were degraded with the Au
NRs—Diodes, Au/Ag NRs-A—Diodes, and Au/Ag NRs-
B—Diodes. The apparent photodegradation rates of NB cata-
lyzed by these materials during the first 20 min linear degradation
region were respectively 1.61, 2.20, and 3.30 times that of the
reaction catalyzed by photodiodes alone. The experiments were
repeated three times to confirm the plasmonic enhancement
effect. Compared with photodiodes alone, the average enhance-
ment factors were 1.68 = 0.08, 2.09 £ 0.09, and 3.18 4= 0.11 for
Au NRs—Diodes, Au/Ag NRs-A—Diodes, and Au/Ag NRs-
B—Diodes, respectively. Because of the existence of the silicon
oxide shell on the surface of the photodiodes, the accelerated rate
of NB photodegradation is not a result of metal nanorods acting
as electron traps to aid electron—hole separation or an additional
cocatalytic effect by the metal nanostructures. It can therefore be
attributed to the plasmonic resonance effect of the metal
nanostructures.

To provide further confirmation that the enhancement was
due to the plasmonic resonance effect, we investigated the
spectral dependence of the photocatalytic activity. In this case,
amonochromator (Corner 260, Newport) was used to modulate
the wavelength of the incident light. All of the experiments were

repeated three times to ensure consistency between experiments.
Figure 3b shows the photoactivity enhancement factor for the Au
NRs—Diode composites relative to that of the photodiodes
alone as a function of the irradiation wavelength. The results
clearly demonstrate that the enhancement shows a strong
spectral dependence that qualitatively matches well with the
intensity of the UV —vis extinction spectrum of the Au nanorods.
The same phenomenon was also observed for Au/Ag NRs-
A—Diodes and Au/Ag NRs-B—Diodes (Figure 3c,d). Since gold
or silver extinction is a consequence of the excitation of the local
surface plasmon resonance, the qualitative match between the
metal nanorods' plasmon resonance intensities and the corre-
sponding enhancement factors unambiguously demonstrates
that the plasmon resonance of the metal nanorods is the primary
factor responsible for the enhanced photocatalytic activity of the
photodiodes. Parallel studies on photodegradation of indigo
carmine (IC) also showed qualitatively similar results (Figure
S2), further confirming the strong plasmonic enhancement of the
photoactivity of the Pt/Si/Ag photodiodes.

We also used the finite-difference time-domain (FDTD)
approach to simulate the plasmon resonance enhancement of
the local optical field. The simulation showed that an optical field
enhancement of more than 1 order of magnitude can be achieved
in the very proximity of the plasmonic nanostructures and that
the enhancement quickly decays to a much smaller enhacement
factor of 1.5—5 at a distance of 15 nm from the plasmonic
nanostructures (Figure S3). The overall enhancement factors
observed in our experiment are comparable to or slightly better
than the simulation results. A few factors may contribute to the
additional enhancement. First, the existence of aggregated plas-
monic nanorods and the local field coupling between the
plasmonic nanorods could increase the enhancement depth.
Second, the enhancement within the 15 nm SiO, could also
contribute to the overall enhancement of absorption through an
optical trapping effect (i.e., the photon can be trapped within the
nanowires by means of a wave-guiding effect).”

In summary, we have designed and synthesized a model
system to provide a definitive investigation of plasmonic-reso-
nanace-enhanced photocatalytic properties by coupling Pt/n-Si/
Ag photodiodes with Au nanorods or Au/Ag core/shell nano-
rods. Our studies have shown that the local surface plasmon
resonance of metal nanostructures can be employed to enhance
light absorption of semiconductor materials, resulting in greatly
enhanced photoactivity. The overlap between the UV—vis
absorption of the metal nanorods and the spectral-dependent
enhancement factor for each photocatalyst demonstrates
strongly that the enhanced photoactivity can be attributed the
local surface plasmon resonance of the metal nanorods. It is well-
known that the plasmonic enhancement effect is highly localized
to the surface of metal nanostructures with a roughl;r exponen-
tially decay of the strength in space (Figure S3).” With the
continued optimization of the heterostructures (e.g., by reducing
the oxide layer thickness), it should be possible to improve the
enhancement effect further.

B ASSOCIATED CONTENT

© Supporting Information. Experimental details about
synthesis of nanostructures and photocatalytic reactions. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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