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ABSTRACT: A systematic study of the mechanisms of Au nanoparticle/ s B NE (ol
TiO,-catalyzed photoreduction of CO, and water vapor is carried out over ? oL
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intense electromagnetic fields enhance sub-bandgap absorption in the
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TiO,, thereby enhancing the photocatalytic activity in the visible range.

When the photon energy is high enough to excite d band electronic transitions in the Au, in the UV range (254 nm), a different
mechanism occurs resulting in the production of additional reaction products, including C,Hs, CH;OH, and HCHO. This occurs
because the energy of the d band excited electrons lies above the redox potentials of the additional reaction products CO,/C,Hg,
CO,/CH;0H, and CO,/HCHO. We model the plasmon excitation at the Au nanoparticle-TiO, interface using finite difference
time domain (FDTD) simulations, which provides a rigorous analysis of the electric fields and charge at the Au nanoparticle-TiO,

interface.
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B INTRODUCTION

Photocatalytic conversion of carbon dioxide into hydrocar-
bons is of great interest for its potential to convert an abundant
greenhouse gas to useful hydrocarbon fuels. In 1979, Inoue et al.
first demonstrated the photoelectrocatalytic reduction of aqu-
eous carbon dioxide to produce formic acid, formaldehyde,
methyl alcohol, and methane using semiconducting photocata-
lytic powders, including TiO,, ZnO, CdS, GaP, SiC, and WO,
In addition, Halmann reported formic acid production from
aqueous CO, at the p-type GaP photocathode in an electro-
chemical photocell” and oxide semiconductors in a photoche-
mical solar collector.” Hemminger and co-workers demonstrated
photosynthetic reduction of carbon dioxide in water vapor to form
methane on SrTiOj; crystalline surfaces without any externally
applied potential and in the absence of a liquid electrolyte.*

TiO, is one of the most promising photocatalysts for carbon
dioxide reduction; however, it does not absorb light in the visible
region of the electromagnetic spectrum. Because of TiO,’s short
wavelength cutoff, only a small fraction of solar photons (~4%)
can be used to drive this photocatalyst. The resulting low
photocatalytic yield of TiO, is perhaps its main disadvantage
for the photocatalytic conversion of carbon dioxide into hydro-
carbons. Several attempts have been made to increase its yield.®
For example, copper-> ’ copper oxide-,*” silver-,”'* and ruthe-
nium dioxide-doped"'' TiO, have resulted in increased yields.
Previously, our group and several others have reported plasmon
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resonant enhancement of dye photodegradation,'” oxidation of
CO" and organic compounds,'* and photoelectrochemical
reactions.'>'® However, the mechanism for this increased photo-
catalytic activity is controversial. Tatsuma’s group and others
treat the plasmon excitation in the metals as having an energy
separation between the electrons and holes, which enables
electron transfer from the Au nanoparticles to the adjacent
TiO,."* ¢ However, surface plasmons consist of the collective
oscillation of charge bound to the Au surface, and therefore have
no highest occupied molecular orbital (HOMO) to lowest
unoccupied molecular orbital (LUMO) or valence band-con-
duction band energy separation associated with them. It is well-
known that a Schottky barrier is formed at metal-semiconductor
junctions. In this paper, we provide a rigorous analysis of this
charge transfer process by calculating the electron transfer from
the plasmon excitation in the Au nanoparticle to the TiO,
semiconductor using the electric potentials calculated from
numerical electromagnetic simulations together with the ideal
diode equation for a Au/TiO, Schottky junction.

Noble metal nanoparticles combined with semiconductors
have been widely studied for improved charge separation of
photogenerated electron—hole pairs, thus enhancing the overall
photocatalysis of semiconductors under UV illumination.'””*
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Figure 1. (a) Schematic diagrams of three types of photocatalysts. (b) Photocatalytic product yields (after 15 h of visible irradiation) on three different
catalytic surfaces. (c) Energy band alignment of anatase TiO,, Au, and the relevant redox potentials of CO, and H,O under visible illumination.

Noble metal nanoparticles alone are also potential photocata-
lysts, since they also can absorb UV light via interband
transitions.>* However, the photocatalytic activity of noble metal
nanoparticles themselves has not been acknowledged as signifi-
cant. It is worth mentioning that Haruta and co-workers have
previously carried out extensive studies of Au nanoparticles on
metal oxide surfaces.>* 2% In their work, Au nanoparticle/metal
oxide composites were used to catalyze thermally driven oxida-
tion reactions at low temperatures, rather than photocatalytic
processes. Zhu et al. have observed photocatalytically driven dye
photodecomposition, phenol degradation, and benzyl alcohol
oxidation under UV illumination arising from the electronic
interband transitions in Ag.23 Under visible illumination, how-
ever, no phenol degradation or benzyl alcohol oxidation was
observed. Photodecomposition of organic dye molecules is
observed under visible light, and was attributed to surface
plasmon resonance. However, the details of this mechanism
were not discussed, whether it was a charge-, thermal-, or field-
mediated process. Besides Ag, Au also has interband electronic
transitions in the UV range,® > and thus Au nanoparticles
themselves can also contribute to the photocatalytic activity of
metal/semiconductor composites under UV radiation.

In this paper, we study the mechanisms of Au nanoparticle/
TiO,-catalyzed photoreduction of aqueous CO, under four
different excitation wavelengths (two in the visible range and
two in the UV range), which enables us to separate processes
associated with the plasmon resonance (visible range) from

those associated with electronic transitions in the Au itself
(UV range). The mechanisms for increased photocatalytic
activity are studied systematically by monitoring various reaction
products, which have different reduction potentials. We model
the plasmon excitation at the Au nanoparticle-TiO, interface
using finite difference time domain (FDTD) simulations, which
provides a rigorous analysis of the electric fields and charge
at the Au nanoparticle-TiO, interface. Our interband transition
hypothesis/model provides an alternative explanation for the
enhancement role of noble metal nanoparticles in TiO, photo-
catalysis purely based on the relative energies of the electrons and
holes in the solid materials with respect to the redox potentials of
the reaction products.

B EXPERIMENTAL SECTION

In this work, three basic sample types are fabricated and
characterized: (1) bare TiO,, (2) Au nanoparticles deposited on
top of TiO,, and (3) bare Au nanoparticles, as depicted in
Figure la. Anatase titania thin films are prepared in our lab by the
sol—gel process and follow the general recipe of acid catalyzing
dilute titanium ethoxide in ethanol.>* The solution is then mixed
with surfactant (P123) and stirred for several hours until a sol
forms. Substrates of glass or quartz are spin-coated to achieve the
desired film thickness of 400 nm. The substrates are then
positioned horizontally and dried at room temperature in air
for 24 h, thereby allowing most of the solvents and hydrochloric

930 dx.doi.org/10.1021/cs2001434 |ACS Catal. 2011, 1, 929-936
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acid to evaporate and the surfactant to self-organize. The dried
films are then annealed at 400 °C in air for 4 h to improve
their crystallinity and drive off any remaining solvents and
surfactant. Raman and XRD spectra of the resulting TiO, are
given in Supporting Information, Figure S1, which shows that
anatase TiO, is obtained. A thin film of gold is deposited on the
TiO, surface in vacuum using electron beam evaporation, while
the film thickness is monitored with a crystal oscillator. A S nm
deposition of gold is not thick enough to form a continuous
film and, instead, produces an island-like morphology that is
known to be strongly plasmonic.**** A high resolution trans-
mission electron microscope (TEM) image of a S nm Au film
is shown in Figure 4a. Subsequent annealing of this island-
like film at 400 °C in air for 1 h produces more spherical Au
nanoparticles, as shown in Supporting Information, Figure S2.
Thin Au evaporated films (~5S nm) are known to form
island-like growth, which serve as good substrates for surface
enhanced Raman spectroscopy (SERS) and other plasmonic
phenomena.** %’ To make bare Au nanoparticles on an inactive
support, a gold film with a nominal thickness of 5 nm is evap-
orated on glass.

Absorption spectra of the bare TiO, and Au nanoparticle/
TiO, films are recorded on a Perkin-Elmer Lambda 950 UV /vis/
NIR spectrophotometer with an integrating sphere detector. The
photocatalytic reduction of CO, and H,O are carried out in a
sealed 51.6 mL stainless steel reactor with a quartz window for
the three basic sample types described above. The photocatalytic
films are placed on the catalyst holder, which is on the bottom of
the reactor. A schematic diagram of the experimental setup is
shown in Supporting Information, Figure S3. The reactor is first
purged with CO, saturated water vapor for 1 h before closing the
system. The reactor is then illuminated with either UV light
(254 nm 20 mW/cm” or 365 nm 20 mW/cm® UV lamp) or
visible light (532 nm 350 mW/ cm? green laser) for 15hat 75 °C.
The irradiated surface area is limited by the surface area of the
photocatalysts (10 cm®). Reaction products are analyzed using a
Varian gas chromatograph (GC) equipped with TCD (with a
detection limit of 100 ng for CO,) and FID (with a detection
limit of SO pg for small organic molecules) detectors. The GC is
calibrated by a series of gas samples with known amounts of CH,,
CH;0H, HCHO, and C,Hg. A 300 uL portion of gas (products
and unreacted reagents) is sampled after 1S h of illumination for
each reaction. Since only 300 uL of unreacted reagents and
products are sampled and tested using GC, the yields are
calculated by normalizing to the full volume of the reactor
(51.6 mL).

B RESULTS

Figure 1b shows the product yields of the photoreduction of
aqueous CO, expressed per 1 m” of catalyst surface area after 15
h visible (532 nm laser) illumination. Here, methane is the only
product detected by the GC for the three basic sample types, bare
sol—gel TiO,, Au nanoparticle/TiO,, and bare Au nanoparticles.
These reactions can be understood by comparing the conduction
and valence band energies of TiO, with the reduction potentials
of CO, for the three reduction products CH,;, HCHO, and
CH;O0H, as shown in Figure 1c."* Since the conduction band of
TiO, lies above the reduction potential of CO,/ CH,,*® it is
energetically favorable for electrons from the conduction band of
TiO, to transfer to CO, to initiate the reduction of CO, with
H,0 producing CH,.** Methane is the only favorable product

since the reduction potentials of CO,/HCHO and CO,/
CH;OH lie above the conduction band of TiO,."* For the bare
TiO,-catalytzed reduction, only a small amount of methane is
detected by GC since the energy of the 532 nm wavelength light
(241 eV) is significantly lower than the bandgap of TiO,
(3.2 eV). The yield is finite, yet small (0.93 wmol/m’-cat.),
because of electronic transitions excited to and from defect states
in the bandgap of TiO,. On the other hand, the yield of Au
nanoparticle/ TiO,-catalyzed reduction is 22.4 umol/m*-cat,, a
24-fold enhancement over the bare constituent materials. This
enhancement in sub-bandgap absorgtion/ photocatalysis is con-
sistent with our previous work,'>** wherein the intense local
fields produced by the plasmonic nanoparticles couple light very
effectively from the far-field to the near-field, short-lived defect
states at the TiO, surface. As a control experiment, bare Au
nanoparticles without TiO, were also tested and found to exhibit
a negligible photocatalytic yield (Figure 1b), indicating the
importance of the TiO, surface in this catalytic process. This
result agrees well with our previous studies.">** Under visible
illumination, electron—hole pairs are generated by the sub-
bandgap transitions in TiO,, instead of in Au. Plasmon-excited
electrons in Au nanoparticles are not be able to transfer to the
either TiO, or the reagents.

The UV—vis absorption spectrum taken for a bare TiO, film
prepared by the sol—gel method (as shown in Supporting
Information, Figure S4) shows transparency for wavelengths
above 387 nm, which corresponds to the bandgap of anatase
TiO, (3.2 eV). In our previous work involving anodic TiO,
(ATO),* however, this defect concentration was much higher
because of N- and F-impurities produced during the anodization
process,*" which resulted in an obvious UV—vis absorption.
While the UV—vis absorption spectra of the bare sol—gel TiO,
shows no apparent absorption below the bandgap, finite sub-
bandgap absorption does occur because of a small concentration
of defect states in the bandgap due to a Ti*" stoichiometry
deficiency,® thus, enabling electron—hole pair generation at
532 nm. In our previous water-splitting photocatalysis work, no
photocurrent was observed for the sol—gel prepared TiO,
because of the high resistance of the sol—gel film, which
decreases the water splitting photocurrent. This high resistance,
however, does not affect the CH, photocatalytic reaction,
since there is no electrochemical circuit. In this present work,
ATO was also tested, and was found to produce CH, under
visible (532 nm) illumination (19.7 xmol/m’-cat.). Further-
more, photocatalytic enhancement by 17% was observed with
the addition of gold nanoparticles (5 nm film) on the ATO
(23.1 umol/m*-cat.).

To understand the mechanism of enhanced hydrocarbon
production by the photoreduction of CO, and H,O, we also
characterized this reaction under UV irradiation. Figure 2 shows
the product yields of the photoreduction of aqueous CO,
expressed per 1 m® of catalyst surface area after 15 h UV
(254 nm mercury lamp) illumination. For the bare TiO, catalyst,
methane is the only product detected by GC. However, we
observe additional reaction products, including ethane, formal-
dehyde, and methanol, for the Au nanoparticle/TiO,-catalyzed
reactions. Interestingly, we also observe these same four reaction
products upon illumination of bare Au nanoparticles deposited
on glass, indicating that the reaction is now taking place on the
Au surface.

Again, we are able to understand these results by comparing
the conduction and valence band energies of TiO, and Au with

dx.doi.org/10.1021/cs2001434 |ACS Catal. 2011, 1, 929-936
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Figure 2. (a) Photocatalytic product yields (after 15 h of 254 nm UV
irradiation) on three different catalytic surfaces. (b) Energy band
alignment of anatase TiO,, Au, and the relevant redox potentials of
CO, and H,O under 254 nm UV illumination.

the reduction potentials of CO, for the reduction products CH,,
HCHO, and CH;0H, as shown in Figure 2b. While the
conduction band of TiO, lies above the reduction potential of
CO,/CH,, it is below the reduction potentials of CO,/HCHO
and CO,/CH;O0H. As a result, methane is the only product for
the bare TiO,-catalyzed reaction. Metals are often thought of as
simply having electronic states filled up to a Fermi energy
corresponding to the work function of the metal. However, like
any crystalline material, metals have higher lying electron bands
that are normally unoccupied.*"** In noble metals, the d-electron
bands lie below the Fermi level (Eg). Interband transitions from
the d-band to an empty sp state above Eg can occur during the
optical absorption process.** In Au, the first interband excitation
occurs at the X-point in the Brillouin zone, at an energy of 2.5
eV."* The energy of the 254 nm wavelength light (4.88 eV)
exceeds the minimum energy required for interband transitions
in Au and therefore is able to excite electrons from its d band to
the conduction band, which lies above the conduction band of
TiO, and the reduction potentials of CO,/CH,, CO,/CH;0H,
and CO,/HCHO, as shown in Figure 2b. These highly energetic
electrons are then able to drive all of these products of the
reduction of CO, and H,O. Thus, methane, ethane, formalde-
hyde, and methanol are observed in the Au nanoparticle/TiO,-
and bare Au-catalyzed reactions under 254 nm UV illumination.
In this process, both redox half reactions occur at the Au surface.

The excited electrons are given to CO, to form reduction
products, while the holes drive the other half reaction to form
O,. The half-reaction equations for these redox reactions are
given in the Supporting Information. X-ray photoelectron spec-
tra (XPS) (Supporting Information, Figure SS) show the binding
energies of Auyg/, in the Au/TiO, sample at 84.3 and 84.2 eV
before and after the reaction, which are significantly different
from Au’,e /5 (85.2 €V) and Au® e/, (86.7 €V) but similar to
A’ /5 (84.0 eV).*” If the reduction half-reactions occur on the
Au surface and the oxidation half-reaction on the TiO, surface,
the Au should lose electrons and leave holes on its surface. This
would shift the electron binding energies of Au to higher
energies, corresponding to oxidized states after the reaction.
However, we observe no change in the XPS binding energies,
indicating that the oxidation state of the Au surface remains the
same before and after the reaction. Therefore, this confirms that
both half reactions occur on the Au surface. The slight enhance-
ment (~2X) in the product yields of Au/TiO, over bare Au
likely arises from charge transfer from the highly energetic
excited electrons in the Au to the adjacent TiO,, and from
charge generated by the direct absorption of UV light in the
TiO,. In this scenario, reactions take place on both the TiO, and
Au surfaces. We would like to point out that at 254 nm, which is
significantly above the plasmon resonance of the gold, there is no
local field enhancement produced by the Au nanoparticles. The
catalytic activity of a 30 nm evaporated Au continuous thin film
deposited on glass without TiO, was also tested under UV
illumination and was found to produce the same yields for
methane, ethane, formaldehyde, and methanol as the S nm Au
thin film without TiO,. This photocatalytic process under
254 nm UV illumination is driven solely by the interband
transitions in Au, which do not require a nanometric morphol-
ogy. A 5 nm film of gold is not thick enough to form a continuous
film. Instead, this produces a film of gold islands with an average
size of approximately 20 nm. These films are known to be
strongly plasmonic, and have been utilized for surface enhanced
Raman spectroscopy (SERS) for many years.**** The island-like
morphology of a S nm Au film is shown in the transmission
electron microscope (TEM) image of Figure 4a. The 30 nm Au
thin film forms a continuous bulk Au layer, not Au nanoparticles,
and serves as a control sample to separate and identify effects
associated with bulk Au (i.e., interband transitions) rather than
plasmon resonance.

Several earlier studies by Gupta’s group showed that different
photo-oxidation products were caused by distinct free-radicals
or ion-radical species formed at TiO, surfaces and Au/TiO,
interfaces under different incident radiation energies.***
However, here, we observe different products with different
catalysts. In addition, we expect the effects of localized plasmonic
heating to be negligibly small in this system. Previously, we
observed é)lasmonic heating for incident light intensities above
14 % 10° W/cm?2>° In the work presented here, the incident
light intensity is 0.35 W/cm?, which is 7 orders of magnitude
below that which is expected to produce significant heating.
Unfortunately, we are unable to identify radical species in our
experimental setup; however, our results can be understood
purely based on the relative energies of the electrons and holes
in the solid materials with respect to the redox potentials of the
reaction products. This model does not depend on or give
information about intermediate radical species, but provides an
alternative framework with which to understand the Au/TiO,
catalytic system.

dx.doi.org/10.1021/cs2001434 |ACS Catal. 2011, 1, 929-936
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Figure 3. (a) Photocatalytic product yields (after 15 h of 365 nm UV
irradiation) on three different catalytic surfaces. (b) Energy band
alignment of anatase TiO,, Au, and the relevant redox potentials of
CO, and H,O under 365 nm UV illumination.

The interband transition mechanism proposed under UV
illumination is not only applicable to gold-catalyzed photoreac-
tions. In addition, the catalytic activities of a S nm Pt thin film
deposited on glass and a Cu foil were also tested. The yields for
methane, ethane, formaldehyde, and methanol of the 5§ nm Pt
thin film and Cu foil are similar to that of the S nm Au thin film, as
shown in Supporting Information, Figure S6.

We also characterized this reaction under 365 nm UV
illumination for the same three basic sample types (Figure 3).
Under 365 nm UV illumination, no products were formed for the
5 nm Au thin film alone and only methane was formed for TiO,
and Au nanoparticle/TiO,-catalyzed reactions. The reason no
products are formed on the bare Au nanoparticles surface is that
the energy of the 365 nm light (3.4 eV) is not high enough to
excite electrons beyond the redox potentials of the CO,/CHy,
CO,/HCHO, CO,/CH;0H reduction potentials, as shown in
Figure 3b. The electrons excited by interband transitions in the
Au also lie below the conduction band of TiO,, and, therefore, no
electrons are transferred from the Au to the TiO,. These results
under UV illumination further confirm that the plasmonic
enhancement of photocatalysis under visible illumination is a
result of the strong electric fields created by the surface plasmons
of the Au nanoparticles rather than direct transfer of the charge.
The methane formed in the TiO, and Au nanoparticle/TiO,-
catalyzed reactions is due to direct absorption in the TiO,, since
the energy of the 365 nm light is above the bandgap of TiO,. It

Table 1. Overall Quantum Efficiency (%) of Reduction of
CO, and H,O on TiO,, Au, and Au/TiO, Catalysts under UV
and Visible Irradiation

light source TiO, Au/TiO, Au
UV (20 mW/cm?, 254 nm) 89x107° 23x1072 88x107°
UV(20 mW/cm?, 365 nm) 65x107% 69x107* 0

Visible (350 mW/cm?, 532 nm) 88x 1077 21x10° 0

should be noted that this 365 nm light lies above the plasmonic
modes in the system; therefore, no plasmonic enhancement
occurs in the Au nanoparticle-TiO, catalyst sample.

As another control experiment, we performed bare TiO, and
Au/TiO,-catalyzed photoreduction of CO, and H,O under
633 nm laser irradiation, which is well below the bandgap energy
of TiO, and the Au interband transition energy. No products
were observed after 15 h irradiation. In our previous study, ATO
was used as the photocatalyst instead of sol—gel TiO,.** The
concentration of defect states with energies below the bandgap of
ATO are much larger than that in the sol—gel prepared TiO,
(as shown in the UV—vis spectra in the Supporting Information).
Therefore, no products were observed under 633 nm illumination
for sol—gel samples.

The quantum efficiencies of our samples are calculated using
eq 1 and are summarized in Table 1. Here, n is the number of
moles of electrons required to produce one mole of reduction
product from CO,, which includes CH,, C,Hs, CH;0H, and
HCHO. The total photon flux irradiating the catalytic surface is
determined from the incident light intensity and exposure time.
For the Au/TiO,-catalyzed reaction, the quantum efficiency is
roughly equal to the sum of the quantum efliciencies of the TiO,-
catalyzed reaction and Au nanoparticle-catalyzed reaction under
UV illumination. This confirms that the mechanism under UV
illumination includes interband transitions in both TiO, and Au.
The quantum efficiency under visible light irradiation is 3 orders
of magnitude smaller than that under UV irradiation, since the
high energy photons can drive both sub-bandgap transitions and
interband transitions. Low energy photons, on the other hand,
can only drive sub-bandgap transitions in TiO,, which have
absorption cross sections that are significantly smaller than
interband transitions. Here, we observe a 24-fold plasmonic
enhancement, similar to enhancement factors reported in our
previous papers for other reaction systems.lz’40

n X moles of reduction products

t ffici %) =
Quantum efficiency (%) moles of photon flux input

x 100%
(1)

As a control experiment, the CO, and H,O vapor reactants
were irradiated without any photocatalyst. Here, no products
were detected under 254 or 532 nm wavelength irradiation. In
addition, we performed TiO, and Au/TiO,-catalyzed reduction
of CO, and H, O at 400 °C without illumination and observed no
reaction.

B DISCUSSION

To obtain a more rigorous understanding of the mechanism
of catalytic enhancement, we perform numerical simulations
of the charge and electric potential distributions at the Au

933 dx.doi.org/10.1021/cs2001434 |ACS Catal. 2011, 1, 929-936
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TiO,. (b—c) Electric field intensity at the interface of Au—TiO,
calculated using FDTD. (d) Voltage and (e) current density across
the Au — TiO, interface.

nanoparticle-TiO, interface under plasmon resonance excita-
tion, as shown in Figure 4. These simulations are based on the
transmission electron microscope (TEM) image of the Au nano-
particle-TiO, surface, shown in Figure 4a, which is used to define
the spatial extent of the Au nanoparticle islands in our simulation.
As discussed in previous publications, the electromagnetic re-
sponse of the film (Figures 4b and 4c) is dominated by local hot
spots where the electric field intensity reaches 1000 times that of
the incident electric field at the TiO, surface.'>***">? This means
that the electron—hole pair generation rate is 1000 times that of
the incident electromagnetic field. Thus, an increased amount of
charge is induced locally in the TiO, because of the local field
enhancement of the plasmonic nanoparticles. This estimate is
based on our electromagnetic simulations, which was in good

agreement with our previous experimental results on water
splitting and methyl blue decomposition.'>** While we have
no way of measuring the electron—hole pair generation rate in an
isolated plasmonic hot spot (~2 nm X 2 nm), our previous work
measuring plasmon-enhanced water splitting provides perhaps
the most direct measurement of this,*° since every two electrons
produce one hydrogen molecule.

In our previous work, we assumed that the observed catalytic
enhancement was based purely on the classical electric field
enhancement near the metal nanoparticle surfaces, and that no
direct transfer of charge was occurring between the plasmonic Au
nanoparticles and the TiO, semiconductor. However, this me-
chanism has been discussed widely in previous literature'*~'¢3%*
and is of particular interest for sub-bandgap absorption, providing
an alternate mechanism that does not require defects. Here, we
explore the possibility of direct electron transfer from the plasmo-
nically excited Au to the adjacent TiO, using a thermionic
emission model to describe the electron transport across the
Schottky barrier, based on the potential differences calculated in
the FDTD simulation. By adopting this FDTD-circuit hybrid
model, this metal-semiconductor interface should behave like a
diode, allowing charge to flow in only one direction. The dielectric
function of Au was modeled after the data given in Palik’s
handbook.> TiO, is modeled as a dielectric with a refractive index
of 2.48. The potential difference across the interface is calculated
by the formula

V= Z E. dz (2)

interface

where E, is the z-component of the electric field calculated using
the FDTD simulation, and dz is the grid spacing, which in our
calculations is 0.2 nm. The current density across the Au nano-
particle-TiO, interface is given by the ideal diode equation:

EEAR >

where J; is the reverse saturation current density given by

m*ekﬁ ) ed,
Js = P T eXP(_kB—T (4)

Here, m* is the effective mass of the electron and ¢;, is the potential
barrier across the interface. Figure 4d shows the voltage across the
interface, as calculated from our FDTD simulation using eq 2.
Figure 4e shows the corresponding electric current density
calculated using eq 3. While the equation above clearly indicates
diode behavior and suggests a net charge transfer, we can see from
the current plot (Figure 4e), that the positive and negative charge
transfer (currents) across the interface are equal and, thus, cancel
each other. If we integrate the current density over the whole area
in the simulation, the net current flow is zero. The reason for this
perfect cancelation of positive and negative currents is the very
small potential differences across the interface (10> V), which are
well within the ohmic regime of this so-called “diode”.

In the analysis above, we have calculated the electron transfer
from the plasmon excitation in the Au nanoparticle to the TiO,
semiconductor using the voltages calculated from FDTD simula-
tions together with the ideal diode equation for a Au/TiO,
Schottky junction. We found that there is no net flow of electrons
because the Au/TiO, junction does not exhibit rectifying
behavior at these small voltages. As a result, charge flows in both
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directions during each cycle of the plasmon excitation, which
cancel each other and produce no net current.

We have calculated the electric fields produced in vacuum and
in aqueous solution. The peak local plasmon-induced electric
fields are 140 V/m in a H,O dielectric environment, while in
vacuum they are 120 V/m. Therefore, we expect the presence of
H,O molecules to have a minimal effect on the electron—hole
pair generation rate. The primary effect of the H,O environment
is to red shift the plasmon resonance wavelength by about 25 nm.

Bl CONCLUSIONS

In summary, we observe plasmonic enhancement of the
photocatalytic reduction of CO, with H,O under visible illumi-
nation when Au nanoparticles are deposited on top of TiO,. This
enhancement is due to the strong electric fields created by the
surface plasmon resonance of the Au nanoparticles, which excite
electron—hole pairs locally in the TiO, at a rate several orders of
magnitude higher than the normal incident light. We demon-
strate that the plasmon-excited electrons in the Au nanoparticles
cannot transfer directly from the Au to the TiO,. Only when the
photon energy is high enough to excite the d band electrons of
Au to a conduction band that lies above the conduction band of
TiO,, does direct charge transfer occur between these two
materials. When the incident photon energy is high enough
(254 nm UV), an additional mechanism involving the interband
electric transitions in Au produces a number of additional
photocatalytic reaction products. In this wavelength range, both
the excited electrons in Au and TiO, contribute to the reduction
of CO, with H,O vapor.
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