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ABSTRACT: Heterogeneous catalysis is of paramount
importance in chemistry and energy applications. Catalysts
that couple light energy into chemical reactions in a directed,
orbital-specific manner would greatly reduce the energy input
requirements of chemical transformations, revolutionizing
catalysis-driven chemistry. Here we report the room temper-
ature dissociation of H, on gold nanoparticles using visible
light. Surface plasmons excited in the Au nanoparticle decay
into hot electrons with energies between the vacuum level and
the work function of the metal. In this transient state, hot
electrons can transfer into a Feshbach resonance of an H,
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molecule adsorbed on the Au nanoparticle surface, triggering

dissociation. We probe this process by detecting the formation of HD molecules from the dissociations of H, and D, and
investigate the effect of Au nanoparticle size and wavelength of incident light on the rate of HD formation. This work opens a
new pathway for controlling chemical reactions on metallic catalysts.
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An important paradigm in the development of multifunc-
tional materials for heterogeneous catalysis is enhanced
reactivity and efficiency of catalysts for robust and prolonged use.
Performing catalytic synthesis at low temperature and under
ambient conditions ensures the longevity of active sites and
reduces the possibility of high-temperature side reactions. In this
context, noble metals have drawn significant attention due to
their ability to couple light into chemical reactions. The strong
coupling of metal nanoparticles with light at specific photon
energies is due to the optical excitation of the collective electronic
resonances of the metal, known as surface plasmons. The unique
ability of noble metal nanoparticles to absorb and scatter light at
specific wavelengths across a wide region of the electromagnetic
spectrum, depending on the type of metal and nanoparticle
geometry, makes them excellent candidate substrates for
plasmon-enabled photochemistry."

Plasmon-induced chemical processes have been gaining
significantly increased attention due to their high throughput
and low energy requirements. Examples of plasmon-induced
reactions include liquid phase water splitting,*~* H, production
from alcohol,® gas phase oxidation reactions,”® and hydro-
carbon conversion.” A limited set of heterogeneous gas phase
experiments have been performed so far, emphasizing several
different aspects of metal—adsorbate interactions that influence
the rate of product formation. The adsorptive interaction and
dissociation of H, on metal surfaces is one such reaction and is
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one of the most important reactions for heterogeneous catalysis.
H, forms a strong nonpolarizable ¢ bond with a dissociation
enthalpy of 436 kJ/mol (4.51 eV), an activation energy too large
to surmount using a thermally induced process.

Recently it was demonstrated that plasmon-excited nano-
particles can be an efficient source of hot electrons (Figure
1a)."""" Following optical excitation, each plasmon quantum
can decay either radiatively into a photon (scattering) or
nonradiatively into an electron—hole pair (EHP). The branching
ratio between these two channels depends on the size and
radiance of the plasmon: for small nanoparticles or subradiant
plasmon modes, the dominant decay channel is EHP formation.
The most likely EHP formation occurs when the plasmon
quantum excites an electron from the Fermi level to an occupied
state below the vacuum level (Figure 1b). Because of their higher
energy, hot electrons will extend further away from the
nanoparticle than an equilibrium electron distribution (Figure
1c). If a nearby electron acceptor is present, hot electrons can
transfer into its electronic states. This process can be quite
efficient: hot electron transfer from a plasmonic nanostructure to
a nearby graphene sheet was shown to have a quantum efficiency

Received: October 26, 2012
Revised: ~ November 22, 2012
Published: November 29, 2012

dx.doi.org/10.1021/n1303940z | Nano Lett. 2013, 13, 240—247


pubs.acs.org/NanoLett
http://pubs.acs.org/action/showImage?doi=10.1021/nl303940z&iName=master.img-000.jpg&w=238&h=100

Nano Letters

Figure 1.
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Schematics of plasmon-induced hot electron generation on AuNP and mechanistic representation of H, dissociation on the AuNP surface.
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Figure 2. Plasmon-induced dissociation of H,/D, using 1.75 wt % Au/TiO, photocatalyst at room temperature (297 K). (a) Scanning transmission
electron micrograph showing distribution of 1.75 wt % AuNPs (dark particles) over a TiO, support (gray particles). (b) High-resolution transmission
electron micrograph of a single Au NP supported on TiO, matrix showing darker contrast of Au NP as compared to TiO, support. Characteristic lattice
fringes of Au (111) and (200) are visible at ~2.8 A and 2.3 A, respectively. (c) Schematic of overall experimental setup. (d) Real time monitoring of rate
with laser excitation (on 2.41 W/cm?) and without laser excitation (off). During 8 min of laser irradiation on the photocatalyst, the temperature increases
by S K as shown in the figure, from 297 to 303 K. The dotted vertical lines indicate the laser on/off times. (e) Distinction between the photocatalytic rate
(only laser on, 2.41 W/cm?) and thermal heating rate (laser off, heating on). The shaded gray area displays the photocatalytic rate due to the laser. The
shaded red area displays the rate of HD formation due to heating of the photocatalyst sample from room temperature (297 K) to 303 K without laser

illumination.

of 20%."> Although this mechanism in principle offers the
possibility of controlling the energy of the hot electron by varying
the plasmon energy, the hot electrons are short-lived, undergo
carrier multiplication through Auger-like processes, and
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eventually dissipate their energy to phonons, resulting in

nanoparticle heating.

14,15

Hot electron-induced femtochemistry on molecules absorbed

on extended metallic surfaces has a long history.

15—18

Transient
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hot electrons on metal surfaces can be formed from direct
excitation using short pulse laser illumination. These hot
electrons can transfer into specific electronic states of molecules
adsorbed on the metal surface, inducing processes such as
molecular dissociation, chemical reactions, and desor})tion.19’20
The direct excitation of hot electrons on metal surfaces is a
relatively inefficient process, requiring large incident light
intensities to produce any appreciable effect.

In contrast, hot electron production from plasmon decay in
nanoparticles is a much more efficient process.'”*' ~*° The cross
section for plasmon excitation is dramatically enhanced relative
to the cross section for direct EHP excitation. For a nanoparticle
whose size is much smaller than the wavelength of the plasmon
resonance, all energy absorbed by the nanostructure will result in
hot electron formation. Pioneering applications of hot electron-
induced photochemistry on nanoparticles have recently been
demonstrated in gas phase heterogeneous catalysis for the
oxidation of ethylene on Ag nanocubes,” DNA melting,26
nanowire catalysis,”” and water splitting.”*>’

In this study, we report the first experimental evidence of room
temperature photocatalytic dissociation of H,. The reaction can
only be enabled by hot electrons generated by surface plasmon
decay from small Au nanoparticles (Figure 1d—f). We chose the
Au nanoparticle substrate because it does not dissociate H, under
equilibrium conditions. The binding energy and sticking
coefficient of H, on gold is very small and the molecules
would not adsorb on a pure gold surface. To increase H,
accommodation, the gold nanoparticles were supported on
TiO,. The TiO, matrix, into which H, diffuses, provides a passive
function, ensuring that the H, molecules remain for a sufficiently
long time near the Au surface to allow for hot electron transfer
into an antibonding dissociative molecular resonance.”® A
fraction of the hot electrons created by resonant excitation of a
plasmon transfer into the H, 16,* resonance, inducing H,
dissociation. We indirectly measure the dissociation by exposing
the nanoparticle substrate to a mixture of H, and D, and
detecting the HD formation rate over a range of laser excitation
intensities and wavelengths. This photocatalytic dissociation at
room temperature is thus only accomplished by the hot electrons
generated by the small AuNPs without applying any other source
of energy, for example heat. The rate was also found to be
strongly dependent on the concentration and on the size of the
Au nanoparticles. The results are supported by state-of-the art
first principles density functional theory (DFT) and embedded
correlated wave function calculations.

Experiment. Au/TiO, photocatalyst samples were prepared
using a wet chemical deposition precipitation method (Support-
ing Information, Section S1). In Figure 2a and b, high resolution
transmission electron micrograph (HRTEM) images of a typical
photocatalyst with 1.75 wt % Au loading are shown. Seven
different samples were prepared with a range of Au nanoparticle
sizes and concentrations (see also Supplementary Figures S1 and
S2). The binding energies of the Au 4f peaks were measured
using X-ray photoelectron spectroscopy to verify the elemental
state of Au and to identify the percentage of Au present in the
TiO, matrix (Supplementary Figure S3). UV—vis diffuse
reflectance spectra of the samples show that the Au nanoparticle
dipolar plasmon resonance is at $40—550 nm (Supplementary
Figure S4.). The inhomogeneous broadening observed in these
measurements can be attributed to the nanoparticle size
distribution and the inhomogeneity of the surrounding TiO,
matrix.
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The photocatalyst samples were loaded into a stainless steel
reaction chamber equipped with a 1 cm diameter quartz glass
window through which the laser can illuminate the sample
(Figure 2c). Ultrahigh-purity H, and D, gases were flowed into
the reaction chamber, while light from a supercontinuum laser
source was filtered and used to excite the Au nanoparticle
plasmon over a range of intensities and frequency bands
(Supplementary Figure SS). The overall reaction is:

H,(g) + D,(g) — 2HD(g)

Results and Discussion. The rate of formation of HD with
and without visible laser excitation (2.4 W/cm?) with the
photocatalyst sample (1.75 wt % Au loading) at room
temperature (297 K) and atmospheric pressure is shown in
Figure 2d. Initially, without illumination, a weak steady
background rate of HD formation is observed at room
temperature (297 K). This is due to a slow rate of dissociation
of H, and D, at reactive sites, such as lattice imperfections, steps,
and kinks, on the Au NP surface. The walls of the reaction vessel
and flow tubes may also contribute to this background signal.
After an initial steady HD baseline was observed, the substrate
was excited using a supercontinuum laser source for 8 min. An
almost instantaneous 6-fold increase in the rate of HD formation
was observed. This photocatalytic rate enhancement for small Au
NPs is significant, as under equilibrium conditions H,/D, cannot
dissociate on bulk Au at room temperature at all.> During the 8
min laser excitation period, the temperature of the substrate
increased by SK to 303K due to laser heating. After 8 min of
illumination, the HD formation rate reached a steady state; then
the laser was switched off, and the system reverted back to its
initial rate and initial catalyst temperature, showing reversibility
of the process.

To confirm that the photocatalysis process is not due to
heating, the temperature of the sample was slowly increased from
room temperature (297 K) to 303 K under dark conditions,
corresponding to the observed temperature increase during laser
illumination (pink area in Figure 2e). In this case, only a slight
increase (1.2 fold) in HD generation rate was observed, far
smaller than the increased rate observed under laser illumination.
We can also rule out direct photodissociation of H,, which would
require much larger laser intensities (10'*~* W/cm?).** A more
detailed discussion of the elimination of heat- or local field-
induced mechanisms is presented in the Supporting Information
(Sections S6 and S7).

A systematic study was performed to determine the depend-
ence of the photocatalytic rate on nanoparticle concentration and
size (Figure 3). Five different Au/TiO, samples with small Au
nanoparticles were prepared with increasing amounts of Au
nanoparticle loading (0.57, 1.00, 1.75, 2.25, and 3.23 wt %).
Three additional substrate samples with larger Au nanoparticles
were prepared with 1, 0.9, and 1.8 wt % Au loading. The
structure, morphology, and XPS spectra of all photocatalyst
samples are provided in the Supporting Information (Figures S2
and S3).

In Figure 3a we observe a steady increase of photocatalytic rate
with increasing Au loading, showing a strong dependence on Au
nanoparticle concentration for HD generation. These experi-
ments were performed using the same experimental conditions
as shown in Figure 2c. The average HD formation rate was
obtained by subtracting the background rate (laser off) from the
photocatalytic rate (laser on) over four continuous runs on each
sample. The strong dependence of the rate on nanoparticle
concentration observed here has also been observed for other
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Figure 3. Dependence of photocatalytic HD generation on Au NP
concentration and Au nanoparticle size. (a) Average photocatalytic
(laser on) rate of HD formation at room temperature as a function of
AuNP loading (shown as wt %). The mean AuNP sizes corresponding to
the Au concentrations are shown beside each data point. The error bars
are calculated as the standard deviation of the instrumental error in mass
spectroscopic measurements. Overall size distributions of all the
measured samples can be found in Supplementary Figure S1. (b)
Dependence of the rate of HD formation on AuNP sizes. No
photocatalytic rate was observed beyond a mean AuNP size of 20 nm
or higher. No photocatalytic rate was observed for pristine TiO,.

heterogeneous photochemical processes.” The extent of the rate
increase also depends on Au NP size. The photocatalytic rate
rises sharply with increasing Au loading from 1.75% to 2.25%
with a reduction in mean nanoparticle diameter from 6.5 nm to
5.5 nm. However, with the same incremental increase in Au
loading concentration from 0.5% to 1% for 9 nm diameter
particles, the observed increase in HD generation rate was
smaller. A similar size dependence was also observed for 2.25% to
3.23% Au loading, where the rate increase was much less
pronounced for an increase in mean nanoparticle diameter from
5.5 to 7.4 nm.

Figure 3b shows the rate dependence on Au nanoparticle size
for the same illumination laser intensity (2.41 W/cm?). For the
same Au nanoparticle loading (~1 wt %), the photocatalytic rate
for 16 nm Au nanoparticles was only half that of 8.6 nm particles.
Most significantly, the photoreactivity rate was negligible for Au
nanoparticles larger than 21 nm, despite an almost 2-fold increase
in Au nanoparticle concentration (1.8 wt %). The background
self-dissociation rate was also significantly reduced in the
presence of larger diameter Au nanoparticles.

This rapid decrease in dissociation rate with increasing Au
nanoparticle size is certainly related to the decrease in available
Au surface area:”>* for spherical nanoparticles, the ratio of
surface to volume increases as the reciprocal of the nanoparticle
radius. However, it is also likely that the sticking and
chemisorption probability of H, to the Au nanoparticle plays a
role. Smaller Au clusters (<3 nm) are known to be highly reactive
due to the existence of a lar§er fraction of Au surface atoms with
low coordination numbers.”*™® In the present study, although
the sizes of our Au nanoparticles are an order of magnitude larger
than AuNP clusters, surface defects are still present (Figure 2b)
which may be important for hydrogen adsorption and
dissociation.”’ > The dramatic dependence of photocatalytic
rate on Au NP size and concentration shows that the process is
indeed caused by the presence of the Au NP. Pristine TiO, (0%
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Au loading) under the same experimental conditions shows
negligible HD production (Figures 3a and b).

The dependence of the room temperature photocatalytic rate
on laser intensity is shown in Figure 4a. Four different substrates

a o bﬂ} x10
~21 . AI05T£005% - Temperature 373K
WMol » A1T5:013% - (@Y Au175£0.13%
® o Au225:017% a« | @8l
€181 o auszsrozsy & ' 3
316} = 37
81l & |86
Q12 o e s
1 Ml S
1 £t |2y
(o] 81 q-’ ’f - o 3
o 6] r SR e ot o
Tﬁ' - ’;’4‘ - Tﬂ' 2
4 4 A 5% T [\
2] e wge 2T 1
oLy 1
00 05 10 15 20 25 30 00 05 10 15 20 25 3.0

Laser Intensity (W/cm?)

G s d

x40 i
~7 * 1.94Wicm? . & 4 1,94 Wicm?
% e 1.30 Wicm? 945 ® 1,30 W/icm?
+= 6 0.65 W/icm? © 0.65 W/cm?
c * = 4.0 A
5 5 e Thermal * €
o 035
L e E A
o4 e [ 830
T . L c A
5° Cet | £ e .
P P = »
- 2 L4 204 L] A
] + o ¥ 2 ‘ [ ] A A
14 * T ®

oo * o ¢ o 15 o o
gl 1.0
0 300 325 350 375 400 435 450 475 275 300 325 350 375 400 425 450 475 500
Temperature (K) Temperature (K)

Figure 4. Dependence of photocatalytic rate on laser intensity and
temperature. (a) The photocatalytic rate dependence (laser on) on the
laser intensity at room temperature without any temperature control.
Photocatalytic rates of four different samples with increasing wt % Au
were studied for intensity dependence (see color code in the legend).
Linear fits of the data points are shown as black dashed lines. Superlinear
behavior at very high laser intensities is observed. (b) Dependence of the
photothermal rate using 1.75 wt % Au/TiO, as a function of intensity of
the laser at a fixed temperature of 373 K showing linear dependence of
rate to laser intensity. (c) The effect of temperature on the photothermal
process using 1.75 wt % Au/TiO,. The thermal rate of HD formation
was measured at different temperatures in the dark (heat, laser off)
represented as black dots. The photothermal rate (heat, laser on) was
measured with three different laser intensities at specific temperatures.
Error bars are calculated as the standard deviation of the instrumental
error in mass spectroscopic measurements. (d) Photothermal rate
enhancement ratio as a function of operating temperatures using three
different laser intensities.

(Au loading 0.57, 1.75, 2.25, and 3.23 wt %) were studied. The
intensity dependence is essentially linear, with a slight superlinear
increase at the highest illumination intensities due to laser
heating (Figure 4a). Figure 4b shows the intensity dependence of
the photocatalyst (1.75 wt %) at constant temperature of 373 K
(Supplementary Figure SS). This higher constant temperature
measurement eliminated the small thermal offset induced by
laser heating and resulted in a linear dependence of the
photocatalytic rate on laser intensity. Our observation of this
linear rate dependence (Figure 4a and b) rules out both one- and
two-photon excitation of electrons in the TiO, as the cause of the
observed photodissociation.
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Figure 5. Wavelength dependence of photocatalytic rate. (a) Rate of HD formation at T = 373 K as function of a series of band-pass filter wavelengths,
each adjusted to an intensity of 130 mW/cm? Au/TiO, photocatalyst with 1.75 wt % Au loading was used. Error bars were calculated as the standard
deviation of the instrumental error in mass spectroscopic measurements. (b) Simulated absorption cross section spectrum of an Au/TiO, photocatalyst
modeled as 7 nm AuNP attached to 30 nm TiO,NP featuring a dipolar plasmon mode at 520 nm and a cavity plasmon mode at 620 nm. Inset shows
corresponding charge plots (see Supporting Information, Section S7 for near-field plots). (c) Diffuse reflectance spectrum of powdered photocatalyst
(1.7 wt % Au) sample showing the dipole resonance peak located at 541 nm. The location and shape of the plasmon peak are modified by

inhomogeneous broadening.

In Figure 4c the combined effects of temperature and photon
flux on the HD production rate are shown. The sample (1.75 wt
%) was kept at different temperatures, and the steady-state rate of
HD formation at each temperature was measured without and
with laser excitation for three different laser intensities (0.65, 1.3,
and 1.94 W/cm?). Photothermal processes generated a
significantly higher yield of HD than thermal heating alone. A
rate enhancement ratio defined as the ratio of the photothermal
to the thermal rate,” plotted as a function of temperature (Figure
4d), shows a S- and 2-fold increase in enhancement at low and
high temperature ranges, respectively. Therefore, one straightfor-
ward strategy to improve the HD yield would be to increase the
substrate temperature: the hot electron yield also increases at
higher temperatures.** However, the photoenhancement at
ambient temperature is already quite substantial, indicating that
plasmon-induced dissociation offers an alternative approach for
enhancing photocatalyst activity.

The wavelength dependence of the photocatalytic rate was
measured at a constant temperature of 373 K. Seven bandpass
filters ranging from 500 to 800 nm, each with a wavelength
spacing of 50 nm, were used. For each filter the transmitted light
intensity was adjusted to 130 mW/cm? (Supporting Information,
Section S5). The wavelength dependence of HD generation is
shown in Figure Sa and compares very well with the calculated
absorption cross section of 7 nm AuNP/30 nm TiO, (Figure Sb)
and with the diffuse reflectance spectrum (Figure Sc). Since the
absorption cross section corresponds directly to the hot electron
production rate, this provides direct evidence for plasmon-
induced hot electron-driven H, photodissociation. We also show
that the effect of H, spillover is negligible for any shift or
manipulation of the TiO, bandgap, implying that it remains
virtually unaffected over the course of the experiment
(Supporting Information, Section S10).

Proposed Mechanism. To investigate the feasibility of hot
electron transfer from the Au NP to the antibonding 16,* state of
an adsorbed H, molecule, DFT and embedded correlated wave
function calculations were performed. The Au NP surface was
modeled as a close-packed Au (111) facet.*" This simple,
idealized model of the Au NP is used to calculate the charge on
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H, as it approaches the Au surface and the associated ground and
excited state potential energy surfaces. As H, approaches the Au
surface from S to 2 A away, both its bonding (B) and antibonding
(AB) states shift down in energy (see arrows in Figure 6a, top
panel). This energy gain is offset by a repulsive orthogonalization
energy due to the overlap of the molecular states with the filled
Au d-orbitals (5d'°).>" This Pauli repulsion is particularly high for
Au due to the large coupling matrix elements.*' Even without the
hot electrons, the downshift of the AB 1o,* state causes it to
become partially occupied (Figure 6b; see also Supplementary
Figure S10). Interaction with the reducible (due to oxygen
vacancies) TiO, substrate should make this effect even more
pronounced, as a small, additional negative charge is transferred
to the Au cluster from the oxide.*” Indeed, separate investigations
of an isolated H,” molecule reveal a metastable resonance
associated with an occupied 16,* orbital nominally 1.7 eV above
the ground state of neutral H,* (Supplementary Figure S9).
This Feshbach resonance broadens considerably as the molecule
approaches the Au surface and hybridizes with the s-band
electrons, ultimately leading to a finite occupation probability of
1o, *, yielding a partially occupied antibonding state (Figure 6a
and b).

Figure 6¢ shows the equilibrium ground state potential energy
surface of H, on Au, clearly showing a steep rise in energy as H,
approaches the surface (Figure 6c), strongly suppressing
dissociative adsorption. For this reason, H, and D, will only
weakly physisorb due to van der Waals forces with a
physisorption well of 35—45 meV.*** To dissociate H,, the
AB Feshbach resonance should overlap the hot electron
distribution. Populating the Feshbach resonance will substan-
tially weaken the H, bond and ultimately lead to dissociation.
The excited state potential energy surface (Figure 6d and
Supporting Information, Section S8) features an excitation
energy of 1.8 eV above the ground state, which is the vertical
energy difference of this excited state from the ground state
minimum (Figure 6¢, d). Hot electrons with energies greater
than 1.8 eV should be able to transfer into a higher vibrational
state of the molecule. In addition, in this excited state the H,

dx.doi.org/10.1021/n1303940z | Nano Lett. 2013, 13, 240—247
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Figure 6. Mechanism of hot electron-induced dissociation of H, on Au. (a) Electronic density of states (DOS) of H, approaching a Au (111) surface
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bond length is 0.725 A. The dashed line marks the Fermi energy. Arrows denote the bonding (B) and antibonding state (AB) of H,. (b) Ground state
embedded CI-Singles (ECIS) Lowdin charge analysis as a function of H,—Au surface distance. (c) ECIS ground state potential energy surface (PES) of
H, on Au (111). Interaction with the surface can lead to dissociation at small distances only via high potential barrier of 2.3 eV (marked *). (d) ECIS
sixth excited state PES of H, on Au showing lower dissociation barrier of 1.7 eV (marked *). Vertical excitation energy from the ground state minimum is
only 1.8 eV. (e) Schematic of hot electron excitation in AuNP showing: d-band electron—hole pair excited above the Fermi level upon plasmon decay.
The narrow bonding and broad antibonding states of adsorbed H, are denoted as B and AB, respectively. (f) Schematic of Fermi—Dirac type distribution
of hot electrons permitting hot electron transfer into the antibonding state of H,. (g) Proposed mechanism of hot-electron induced dissociation of H, on
AuNP surface.

dissociation barrier was found to be substantially reduced to 1.7 In a step-by-step representation of the mechanism (Figure
eV, as compared to 2.3 eV in the ground state. 6e—g), hot electrons are initially optically excited at the AuNP
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surface (Figure 6e). Each plasmon quantum will decay into a
single EHP. The hot electrons soon lose coherence and form a
nonequilibrium Fermi—Dirac type distribution which thermal-
izes by Auger scattering (Figure 6f). The hot electrons in the high
energy tail of this distribution have sufficient energy to transfer
into the antibonding state of the H, molecule, creating a transient
negative ion (TNI), H,’". This TNI will be stabilized by its image
potential. On small Au nanoparticles, the lifetimes of the initially
generated hot electrons can be much longer (100—500 fs) than
on extended substrates because of increased confinement and
reduced electron—electron interactions.”**® This provides
sufficient time for the TNI to travel on the excited state potential
energy surface, possibly in vibrationally excited states, extending
its bond length (Figure 6g). Then the TNI transfers the electron
back to the AuNP surface, where it returns to the ground-state
potential energy continuum and dissociates.

Conclusions. This work demonstrates an important
application of plasmonics to the field of heterogeneous
photocatalysis, enabling the room temperature dissociation of
H, on Au nanoparticles. We show that hot electrons, created
from plasmon decay, can transfer into a closed shell H, molecule
and induce dissociation. This effect provides a path for the optical
control of chemical reactions. By tuning the plasmon resonances
of metallic nanoparticles appropriately, it may be possible to
populate specific electronic states of molecules adsorbed on the
nanoparticle surface. This state-selective population of adsorbate
resonances could be exploited to prepare reactants in specific
states on nanoparticle surfaces, thus enabling an unprecedented,
all-optical control of chemical reactions.

Methods. Au/TiO, Photocatalyst Sample Preparation. The
Au/TiO, photocatalyst samples of different Au concentrations
and AuNP sizes were prepared by the deposition—precipitation
method using 1(M) NaOH as the basification agent, different
amounts of HAuCl,-3H,0 and maintaining the solution at
different pH conditions. The photocatalyst solution was kept
overnight at 100 °C in an oven for drying, and the next day the
dried samples were sintered inside the oven at 300 °C for 2.30 h.
Subsequently the photocatalyst samples were cooled avoiding
the presence of oxygen and moisture and immediately loaded
into the reaction chamber for the experiment (see Supporting
Information for details and references). The size and
morphology of the catalyst samples were imaged using JEOL
2100 field emission gun transmission electron microscope (JEM
2100F TEM). PHI Quantera XPS was used to identify the Au
content and electronic state, and a Cary UV—Vis 5000 equipped
with Harrick Scientific diffuse reflectance accessory was used to
measure the optical spectra of photocatalysts.

Measurement Techniques. The photocatalysis reaction was
performed in a temperature-controlled, sealed stainless steel
reaction vessel equipped with a quartz window. The rate
measurements were done using a Hiden HPR 20 high resolution
quadrupole mass spectrometer. The photocatalyst sample was
loaded inside the chamber and 10 sccm of H, and 10 sccm of D,
were flown inside the chamber, while laser light was shined into
the chamber through the quartz window. The laser was turned on
into the chamber for 7—10 min (laser on) followed by 7—10 min
in the dark (laser off). The net photocatalysis rate was measured
as a difference between the standard deviations of laser on data
points and laser off data points to get rid of any baseline.

To perform intensity-dependent experiments, the laser
intensity was controlled using a set of neutral density filters.

Wavelength dependence experiments were performed (within
the range of 450—1000 nm) using different band-pass filters
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ranging from 500 to 800 nm in steps of 50 nm. A temperature
controller was used to keep the photocatalyst at different
temperatures ranging from 24 to 200 °C. (See Supporting
Information SS for details of the procedure.)

First Principles Calculations. We perform a PAW DFT
calculation using VASP on a Au(111) slab. To obtain a correlated
wave function correction, as well as electronically excited states,
we cut out a finite sized gold cluster of 14 Au atoms from the
surface. We then embed the cluster using a DFT-derived local
embedding potential, calculated following an embedding
approach by Huang et al.*”*® The difference between a high-
level correlated wave function method and an embedded DFT
calculation on the cluster gives rise to a correction to the pure
DEFT results. As high-level methods, we consider both CI-Singles
calculations of 10 excited states from an RHF ground state, as
well as a state-averaged CASSCF calculation. (For details, see
Supporting Information, Section S8.)

Electromagnetic Simulations. We used the finite-difference
time-domain method (Lumerical FDTD Solutions) to calculate
the far-field and the near-field properties of the Au/TiO,
nanoparticles. The charge density distributions have been
calculated and generated using the finite element method
(Comsol Multiphysics). The bulk dielectric function tabulated
by Johnson and Christy has been used for gold,* and a dielectric
constant of 2.75 has been used for Rutile (R-TiO,).*°
Calculations have been performed in air and for a longitudinal
polarized excitation. Geometrical parameters have been
extracted from microscopy images and size distribution statistics.
In our model, the Au NP is taken spherical and is considered
semiembedded in a spherical R-TiO, NP. FDTD calculations
have been performed for several typical size parameters extracted
from experimental data (cf. Supplementary Figures S6 and S7).
Systematic calculations have been done varying the Au-NP size,
the TiO,—NP size, and the dielectric constant of TiO,.
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