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ABSTRACT: Plasmon-generated hot electrons in metal/oxide heterostructures
have been used extensively for driving photochemistry. However, little is known
about the origin of plasmon-generated hot holes in promoting photochemical
reactions. Herein, we discover that, during the nonradiative plasmon decay, the
interband excitation rather than the intraband excitation generates energetic hot
holes that enable to drive the water oxidation at the Au/TiO; interface. Distinct
from lukewarm holes via the intraband excitation that only remain on Au, hot
holes from the interband excitation are found to be transferred from Au into TiO,
and stabilized by surface oxygen atoms on TiO,, making them available to oxidize
adsorbed water molecules. Taken together, our studies provide spectroscopic
evidence to clarify the photophysical process for exciting plasmon-generated hot

holes, unravel their atomic-level accumulation sites to maintain the strong oxidizing power in metal/oxide heterostructures,

and aArm their crucial functions in governing photocatalytic oxidation reactions.

KEYWORDS: surface plasmon resonance, plasmon-generated hot holes, interband excitation, metal/oxide heterostructures,

plasmon-driven photochemistry, in situ spectroscopy

he generation of hot carriers via localized surface

plasmon resonance (LSPR) on metal nanoparticles

(NPs) oRers a promising opportunity for driving
photochemical reactions.!~!2 For instance, strategies have been
developed to efficiently capture long-lived hot electrons within
metal/oxide heterostructures for H, production,’>~18 CO;
reduction,'?=22 and N reduction reactions.?3=2> Despite the well-
established understanding of  hot-electron-driven  pro-
cesses, 20730 to date, little is known about the other half of
the hot-carrier equation: plasmon-generated hot holes (i.e., the
holes are thermodynamically available to participate  in
chemical reactions, such as water oxidation reaction, rather
than relaxing to the Au Fermi level under steady-state
conditions) in photocatalysis. Although recent studies have
observed that plasmon-generated hot holes at the metal/oxide
interface were capable of driving the water oxidation
reaction,® most eRorts were focused on optimizing the
reaction activity,’27%2 and a clear identification of the origin
of those hot holes in the water oxidation has not been fully
explored.

In this contribution, we employed in situ electron para-
magnetic resonance (EPR) spectroscopy to follow the fate of
plasmon-generated hot holes at the Au/TiO; interface to
clucidate their origin in oxidation reactions. Our studies
revealed that the plasmon-assisted interband excitation (d-
band to sp-band transitions with holes in the d band of Au)
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rather than the plasmon-assisted intraband excitation (sp-band
to sp-band transitions with holes in the sp band of Au)
generated energetic hot holes that promoted the water
oxidation at the Au/TiO, interface. Compared to lukewarm

sp-band holes that only stayed on Au NPs, hot d-band holes
were transferred from Au NPs to interfacial oxygen atoms on
the TiO; surface. The localization of plasmon-generated hot
holes on surface oxygen atoms of TiO; suppressed the fast hole
relaxation to the Au Fermi level and therefore maintained their
energy near the valence band maximum of TiO; under steady-
state conditions. Our spectroscopic studies further demon-
strated that those hot holes were transferred from the TiO;
surface into oxygen atoms of adsorbed water molecules,
highlighting the importance of the plasmon-assisted interband
excitation in facilitating the water oxidation at the metal/oxide

interface.
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RESULTS AND DISCUSSION

Identification of Atomic-Level Accumulation Sites of
Hot Holes at Au/TiO, Interface in Water Oxidation. Au
NPs with an average diameter of 4.3 £ 0.6 nm were grown on
commercially available P25 (Degussa) via a deposition-
precipitation method (Figure S1A).# A LSPR feature arising
from Au NPs was found at approximately 556 nm (Mser) for
Au/TiO; heterostructures (Figure S1C), while TiOy itself only
absorbed light in the ultraviolet (UV) region (Figure S1D).
These distinct optical properties of Au NPs and TiO; provided
an opportunity to solely excite plasmon-generated hot carriers
in Au/TiO; heterostructures using visible-light irradiation.
High-resolution transmission electron microscopy (HRTEM)
confirmed that a heterogeneous interface was constructed
between Au and TiO; (Figure S1B), creating a pathway for the
plasmon-mediated interfacial carrier transfer.*

Au/SiO; was also prepated using the same deposition-
precipitation method. Since SiOz is an insulating support,* the
plasmon-generated hot holes on Au NPs should quickly relax
to the Au Fermi level (approximately —5.1 eV vs vacuum in the
sp band)* due to the continuous band structure of Au and
electron—electron and electron—phonon interactions in Au.*’

As a result, those lukewarm holes on Au should be
thermodynamically unfavorable to drive the water oxidation
reaction (approximately —5.73 eV vs vacuum).*# Indeed,
Au/SiO; heterostructures were inactive for the water oxidation
under visible-light irradiation (A > 495 nm) (Figure S2A and see
the Supporting Information for further discussions). However,
Au/TiO; heterostructures exhibited a photocatalytic activity for
water oxidation under visible-light irradiation (A > 495 nm)
(Figure S2A), suggesting the interfacial transfer of hot holes
from Au into TiO; during the water oxidation reaction. The
plasmon-mediated interfacial hot-hole transfer from Au into
TiO; was further verified using in situ EPR spectroscopy.
Previous studies have reported that the accumulation of
electrons at the Ti centers of TiO; produced EPR-active Ti3*
species. The EPR feature of Ti?* in the rutile TiO2 was shown
at the g values of ca. 1.976 and 1.953 (i.e., denoted as the green

dashed lines in our EPR .s(%ectra), while the g values of Ti3*
species in the anatase Ti , were found at ca. 1.990 and 1.961

(ie., denoted as light-purple dashed lines in our EPR
spectra).’=52 Meanwhile, the localization of holes at oxygen
atoms of TiO; also created EPR-active O~ species with the g
values of ca. 2.003, 2.015, and 2.024 (denoted as h*(O~) and
black dashed lines in our EPR spectra).’=5 As shown in
Figure 1A and Figures S4 and S5, under visible-light irradiation
(A > 495 nm), plasmon-generated hot electrons were
transferred from Au NPs into TiO; and increased the Ti3*
signal intensity. Meanwhile, a new EPR feature appeared at the
position (g = 2.003, 2.015, and 2.024 in Figure 1A and Figure
S5) that is consistent with the characteristic of photogenerated
holes on surface oxygen atoms of TiO: (i.e., in the form of
Ti*+*O2-Ti#*O" 7).»756 Since bare TiO, does not absorb
visible light (Figure S1D), those holes on surface oxygen atoms
of TiO; (denoted as h*(O~)) must originate from the plasmon-
generated hot holes on Au that were transferred into TiO»
and then remained on surface oxygen atoms under steady-state
conditions (Figure 1B). Indeed, no h* (O7) signal was
observable on bare TiO under visible-light irradiation (A

> 495 nm) (Figure S0), clearly demonstrating that the
irradiation wavelength longer than 495 nm is unable to
generate holes from TiO; excitation.
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Figure 1. Accumulation sites of hot holes in Au/TiO,
heterostructures. (A) In situ EPR spectra of Au/TiO; hetero-
structures in the dark (black) and under visible-light irradiation (A
> 495 nm) (red) at 5 K under He condition. (B) Schematic of
accumulation sites where hot carriers reside within Au/TiO»
heterostructures, showing the interfacial hot-hole transfer from
Au NPs to surface oxygen atoms of TiO2 and the interfacial hot-
clectron transter fromt Au NPs to 117 o TiO,, respectively. The
cyan, gray, and yellow dots stand for oxygen, titanium, and gold

atoms, respectively, CB and VB are the con?ucti n band and the
valence band of TiO . E is the Fermi level of Au/TiO
2 F

heterostructures.

It should be noted that plasmon-generated hot electrons

injected into the conduction band of TiO: were swept away

from the interface by the built-in electric field located in the
depletion layer,” efficiently preventing the recombination
between those hot electrons and hot holes on surface oxygen
atoms of interfacial TiO,. It is also known that the valence
band of TiO; is mainly composed of Og,, suggesting that the
energy level of those hot holes on surface oxygen atoms of
TiO; are located near the valence band maximum (approx-
imately —7.4 eV vs vacuum).*34” Therefore, the localization of
plasmon-generated hot holes at interfacial TiO, makes them

th dy ically f le  tq. dri th idati
thermodynamically Jfayorablss 1Q, drive (e, Wasge Kidafins
interface. ’

Further Insights into Hot-Hole Distribution at Au/
TiOZInterface for Water Oxidation. Previous studies

reported that the O, s;;ecies also exhibited similar g values

(g = 2.003, 2.010, and 2.026) as the EPR feature of h*(O7).5
In order to exclude the possibility that the visible-light-induced
new EPR feature in Figure 1A was originated from the hot-
electron-generated O, species, we further created oxygen
vacancies on the TiO, surface in Au/TiO, heterostructures by
utilizing the photodeposition method (see the Supporting
Information for further discussions about the formation of
oxygen vacancies). It is noted that the presence of oxygen
v%c%glc_ies on,thel;f isz surface not only enables the %erf]erat'on
o species by functioning as tfapping centefs for hot
5758 but also
reduces the number of plasmon-generated hot holes on TiO,
by acting as hot electron—hole recombination centers.”

For Au/TiO; heterostructures prepared by the photo-
deposition method, the EPR feature (g = 2.003) of electrons
trapped at oxygen vacancies of TiO; (denoted as e~ (V,)) was
obsetvable in the dark (Figure 2A and Figure S7),0061 showing
that oxygen vacancies were created on TiO, Because the
energy level of oxygen vacancies is approximately 1.18 eV
below the conduction band edge of TiOs (i.e., the energy of
Ti3*),57 the formation of low-energy oxygen vacancy states
traps the majority of electrons in TiO; and results in a much

2
electrons and adsorption sites of Oz molecules
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Figure 2. Accumulation sites of hot holes in Au/TiO,
heterostructures with oxygen vacancies. (A) In situ EPR spectra
of Au/TiO; heterostructures with surface oxygen vacancies in the
dark (black) and under visible-light irradiation (A > 495 nm)
(blue) at 5 K under He condition. (B) Schematic of accumulation
sites where hot carriers reside within Au/TiO, heterostructures,
showing the interfacial hot-electron transfer from Au NPs to
surface oxygen vacancies of TiO; to further recombine with
plasmon-generated hot holes on interfacial oxygen atoms of TiO5.

higher relative intensity of e~ (V,) than Ti** signal (Figure 2A,
black curve). Under the visible-light irradiation (A > 495 nm),
only the enhancement of e~ (V,) was detected (Figure 2A),
while the EPR feature (g = 2.003, 2.015, and 2.024) completely
disappeared. This result cleatly showed that the visible-light-
induced EPR feature at the g values of 2.003, 2.015, and 2.024
in Figure 1A was not originated from O2~ species, whose EPR
signal intensity should be greatly enhanced by the formation of
surface oxygen vacancies on TiOz. As shown in Figure 2B, in
Au/TiO; heterostructures with oxygen vacancies, plasmon-
generated hot electrons were directly transferred to lower-
encfay surface oxyeen | acancies, This hot—e}e{ggr&?)?ansfer

pat ay was con Yy an enhancement o cature

and almost no increase of Ti3+ intensity under visible-light
irradiation in the presence of oxygen vacancies (the blue curve
in Figure 2A). Those hot electrons at surface oxygen vacancies
of TiO, further recombined with hot holes that were localized
at interfacial oxygen atoms on the TiO; surface (Figure 2B). As
a result, hot holes only remained in Au NPs (i.e., EPR silent)
and no EPR feature of h*(O") from TiO; was observable for
Au/TiO; heterostructures with oxygen vacancies under steady-
state conditions. It should be noted that the photodeposition
method creates oxygen vacancies on both the TiO» surface and
Au/TiO; intetface (i.e., petimeter area of Au/TiO, interface)
followed by the surface photocorrosion mechanism. Upon
plasmon excitation, hot electrons from Au are trapped by
oxygen vacancies on both the TiO; surface and the Au/TiO,
interface. However, only the hot electrons at interfacial oxygen
vacancies are able to recombine with interband hot holes at the
interfacial TiOs.

Recent studies have found that the formation of oxygen
vacancies on Au/TiO; significantly suppressed the activity of
plasmon-driven water oxidation.”® This observation together
with our EPR studies into the spatial distribution of hot holes
in Au/TiO; heterostructures with oxygen vacancies further
confirms that hot holes that stay in Au NPs in the presence of
oxygen vacancies are not energetic enough to drive water
oxidation. Instead, hot holes have to transfer from Au into
TiO; and maintain their strong oxidizing power at interfacial
oxygen atoms on TiO; to oxidize adsorbed water molecules.

Origin of Plasmon-Generated Hot Holes at Au/TiO;
Interface. Upon plasmon excitation, the damping from the
plasmon resonance oRers additional pathways (i.e., interband
excitation from d-band to sp-band, and intraband excitation
from sp-band to sp-band) for the electronic transitions./263 It
has been reported that the generation of sp-band holes via
intraband excitation follows the LSPR feature and reaches the
maximum at Arspr.*+5 The energy of those intraband hot
holes exhibits a neatly uniform distribution from the Fermi
level up to the photon energy. On the other hand, the
interband excitation only occurs when the energy from the
damping of plasmon resonance is larger than the interband
threshold energy (Ein = ca. 1.6—1.8 eV for plasmonic Al, Au,
and Cu; Eine = ca. 3.5 eV for Ag),026667 generating hot holes at
the d-band far below the Fermi level. Rather than following the
LSPR feature, the yield of interband hot holes continuously

increases when irradia,tin% with a shorter wavelength than
Lspr.0%0+0> As shown 1n Figure 3A and Figure 587the EPR
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Figure 3. Identification of the origin of hot holes on surface oxygen
atoms of TiO; through wavelength-dependent EPR measurements.
(A) In situ EPR spectra of Au/TiO; heterostructures under
diRerent irradiation wavelengths at 5 K under He conditions. The
diRerentwavelength-dependent EPRintensities of h*(O~) and Ti?*
features exclude the impact of minor intensity variation between
each irradiation wavelength on assigning the excitation mechanism
of hot holes and hot electrons. (B) Schematic of the origin of hot
holes accumulated on interfacial oxygen atoms of TiO,.

intensities of Ti3* species (i.e., hot electrons at Ti centers of
TiOz) almost kept the same when irradiating with wavelengths
containing Aispr (i.€., A > 495 and 550 nm) but decreased once
using longer wavelengths than Aispr (i.e., A > 610 and 715 nm).
This observation clearly showed that hot electrons trapped at
Ti>* species of TiO2 were generated via the plasmon-assisted
intraband excitation of Au NPs. Meanwhile, the EPR intensity
of h*(O~) continuously increased when varying the irradiation
wavelength from 715 to 495 nm (Figure 3A and Figure S8),
strongly suggesting that hot holes accumulated on surface
oxygen atoms of TiO, were generated from plasmon-assisted
interband excitations.

Morteover, both intraband and interband excitations take
place when hv is larger than 1.8 eV (Ei of Au), whereas only
the intraband excitation is allowed when hv is less than 1.8 eV.
Indeed, we found that, when irradiating with L > 780 nm (hv <
1.6 V), the increase of the EPR feature of Ti** species (due to
the transfer of electrons from Au into TiOz) was still
observable but the EPR feature of h* (O-) completely
disappeared (Figure 4A), cleatly showing that lukewarm sp-
band holes from the intraband excitation were not energetic
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Figure 4. Identification of the origin of hot holes on surface oxygen
atoms of TiO; by only exciting intraband transitions. (A) In situ
EPR spectra of Au/TiO; heterostructures in the dark (black) and
under the light irradiation (A > 780 nm) (pink) at 5 K under He
conditions. (B) Schematic of the spatial distribution of hot
electrons and lukewarm holes generated by the intraband
excitation in Au/TiO; heterostructures.

enough to be transferred from Au into TiO, (Figure 4B).
Taken together, we attributed the origin of hot holes residing
on surface oxygen atoms of TiO; at the Au/TiO; interface to
the synergetic eRect between plasmon-assisted intraband and
interband excitations: lukewarm sp-band holes from the
plasmon-assisted intraband excitation recombined with elec-
trons generated by the plasmon-assisted interband excitation,
resulting in long-lived and hot d-band holes that were capable
of transferring from Au to interfacial oxygen atoms on the
TiO; surface (Figure 3B).o8

Interfacial Transfer of Interband Hot Holes in Water
Oxidation. The transfer of hot d-band holes from the TiO,
surface to adsorbed water molecules in the process of water
oxidation reaction was further affirmed using EPR spectrosco-
py. As shown in Figure 5A and Figure S9, the EPR feature of
h*(O7) was significantly enhanced in the presence of water
molecules as compared to dried Au/TiO, heterostructures.
However, thete was no h*(O~) observed on Au/SiO;
heterostructures in the presence of water molecules (Figure
S10). This significant compatison confirmed that lukewarm sp-
band holes remaining on Au NPs in Au/SiO; heterostructures
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Figure 5. Plasmon-driven water oxidation on Au/TiO; hetero-
structures by using hot d-band holes on surface oxygen atoms of
TiOs. (A) EPR spectra of Au/TiO; heterostructures in the dark
(black), under visible-light irradiation (A > 495 nm) (red), and
under visible-light irradiation in the presence of water molecules
(blue). These EPR measurements were conducted at 90 K. (B)
Scheme of hot-hole transfer from the TiO; surface to oxygen
atoms of adsorbed water molecules, increasing the amount of

h*(O~) species.

plasmon-generated interband hot holes from Au to TiO;
reached an equilibrium. The addition of water resulted in a
shift of the equilibrium due to the transfer of hot holes from
TiO; to adsorbed water molecules, allowing the transfer of
additional interband hot holes from Au to TiO,. It is noted
that O~ species in water also contribute to the EPR signal of h*
(O7) (see the SI for detailed chemical descriptions about how
the O~ species is formed from water), since g values of water-
derived oxygen radicals were reported at around 2.007, 2.019,
and 2.027, similar to g values of h* (O7) in dried Au/TiO,.®
Thetefore, the addition of water to Au/TiO; produced more
O~ species as compared to the number of O~ species only
originating from TiO; in dried samples, resulting in the
increase of the EPR signal for h* (O7) in the presence of water.
This watet-assisted h*(O~) enhancement for Au/TiO,
heterostructures supported that hot holes on the surface
oxygen atoms of TiO; indeed participated in the water
oxidation reaction (Figure 5B).

CONCLUSION

In summary, we successfully clarified the origin of plasmon-
generated hot holes in promoting the water oxidation reaction
at the Au/TiO, interface. Hot holes that determined the
activity of water oxidation were derived from the plasmon-
assisted interband excitation of Au NPs. Our studies showed
that distinct from lukewarm sp-band holes via the plasmon-
assisted intraband excitation that only remained on Au NPs,
energetic d-band holes from the plasmon-assisted interband
excitation were transferred from Au NPs into TiO, where
surface oxygen atoms stabilized those hot holes and maintained
their energy over extended time scales, making them
thermodynamically favorable to participate in the water
oxidation reaction. It is reported that the action spectrum of
hot-hole-driven alcohol oxidation and water oxidation also
exhibited a higher reaction rate under the shorter irradiation
wavelength.79=72 The consistency between the wavelength-
dependent intensity variation of h* (O7) feature (Figure 3A)
and the reported action spectra of plasmon-driven photo-
chemistry provides a unified picture, where the interband hot
holes are more energetic than intraband holes for redox
reactions in aqueous media.”’~’* More importantly, our in situ
spectroscopic studies further identify atomic-level accumu-
lation sites of interband hot holes at the metal/oxide interface,
unraveling how interband hot holes maintain their strong
oxidizing power for photochemistry over a time scale ranging
from milliseconds to seconds. We also found that the
manipulation of interfacial atomic structures (with or without
oxygen vacancies) enables to significantly alter the atomic
distribution of hot holes in metal/oxide heterostructures.
Taken together, our results establish a comprehensive
description of the undetlying photophysical process of exciting
and harvesting energetic hot holes in plasmon-driven chemical
reactions on metal/oxide heterostructures and thus provide
guidance for the development of advanced plasmonic photo-
catalysts for efficient hot-hole-driven oxidation reactions.

METHODS

Synthesis of Au/TiO, Heterostructures. Au/TiO, hetero-
structures were prepared by a deposition-precipitation method to
grow approximately 4—5 nm Au NPs onto commercially available P25
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(Degussa) supports.'®> In detail, 1.1 g of P25 was dispersed into 100
mlL of nanopure H2O under continuous sonication in a 250 mL
round-bottom flask. The mixture was placed in an oil bath and stirred
at 333 K for 30 min. A 25 mM HAuCl, solution (2.2 mL) was then
added to achieve the desired 1 wt % Au loading. NH,;OH (10%) was
dropped to adjust the pH to 9-10, and the mixture was further stirred
in the oil bath at 333 K for another 4 h. The solid was collected via
centrifugation at 10,000 rpm for 10 min and then washed with
nanopure H»O. The washing process was repeated three times,
followed by drying the sample at 333 K overnight in the oven. The
powder sample was finally annealed at 483 K for 3 h in the oven to
create Au/TiO; heterostructures. The deposition-precipitation
method was also utilized to deposit Au NPs onto SiO; supports to
construct Au/SiO, heterostructures. For 1 wt % Au/TiO,
heterostructures prepared by a photodeposition method, 50 mg of
P25 and 0.1 mL of a 25 mM HAuCl, were dispersed in a 100 mL
aqueous solution of 2% methanol in a flask, with subsequent
irradiation under a 500 W Hg lamp (Newport, Inc.) equipped with a
280—420 nm filter Newport, Inc. and Iy = 250 mW/cm?) in the
atmosphere with stirring for 0.5 h. The solid was collected via
centrifugation at 10,000 rpm for 10 min and then washed with
nanopure HyO. The washing process was repeated three times,
followed by drying the sample at 333 K overnight in the oven.

Electron Paramagnetic Resonance Spectroscopy Data
Collection and Analysis. EPR experiments were performed on a
Bruker ELEXSYS-II E500 CW X-band spectrometer within a super
high-Q cavity (ER 4123SHQE), equipped with an ESR900 Oxford
Instruments helium flow cryostat for low-temperature experiments.
For EPR experiments conducted at 5 K, 40 + 2 mg of a sample was
loaded into a quartz EPR tube (approximately 4 mm inner diameter),
sealed in the He conditions, and placed within the microwave cavity.
For the EPR study of hot-hole-driven water oxidation, the
temperature was elevated to 90 K in order to facilitate the transfer
of hot holes from Au/TiO; heterostructures into water molecules.>>
In detail, 36 pL of water was added into the EPR tube and mixed with
40 £ 2 mg of the sample. After that, the EPR tube was capped and
placed within the microwave cavity. Since the EPR study of hot-hole-
driven water oxidation was conducted under the air conditions, it was
necessary to study whether the hot-electron-generated O,~ species
also created an EPR feature, which exhibited similar g values as the
EPR feature of h*(O-). Compared to the EPR spectrum collected
under the air condition, almost no vatiation in the intensity of h*(O-)
was observable after purging Ar gas into the EPR tube (Figure S11),
excluding the existence of O, species in the EPR spectrum. All EPR
spectra were collected using the following instrument parameters: 100
kHz modulation frequency, 3 G modulation amplitude, 40 ms
conversion time, 15 mW microwave power, and 60 dB receiver gain. A
total of 20 scans were used to acquire a signal average for each sample.
Optical excitation of the sample was performed directly within the
microwave cavity using a 300 W Xe lamp (Newport, Inc.) equipped
with optical long-pass filters (Thor Laboratories, Inc.) to irradiate the
sample through the optical port of resonator. For the optical
excitation using optical long-pass filters (Thor Laboratories, Inc.),
samples were irradiated within the microwave cavity under an
incident light intensity of 400 £ 50 mW c¢m~2 for 60 min prior to data
collection. The background signal measured from the pure quartz
EPR tube was removed from EPR spectra, and the g values used in the
EPR simulation are summarized in Table S1. Simulated EPR spectra
were generated using the EasySpin toolbox in MATLAB.”

Photocatalytic Reaction Test. The water oxidation reaction was
catried out in a closed gas circulation and evacuation system. Au/
TiO; and Au/SiO; heterostructures were used as photocatalysts. Fifty
milligrams of photocatalysts were dispersed into a 100 mL of 5 mM
Fe(NO3)s aqueous solution with magnetic stirring. After that, the
system was degassed, followed by purging Ar into the system. Optical
excitations of the sample were performed using a 300 W Xe lamp
(Newport, Inc.) equipped with a 495 nm long-pass filter (Thor
Laboratories, Inc.). In all optical experiments, the sample was
irradiated under an incident light power of 300 £ 50 mW cm=2
The gas system was circulated for 5 min in every 30 min. The

generation of Oz molecules was detected using a gas chromatograph
(Shimadzu GC-2014) equipped with a 60/80 Mol Sieve 5A column
and a thermal conductivity detector (TCD) maintained at 35 °C with
Ar as the carrier gas.

Other Characterizations. High-resolution transmission electron
microscopy (HRTEM) and transmission electron microscopy (TEM)
were conducted on a JEOL 2010F HRTEM operated at 200 kV,
located at MAIC at the University of Florida (UF). DiRuse reflectance
measurements of photocatalysts were collected on a Shimadzu UV-
2600 spectrophotometer equipped with the diRuse reflectance
integrating sphere accessory (ISR-2600Plus).
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Materials. Commercially available P25 (Degussa) and methanol (99.8%) were purchased from
Fisher Scientific (Hampton, NH). Chloroauric acid trihydrate (HAuCls*3H20) (>99.9% trace
metals basis), silica (S102) (100-200 mesh silica gel), and ammonium hydroxide (NHsOH) (ACS
reagent, 28.0-30.0% NH; basis) were purchased from Sigma-Aldrich (St. Louis, MO). All
chemicals were used as received without further purification. All glassware was cleaned with aqua
regia solution, followed by copious rinsing with Nanopure™ H>O (Barnstead, 18.2 MQ cm) prior
to use. (CAUTION! Aqua regia is highly corrosive and toxic. Handle with care and use appropriate

personal protective equipment. )
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Figure S1. Characterization of Au/T10; heterostructures prepared by the deposition-precipitation method. (A)
TEM image of Au/TiO: heterostructures. The size of Au NPs is 4.3 + 0.6 nm. (B) HRTEM of Au/TiO:
heterostructures, showing that a heterogeneous interface has been constructed between Au and TiO,. UV-Vis
spectrum of (C) Au/TiO; heterostructures and (D) bare TiO;. For Au/TiO» heterostructures, the localized surface

plasmon resonance (LSPR) arising from Au NPs is found to be approximately 556 nm.
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Further Discussions about Plasmon-Driven Water Oxidation on Au/TiO: and Au/SiO:
Heterostructures. The observation of continuous oxygen evolution on Au/T10; heterostructures
and the inactive water oxidation on Au/SiO; heterostructures upon LSPR excitation was consistent
with previous studies.! A mechanism of water nucleophilic attack (WNA) to -Ti-O species to form
an 0-0 bond was proposed for the water oxidation (Figure S2B).>* In detail, hot holes from the
plasmon-assisted interband excitation in Au NPs were transferred to surface oxygen atoms of TiO2
at the Au/TiOz interface. Thereafter, one hot hole from a nearby surface oxygen atom of TiO;
deprotonated a water molecule adsorbed at the surface Ti atom to form a -OH species (Step 1).
The coupling between this -OH species and the surface O species (a hole accumulated at the
surface oxygen atom of TiO;) further created the Ti-OOH species (Step 2). Eventually, O2
molecules were released from the TiO: surface after the proton-coupled hole transfer process

(Steps 3.4, and 5).°

Previous studies have demonstrated that plasmon-generated hot electrons that remained on the
surface of colloidal plasmonic metal NPs (¢.g., Au and Ag) were capable to reduce Fe** into Fe?*.6
? Accordingly, for the water oxidation on Au/SiO; heterostructures, plasmon-generated hot
clectrons on Au NPs were consumed by the electron scavenger (1.¢., Fe(NO3)3), leaving long-lived
hot holes that were available to oxidize water molecules. The nactive water oxidation on Au/S10;
heterostructures suggested that hot holes on Au were thermodynamically unfavorable for driving
the water oxidation reaction (approximately — 5.73 eV vs. vacuum)'®!! since hot holes on Au NPs
should quickly relax to the Au Fermi level (approximately — 5.1 eV vs. vacuum).'? By comparison,
on Au/TiO; heterostructures, plasmon-generated hot electron-hole pairs were more efficiently
separated by the interfacial Schottky barrier, allowing more hot electrons to be consumed by

Fe(NO3)3 and leading to the accumulation of more hot holes on Au NPs. To exclude the possibility
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that such large amounts ot hot holes on T10;-supported Au NPs will shift the Fermu level ot Au to

an anodic direction and eventually make hot holes at Au Fermi level become thermodynamically
favorable to oxidize water molecules, we characterized the size variation of Au NPs after the water

oxidation. It should be noted that the hot-hole-induced Au etching process should have already
occurred before hot holes on Au participate in the water oxidation reaction.'? As shown in Figure
S3, the size of Au NPs was 5.7 £ 0.9 nm after the plasmon-driven water oxidation reaction,
excluding the hot-hole-mediated Au etching process that should result in the smaller Au NPs as

compared to the size of as-prepared Au NPs.
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Figure S2. Hot-hole-driven water oxidation on Auw/TiO; and Au/SiO; heterostructures. (A) Water oxidation
reaction on Au/TiO; heterostructures (red) and Au/SiO; heterostructures (gray) under visible-light irradiation

(A > 495 nm). (B) Reaction pathway of hot-hole-driven water oxidation reaction on Au/Ti10: heterostructures.
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Figure S3. TEM characterization of Au/TiO; heterostructures after the plasmon-driven water oxidation reaction.

The size of AuNPs is 5.7+ 0.9 nm.
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Figure S4. Experimental (black) and simulated (gray) X-band EPR spectra of Au/TiO; heterostructures in the
dark. The simulated spectrum (gray) is originated from electrons trapped at Ti*" species in the rutile TiO> phase

(orange).'*% Note: EPR spectrum was collected at 5 K in He condition and the EPR background spectrum has

been subtracted from the initial spectrum.
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Figure S5. Experimental (red) and simulated (gray) X-band EPR spectra of Au/TiOs heterostructures under
visible-light irradiation (A > 495 nm). The simulated spectrum (gray) can be further deconvoluted into various
respective components, where A"(0) (blue) represents hot holes stayed on surface oxygen atoms of TiO», anatase
Ti*" (purple) represents electrons trapped at Ti*" sites in the anatase TiO> phase, and rutile Ti*" (orange) is
assigned to electrons trapped at Ti** sites in the rutile TiO> phase.>'®! Note: EPR spectrum was collected at 5

K in He condition and the EPR background spectrum has been subtracted from the initial spectrum.
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Figure S6. In situ EPR spectra of Au/TiO; heterostructures and bare TiO; under visible-light irradiation (A > 495
nm) (red) at 5 K under He condition. Note: For Ti*" species, the light-blue and green lines represent g values of

anatase Ti*" and rutile Ti** species, respectively.
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Further Discussions about Formation of Oxygen Vacancies on TiO: using Photo-Deposition
Method. For Au/Ti10; heterostructures prepared by the photo-deposition method, the EPR feature
(g = 2.003) of electrons trapped at oxygen vacancies of TiOz (e’ (V,)) was observable in the dark
(the black curve in Figure 2A and the corresponding simulation result in Figure S7),'*!3 showing
that oxygen vacancies were created on T102. This was consistent with previous studies, which also
reported that the photo-deposition method was able to create oxygen vacancies on TiO».'%!7 During
the photo-deposition synthesis, TiO; efficiently absorbed UV light, generating electron-hole pairs.
The trapped holes on the T10; surface weakened the binding strength between the Ti atom and the
lattice oxygen of TiO,. With the assistance of methanol oxidation, lattice oxygen atoms were

extracted from the TiOx surface, leading to the formation of surface oxygen vacancies on TiO».!
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Figure S7. Experimental (black) and simulated (gray) X-band EPR spectra of photo-deposition-prepared
Au/Ti0: heterostructures in the dark. The simulated spectrum (gray) can be further deconvoluted into various
respective components, where e'(F,) with a g value of 2.003 represents the accumulation of clectrons at oxygen

vacancies of TiOz and Ti*" is originated from electrons accumulated at Ti centers of rutile TiO». Note: EPR
spectra were collected at 5 K in He condition, and the EPR background spectrum has been subtracted from the

initial spectra.
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Figure S8. Three-dimensional X-band EPR spectra of Au/TiO: heterostructures under different irradiation
wavelengths at 5 K under He condition. Note: /"(O") represents the accumulation of hot holes on surface
oxygen atoms of TiO; and Ti*" is attributable to electrons accumulated at Ti centers of TiO». The EPR

background spectrum has been subtracted from the initial spectra of Au/TiO heterostructures.
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Figure S89. Initial X-band EPR spectra of Au/TiO, heterostructures before and after the addition of water
molecules. For dried Au/TiO; heterostructures, the dark and visible-light irradiation (A > 495 nm) EPR spectra
are shown in the black and red curves, respectively. For Au/TiO; heterostructures in the presence of water
molecules, the dark and visible-light irradiation (X > 495 nm) EPR spectra are shown in the gray and blue curves,
respectively. Note: #7(O") represents the accumulation of hot holes on surface oxygen atoms of TiO» and Ti*" is
attributable to electrons accumulated at Ti centers of TiOa. For Ti** species, the light-blue and green lines
represent g values of anatase Ti*" and rutile Ti*" species, respectively. The EPR spectra were collected at 90 K,

and the EPR background spectrum has been subtracted from the initial spectra.

It is noted that the addition of water molecules decreased the EPR signal of Ti*" feature in the
dark condition (black and gray spectra in Figure S9). The water-induced decrease of Ti*" signal
was attributable to the partial absorption of microwave by water molecules, reducing the incoming
energy to trigger the spin excitation of unpaired electrons in Au/TiO> heterostructures. Similar

water-induced Ti** signal attenuation was also observable under visible light irradiation (red and
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cyan spectra in Figure §9). Surprisingly, the EPR signal of 4°(O7) species on Auw/TiO:2
heterostructures increased after the introduction of water molecules, clearly demonstrating the
formation of more O species due to the transfer of hot holes from Au/Ti0> heterostructures to

oxygen atoms of adsorbed water molecules to produce additional O species.

To eliminate the impact of water during EPR measurements and clearly highlight the intensity
variation of visible-light-induced /' (O") species on Au/T10; heterostructures before and after the
addition of water molecules, we adjusted the EPR spectrum of Aw/Ti0: heterostructures in the
presence of water molecules in the dark (gray spectra in Figure S9) to the same intensity of EPR
spectrum of dried AwTiO; heterostructures in the dark condition (black spectra in Figure S9).
Accordingly, as shown in Figure 5A, the intensity of the visible-light EPR spectrum of Au/TiO2
heterostructures in the presence of water molecules (the blue spectrum in Figure S9) was also

multiplied by the same factor in the alignment of dark EPR spectra.

In addition to the water-enhanced /4"(O") signal, it is noted that the presence of surface water
also increased the EPR signal of Ti*" feature in Au/TiOz heterostructures. It is proposed that the
addition of water induces a shift of hole transfer equilibrium and allows more interband hot holes
to be transferred from Au to TiOa, suppressing the recombination of hot holes and hot electrons in
Au. As a result, more hot electrons transfer to TiO» and stay at Ti centers, resulting in the increase

of Ti*" EPR signal in the presence of water.
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Figure S10. X-band EPR spectra of Au/SiO; heterostructures in the presence of water molecules. Only the
background noise was observable on Au/SiO; heterostructures in the presence of water molecules both under the
dark and visible-light irradiation (A > 495 nm), showing that holes that remained on Au NPs were unable to

transfer to adsorbed water molecules to produce /"(0) species. Note: The EPR spectra were collected at 90 K.

Chemical Descriptions about the Formation of O Species from Water

In the presence of water, hydroxyl groups from water covalently bond to the surface Ti centers,
transforming initial Ti-O™ at the dried Au/T10> interface to Ti-O~-Ti-OH™ (O™ m both Ti-O™ and
Ti-O~-Ti-OH represents hot holes that stay on oxygen atoms of TiO). After that, hot holes transfer

from oxygen atoms of TiO; into hydroxyl groups of adsorbed water:
Ti-O*-Ti-OH = Ti-O*-Ti-O" + H*

where O™ in Ti-O>-Ti-O" represents the oxygen radicals in hydroxyl groups of adsorbed water

molecules and O% in Ti-O?-Ti-O" is the oxygen atom of TiO» once hot holes leave. Such hole
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transtfer from 110: to hydroxyl groups of water molecules results 1n a shift ot the hole equilibrium

in Auw/TiOz, leading to the transfer of additional interband hot holes from Au into TiO;:
Ti-O*-Ti-O" + A" 2 Ti-O"-Ti-O"

where O™ in Ti-O”-Ti-Ooriginate from both oxygen radicals in TiO2 and hydroxyl group of
adsorbed water molecules. Therefore, the addition of water to Au/Ti0 produces more O™ species
as compared to the number of O™ species only originating from TiO> in dried samples, resulting

in the increase of the EPR signal for #'(0) in the presence of water.
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Figure S11. X-band EPR spectra of Au/Ti0; heterostructures under air and Ar conditions at 90 K. Note: #7(0)
represents the accumulation of hot holes on surface oxygen atoms of TiO». Ti** represents electrons accumulated
at Ti centers of TiO,. For Ti*" species, the light-blue and green lines represent g values of anatase Ti*~ and rutile

Ti** species, respectively. The EPR background spectrum has been subtracted from the initial spectra.
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Table S1. Summary of g values used for simulation of X-band EPR spectra.

1821

Signal Assignment Average g, Average g, Average g-
Rutile Ti* 1.976 1.976 1.953
Anatase Ti*” 1.990 1.990 1.961
Oy 2.002 2.007 2.028
h(O) 2.003 2.015 2.024
el 2.003 2.003 2.003
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