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ABSTRACT: Gold nanoparticles supported on titanium dioxide (Au NPs/ HCOOH
TiO,) hold great potential as visible-light-driven photocatalysts through \ -
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plasmon-induced charge separation (PICS). The photo-electrochemical proper-

ties of the Au NPs are intrinsically connected to their structure and interfacial

interactions with the TiO, support. Here, we present a highly efficient visible Hz0: >\
light photocatalytic system for H,O, production via O, reduction accomplished 2e

by tailoring the particle size and density of Au NPs on TiO,. Oleylamine- o,

stabilized colloidal Au NPs with sub-10 nm particle diameters (d = 3.1, 5.8, and Supported Au NPs on TiO,
7.8 nm) were synthesized and uniformly deposited on amine-functionalized

TiO, (P25) with tunable loading amounts (~0.5—3.4 wt %) through an adsorption approach. These well-controlled Au NPs/TiO,
catalysts allowed us to separately investigate the catalytic effects arising from the Au particle size and particle density. Upon visible
light irradiation (4 > 420 nm), increasing particle density of Au NPs proved advantageous for H,0, formation, wherein injected hot
electrons could reduce O, on another Au NP through interparticle electron transfer. All sizes of the Au NPs/TiO, catalysts achieved
a steady-state H,0, concentration exceeding 10 mM at elevated particle densities. Moreover, a size-dependent interfacial contact and
charge transfer between Au NPs and TiO, served to modulate the electronic structure of Au NPs, leading to a pronounced
enhancement in the PICS efficiency of the smallest Au NP (d = 3.3 nm) with an outstanding apparent quantum yield (10.3%, 4 =
528 nm) for visible light photocatalytic H,0O, production.

0,

Increasing Particle Density
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1. INTRODUCTION

)'14,21,22

of a suitable Schottky barrier (~1.0 eV Tailoring the

Plasmonic nanoparticles (NPs) can interact intensely with light
through localized surface plasmon resonance (LSPR)."* The
light-harvesting capability of plasmonic nanostructures can be
controlled and extended to the visible and near-infrared regime
by adjusting their particle size, shape, and chemical
composition.””™ Concentration of light at nanoscale using
plasmonic NPs have attracted considerable attention in the
fields of photocatalysis and solar energy conversion.”” '’ Upon
LSPR excitation, plasmon-induced hot carriers are generated
on the NPs via nonradiative plasmon decay.'"”'” The energetic
carriers can then transfer to adjacent electron- and hole-
accepting materials to initiate catalytic chemical reactions. This
mechanism known as plasmon-induced charge separation
(PICS), also referred to as hot electron/hole injection, was
first demonstrated on metal—semiconductor nanocompo-
sites.'”'* The Schottky junction formed at the metal—
semiconductor interface can significantly enhance the
efficiency of charge separation.'* PICS has been successfully
applied in a variety of visible-light-driven photocatalytic
reactions, including the hydrogen evolution reaction from
alcohol photoreforming,ls’16 water oxidation,'”'®
splitting,”'” and ammonia synthesis.”’

Au NPs supported on TiO, is one of the most successful
systems for PICS due to their high stability and the formation

overall water
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structure of Au NPs not only could control the LSPR
properties but also could manipulate the photochemistry of
plasmon-induced hot carriers. Particle size is a key factor for
plasmonic photocatalysis based on PICS as it affects the
absorption, scatterin§,_ and various catalytic effects induced by
LSPR excitation.”>™*° Recently, dependence of Au particle
diameter on PICS efficiency have been discussed in a photo-
electrochemical system using uniformly deposited Au NPs
(25—38 nm) on flat TiO, films.”® Upon visible light
illumination, the Au NPs exhibit a higher internal quantum
efficiency as the particle size decreases. A similar trend was
observed in solid-state plasmonic solar cells.”” Importantly,
theoretical studies also have shown that the production rates of
hot carriers and the energy distribution of the hot electrons/
holes are highly dependent on particle size.”* > Ultrasmall Au
NPs (d < 5 nm) may generate higher portion of energetic hot
electrons, which could potentially facilitate the efliciency of
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Scheme 1. Schematic Illustration of the Au NPs/TiO, Catalyst Synthesis Process”
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“Colloidal Au NPs were synthesized using borane tert-butylamine complex (TBAB) as a reducing reagent. The final size of Au NPs was controlled
by varying the synthesis temperature. The oleylamine (OLAM)-stabilized Au NPs were deposited on the amine-functionalized TiO, through an
adsorption process following with a thermal treatment at 450 °C in air to remove any organic residues. The density of Au NPs on the TiO, was

adjusted by varying the quantity of Au loaded onto the TiO,.

charge separation for photocatalytic applications.”® However,
due to technical difficulties, there is limited experimental
research on Au NPs smaller than 10 nm in the photo-
electrochemical system. In photocatalytic suspension systems
using supported Au NPs, it is also challenging to establish a
clear correlation between size and activity because modifying
the size of the Au NPs also inevitably changes parameters such
as the particle density at the same loading of Au NPs. In this
study, we establish a well-controlled catalytic system using
presynthesized colloidal Au NPs with diameters ranging from 3
to 8 nm to investigate the effects of particle size and density on
PICS efficiency. The surfactant-stabilized sub-10 nm Au NPs
were uniformly deposited on amine-functionalized TiO,
(P25), which is composed of anatase and rutile crystallites
with an average particle size of 25 nm, using an adsorption
method.”" By variation of the amount of Au NPs during the
adsorption process, various particle densities of Au NPs on
TiO, can be obtained (Scheme 1).

Environmentally benign nature of H,0, is a highly
demanded chemical as an efficient oxidant in industrial
applications.”” Visible light photocatalytic H,0, production
from oxygen reduction represents a highly desired process
because it aligns with green chemistry principles, reducing
waste and optimizing resource use.”” Here, we found that the
particle size and density of Au NPs could play pivotal roles in
the supported Au NP/TiO, catalysts in driving this reaction by
enabling the efficient utilization of the plasmon-induced hot
carriers. The injected hot electrons can reduce O, to H,O,
mainly via a direct two-electron pathway. The hot holes react
with formic acid, a superior electron donor, that has been
demonstrated advantageous for the proton-coupled electron
transfer process with a suitable pH value of 1.9 in providing
protons and suppressing H,0, decomposition.****

The PICS efficiencies of the supported Au NP/TiO,
catalysts can be quantitatively estimated from kinetics analysis
of the H,0, formation rate. We demonstrate that the Au NP
density could strongly affect the photocatalytic performance.
Increasing particle density could lead to higher probability of
O, reduction occurring on another Au NP arising from
interparticle electron transfer among injected hot electrons
with a pronounced enhancement in H,O, production rate due
to a cocatalyst effect. In addition, a distinct size-dependent
H,0, formation rates were observed that the smallest Au NP

(d = 3.3 nm) outperformed the larger ones (d = 5.5 and 7.3
nm). We found that the interfacial charge transfer from TiO,
to Au NPs could play a crucial role in modifying the electronic
structure of Au NPs and the energetics of the plasmon-induced
hot electrons. The smallest Au NP (d = 3.3 nm) thus shows an
outstanding photocatalytic activity with an apparent quantum
yield above 10% (A= 528 nm) for H,O, production. Through
tailoring the Au particle size and density, the Au NP/TiO,
catalysts achieve accumulated H,O, concentrations of over 10
mM. Our findings in this study provide structural insights for
PICS-based photocatalytic reactions and will assist the design
of plasmonic photocatalysts.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Gold chloride trihydrate (HAuCl,-3 H,O,
>99.9%), 1,2,3,4-tetrahydronaphthalene (tetralin, 98%), (3-
aminopropyl)trimethoxysilane (APTS, 95%), titanium(IV) oxide
(Aeroxide, P25), potassium iodide (KI, 99%), ammonium molybdate
tetrahydrate (AMT, >99%), ammonium hydroxide (NH,OH, 28—30
wt %), ammonium nitrate (NH,NO;), sulfuric acid (H,SO,, 95—
98%), sodium thiosulfate (Na,S,0; 98.5%), and silver nitrate
(AgNO;, 99.5%) were obtained from Acros Organics. Borane tert-
butylamine complex (TBAB, 97%), oleylamine (OLAM, 70%), and
titanium(IV) butoxide (TBT, 99%) were purchased from Sigma-
Aldrich. All chemicals were used as received.

2.2. Synthesis of Sub-10 nm Au NPs. Sub-10 nm Au NPs of
three particle diameters denoted as Au NP-S (small), Au NP-M
(medium), and Au NP-L (large), were synthe51zed according to a
previous report with minor modification.*® Typically, 45 mg of TBAB
was mixed with 1 mL of tetralin and 1 mL of OLAM and sonicated at
25 °C for 15 min. Then, 100 mg of HAuCl,-3H,O was dissolved in
another solution with 10 mL of tetralin and 10 mL of OLAM in a
three-neck flask. The TBAB reducing reagent was quickly injected
into the HAuCl, solution under magnetic stirring. The solution was
kept stirring for 1 h. The particle size of Au NPs was adjusted by
controlling the reaction temperature at 42, 30, and 10 °C for the
synthesis of Au NP-S (d = 3.1 nm), Au NP-M (d = 5.8 nm), and Au
NP-L (d = 7.8 nm), respectively. The as-synthesized Au NPs were
precipitated by adding ethanol and centrifuged at 8000 rpm. The
isolated Au NPs were redispersed in 5 mL of hexanes and the
purification procedure was repeated three times to remove the
residual surfactant and precursors. The Au NPs were then dispersed
in 5 mL of hexanes, and the concentration was determined using

calibration lines for each particle size based on UV—vis spectrosco-
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Figure 1. (a—c) Representative TEM images of the three diameters of as-synthesized colloidal Au NPs (S, M, L) and (d—f) the corresponding
HAADF-STEM images of the supported Au NPs on TiO, after thermal treatment at 450 °C for 30 min. (g—i) Particle size distributions and the
mean values of the colloidal Au NPs (open bars, i) and the supported Au NPs on TiO, (closed bars, ysup').

2.3. Preparation of Supported Au NP Catalysts. Au NPs/
TiO, catalysts were prepared by an adsorption process according to a
published report.>" TiO, (P25) was first functionalized with amino
groups using APTS. Typically, 1 g of TiO, was dispersed in 40 mL of
ethanol and 2 mL of APTS were added under stirring at 25 °C for 10
min. The mixture was heated to 80 °C and kept stirring for 4 h. The
amine-functionalized TiO, was collected by centrifugation and was
washed with ethanol four times. For the adsorption of Au NPs, 0.4 g
of the amine-functionalized TiO, was dispersed in 30 mL of 10 vol %
ethanol—toluene mixture and a specific amount of Au NPs solution
targeting to form various weight loadings (0.5—4.0 wt %) was added
under stirring at 25 °C. The mixture was kept stirring for 3 h and then
collected by centrifugation. Au NPs with three different particle sizes
(small, medium, and large) were deposited on TiO, using the same
procedure. Then, all of the Au NPs/TiO, catalysts were calcined at
450 °C in air for 30 min. The actual loading amount of Au on TiO,
was quantified by inductively coupled plasma mass spectrometry
(ICP-MS, model 7700e, Agilent).

2.4. Characterization. Transmission electron microscopy (TEM)
images and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images were taken with a
field-emission transmission electron microscope (JEOL JEM-2100F)
operating at 200 kV. Ultraviolet—visible (UV—vis) absorption spectra
of the Au NPs solutions were collected on a Hitachi U-3310
spectrometer. The diffuse-reflectance UV—vis spectra of the Au NPs/
TiO, catalysts were measured using the spectrometer with an
integrating sphere. The reflection spectra were converted to the
Kubelka—Munk function: F(R) = (1 — R)?/2R, where R is the
reflectance. X-ray photoelectron spectroscopy (XPS) measurements
were carried out on an ESCALAB Xi* photoelectron spectrometer
(Thermo Fisher Scientific) equipped with a monochromatic Al Ka X-
ray source (1486.68 eV). Powder X-ray diffraction (XRD) patterns
were collected on a diffractometer (XRD-6000, Shimadzu) operated
at 40 kV and 30 mA with Cu Ka radiation (4 = 0.154 nm). Raman

spectra were measured by using a Raman microscope (DXR3,
Thermo Scientifics) with a laser wavelength at $32 nm. N,
adsorption—desorption isotherms were performed on a Micromeritics
ASAP 2020 instrument at 77 K to measure the Brunauer—Emmett—
Teller (BET) surface area of TiO,. The samples were degassed at 1 X
1072 Torr at 120 °C for 16 h prior to the adsorption measurement.
Computational simulations of the electric field distribution around Au
NPs/TiO, were performed by a finite-difference time-domain
(FDTD) method with FDTD Solutions (Lumerical Solutions,
Ansys). For each simulation, a spherical Au NP (3, 6, or 8 nm in
diameter) was embedded for 1 nm in an anatase TiO, sphere (25 nm
in diameter). The simulation domain was 100 X 100 X 100 nm?®
composed of 4 nm cubic cells. The region of the Au NP/TiO,
interface was further meshed in a three-dimensional box (40 X 40 x
40 nm?®) composed of 0.2 nm cubic cells.

2.5. Photocatalytic Activity Evaluation. Visible light photo-
catalytic H,O, production was conducted at ambient pressure and a
temperature of 303 K by using a water bath. The calcined Au NP/
TiO, catalyst (0.4 mg/mL) was suspended in an aqueous solution
containing 3.2 vol % HCOOH with a final pH value of about 1.9. The
catalyst solution was kept stirring in the dark and bubbled with pure
oxygen gas for 20 min. Then, the solution was irradiated by a xenon
arc lamp (300 W, Newport) equipped with a 420 nm long-pass filter
(20CGA-420, Newport). The light intensity (420—800 nm) was
measured to be 84.6 mW cm™ by the use of a digital radiometer. The
concentrations of H,0, were analyzed by using an iodometric
titration method. Typically, 1.2 mL of the product solution was
centrifuged and filtered (0.22 ym) to remove the catalyst. The filtrate
(1.0 mL) was mixed with 1.0 mL of H,SO, (1.0 M) and 1.0 mL of KI
(1.0 wt %), followed by adding 20 uL of Mo catalyst (a solution
containing 1.5 mM AMT, 0.6 M NH,OH, and 3 M NH,NO;) to
convert KI to I,. Then, the I, solution was titrated by a standardized
Na,$,0; solution (5 mM) with a starch indicator. To evaluate the
apparent quantum yield, the reaction solution with a higher
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Figure 2. (a) Normalized UV—vis spectra for the three as-synthesized colloidal Au NPs dispersed in hexane: Au NP-S (green), Au NP-M (blue),
and Au NP-L (red). The peak positions of LSPR are given in the figure. (b—d) Diffuse-reflectance spectra of the supported Au NPs on TiO, after
thermal treatment at 450 °C in air for 30 min: (b) Au NP-S (3.3 nm)/TiO,, (c) Au NP-M (5.5 nm)/TiO,, and (d) Au NP-L (7.3 nm)/TiO,. The
dotted vertical lines indicate the peak positions. For each particle size, four loading amounts ranging from the lowest to the highest are represented
by short-dashed, dotted, dashed, and solid curves. The specific loading amounts of Au NPs are summarized in Table 1.

concentration of Au NP/TiO, (1.0 mg/mL) was irradiated with a
light-emitting diode (1 = 455, 528, 617, or 850 nm with a fwhm of
~40 nm, Mightex) at a constant photon flux (3.5 X 10" cm™ s7').

2.6. Photo-electrochemical Analysis. To fabricate Au NP/
TiO, photoelectrodes, TiO, was first deposited on fluorine-doped tin
oxide-coated glasses (FTO) using diluted TBT—ethanol solution
(0.02 vol %) through dip coating. After calcination at 400 °C for 2 h,
the electrodes were further deposited with Au NP by dip coating
using the Au NP-M solution (1 mg/mL). The photoelectrodes were
calcined at 450 °C for 30 min to remove the residual surfactant on the
Au NPs. Photo-electrochemical measurements were performed in a
two-electrode single-compartment cell using the Au NP-M/TiO,-
deposited FTO as the working electrode (WE) and FTO, TiO,-
deposited FTO, and Au NP-M/TiO,-deposited FTO as counter
electrodes (CE). Photocurrents were measured by irradiating the
photoelectrode from the back side through a glass window using a
green light-emitting diode (1 = 528, Mightex) at a constant photon
flux (5.0 X 10" cm™ s7!) at zero-bias voltage controlled by a
potentiostat (Autolab PGSTAT204, Metrohm). All measurements
were performed in 0.1 M KNO; with 3.2 vol % HCOOH saturated
with oxygen.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of Au NP/TiO, with Well-
Controlled Particle Sizes and Densities. To distinguish the
effects of the particle size and number density of Au NPs on
PICS efficiency, we systematically prepared Au NP/TiO,
catalysts with varying particle sizes and loading amounts.
The overall process is summarized in Scheme 1. First, three
sub-10 nm colloidal Au NPs were synthesized by chemical
reduction of HAuCl, in tetralin, using borane tert-butylamine
complex (TBAB) as the reducing reagent and oleylamine
(OLAM) as the surfactant. The sizes of Au NPs were
controlled by varying reaction temperature.’® According to the
classic nucleation and growth kinetics from La Mer theory, a
rapid formation of numerous nuclei at relatively higher
temperature could quickly deplete available gold precursors,
leading to the production of smaller Au NPs.**** The long-
chain hydrophobic surfactant provides robust steric hindrance
to avoid particle aggregation. The obtained uniform Au NPs
are denoted as Au NP-S, Au NP-M, and Au NP-L,
corresponding to particle diameters of 3.1 + 0.5, 5.8 + 0.2,
and 7.8 + 0.5 nm, respectively (Figure la—c). The colloidal Au
NPs were deposited on TiO, (P2S) by using an adsorption
process based on a previously developed method.”" This
involved mixing the OLAM-stabilized Au NPs with the amine-
functionalized TiO, in a solvent consisting of a 10 vol %
ethanol—toluene mixture, ensuring the high dispersion of both
materials. This step is crucial to achieving uniformly

distributed Au NPs on the TiO, support. It is worth noting
that the surface-functionalization with amino groups on TiO,
surface enhances the adsorption affinity between the TiO, and
the OLAM-capped Au NPs, facilitating the preparation of
high-loading catalysts.’" By adjustment of the relative amounts
of Au NPs and TiO,, catalysts with various loadings of Au NPs
were obtained (Scheme 1). The Au NP/TiO, nanocomposites
were calcined in air at 450 °C for 30 min to remove residual
surfactants and the functionalized amines.”’ These procedures
were repeated for the preparation of all of the Au NP/TiO,
catalysts. For each size of Au NP, at least four loading amounts
ranging from low to high (~0.5 to >3.0 wt %) were prepared
(Figure S1). The dark-field STEM images shown in Figure
1d—f exhibit the well-distributed Au NPs on TiO, at the
highest loading amount used in this study (>3.0 wt %).
Analysis of the particle size distribution of the colloidal and the
supported Au NPs (Figure 1g—h) based on their correspond-
ing TEM images (Figures la—c and S2) confirmed that the
particle diameters of the Au NPs remained unchanged after
undergoing the adsorption and the thermal treatment
processes. The adsorption approach was found to be robust
and allowed for the preparation of a series of Au NP/TiO,
catalysts with controllable size and particle density, which was
crucial in decoupling the entangled structural effects on PICS
efficiency.

Figure 2a shows the UV—vis absorption spectra of the three
Au NPs with different particle sizes. A characteristic LSPR
band of Au NPs located around 520 nm can be observed with
peak position slightly red-shifted as the particle size increases
from 3.1 nm (Au NP-S) to 7.8 nm (Au NP-L) due to the
increased electron density.”” The shift in the peak position is
small, given the limited range of particle sizes (d = 3.1, 5.8, and
7.8 nm) under investigation.40 The smallest Au NP (d = 3.1
nm) demonstrates a broader and diminished LSPR intensity
compared to the two larger ones (d = 5.8 and 7.8 nm). This
contrast arises from the much shorter dephasing time observed
in ultrasmall Au NPs, typically those with radii smaller than 2
nm. The shortened dephasing time signifies that the coherence
of collective electron oscillations diminishes rapidly.”” Addi-
tionally, the absorption cross section of Au NPs is proportional
to the cube of the particle radius.”* Consequently, the smallest
Au NP displays a notably lower absorption intensity.

Diffuse-reflectance UV—vis spectra of the adsorbed Au NPs
on TiO, after thermal treatment were presented in Figure 2b—
d. The LSPR bands of the Au NP-S, Au NP-M, and Au NP-L
were red-shifted to 4 = 560, 554, and 548 nm, respectively, due
to the variation of the surrounding dielectric environment
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Figure 3. Visible light photocatalytic H,0, production (4 > 420 nm; 84.6 mW cm™>) as a function of reaction time using (a) Au NP-S (3.3 nm)/
TiO,, (b) Au NP-M (5.5 nm)/TiO,, and (c) Au NP-L (7.3 nm)/TiO, catalysts with varying weight loadings of Au ranging from low to high:
rhombohedral (~0.5 wt %), triangle (~1.0 wt %), square (~2.0 wt %), and circle (~3.5 wt %). The specific loading amounts of Au NPs for each
particle size are detailed in Table 1. The fitted curves are derived according to (eq S). (d) Photocatalytic H,O, formation rate constants (k) of the
Au NP/TiO, catalysts as a function of Au loadings and (e) relative catalytic activities for a single Au NP as a function of Au NP particle density.

upon contact with TiO,. The smaller Au NPs possess a higher
surface-to-volume ratio, resulting in increased interfacial
contact with TiO, and, consequently, a more pronounced
red shift. As the red-shifted LSPR band originates from the Au
NP/TiO, interface, it has been referred to as “plasmonic
interface mode”.”® Specifically, the smallest Au NP-S displayed
the most significant red shift primarily due to its exceptionally
high surface-to-volume ratio, thereby highlighting the predom-
inant role of the interface mode in shaping the LSPR
characteristics. Meanwhile, it is established that plasmon
coupling can induce a significant red shift or broadening of
LSPR when the interparticle spacing of plasmonic NPs is
comparable to their particle size." In our study, the LSPR
intensities of the supported Au NPs displayed a gradual
increase with the loading amounts without an obvious red shift
even at the highest weight loadings. To support this
observation, we further analyzed the spectra in Figure 2b—d,
normalizing them to their LSPR peak intensities as shown in
Figure S3. These normalized spectra exhibited a remarkable
degree of overlap, indicating an absence of a noticeable red
shift or spectra broadening. These results lead to the
conclusion that the Au NPs were uniformly deposited on
TiO, and that plasmon coupling was a marginal factor in our
system.

Diffuse-reflectance UV—vis spectra and the corresponding
Tauc plots of the original and amine-functionalized TiO, show
minimal variation in the optical properties with a consistent
bandgap of 3.18 eV (Figure $4).»** Additional material
characterization, including powder XRD patterns, Raman
spectra, and XPS survey spectra, was conducted to analyze
potential size-dependent differences among the Au NP/TiO,

catalysts (Figure SS). These analyses collectively indicate no
significant size-dependent variations in the TiO, phases, crystal
defects, or elemental composition. This emphasizes the
consistent fabrication processes of the Au NP/TiO, catalysts
using the same TiO, support. The TiO, support can be
considered as a constant factor across all catalysts. Therefore,
any variations in photo-electrochemical properties and photo-
catalytic performance in the following discussion could be
solely attributed to the differences in Au NP size and density.

3.2. Visible Light Photocatalytic H,O, Production
Based on PICS. Photocatalytic H,0, production through
two-electron oxygen reduction reaction (ORR) was conducted
in an O,-saturated aqueous solution under visible light
irradiation (1 > 420 nm) at a temperature of 303 K using
HCOOH (3.2 vol %) as an electron donor. It is important to
note that a high level of light intensity (84.6 mW cm™) was
intentionally chosen for all of the photocatalytic measurements
to ensure that the catalytic kinetics were not limited by
photoexcitation even when using the Au NP/TiO, catalysts at
their maximum loadings. Further elevating the light intensity
did not result in improved H,0, formation rates (Figure S6),
suggesting that the reaction kinetics were governed by the
LSPR absorption and the PICS efficiency of the catalysts.
Meanwhile, the ORR for H,0, production can follow two
distinct routes. One corresponds to the direct two-electron
pathway (eq 1), while the alternative involves an indirect two-
electron pathway that initiates with the creation of superoxide
radicals (egs 2 and 3).** We found that the visible-light-driven
Au NP/TiO, catalysts primarily facilitated the direct two-
electron ORR as the presence of superoxide radicals was not
detected (Figure S7). Considering that the injected hot
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Table 1. Physical Properties of Au NP/TiO, Catalysts and Their Kinetic Parameters for Photocatalytic H,0, Production

catalyst Au NP size (nm) Au loading (wt %) Au NP density (um™) ke (mM h™)? kg (717 ke/ky (mM)®
Au NP-S/TiO, 33+ 07 0.6 3076 1.08 0.10 10.5
12 6431 2.49 0.21 11.9
2.1 11464 4.19 0.36 11.8
3.4 18917 6.10 0.55 11.2
Au NP-M/TiO, 5.5 + 0.7 0.4 364 0.23 0.09 2.55
0.8 711 0.57 0.09 6.30
1.6 1366 1.18 0.12 9.58
32 2732 2.82 0.24 11.6
Au NP-L/TiO, 73 £08 0.5 161 0.17 0.07 2.40
0.9 298 0.49 0.12 4.08
1.7 579 1.14 0.15 7.82
3.4 1088 2.60 0.24 10.7
“Determined by ICP-MS. YDerived from the fitted curves shown in Figure 3a—c based on eq S.
electrons are presumed to possess a reduction potential close k
to the conduction band minimum of P25 (—0.24 V vs. NHE), [H,0,] = (k_](l — exp(—kgt))
the direct two-electron pathway (eq 1) is energetically more d (s)

favorable. In addition, the presence of formic acid and its
regulation on pH has been reported a crucial role in facilitating
the proton-coupled electron transfer processes for H,O,
production and concurrently suppressing H,0, decomposi-
tion.”** The formation of CO, from formic acid oxidation
was confirmed from a closed batch reaction by gas
chromatography (Figure S8).

0, + 2¢” + 2H" — H,0, (+0.68 V vs. NHE) (1)
0, + e~ — 057(—0.33 V vs. NHE) (2)
05" + 2H" + e~ — H,0, (+1.44 V vs. NHE) (3)

Figure 3a—c shows the evolution of H,0, as a function of
time, using the Au NP/TiO, catalysts (0.4 mg/mL) with
various particle sizes and densities. The initial formation rates
of H,0, increases with the Au weight loadings (from ~0.5 to
~3.5 wt %), confirming the plasmon-induced -catalysis.
Negligible amounts of H,0, were produced in the absence
of Au NPs, formic acid, or in the dark (Figure S9a). Notably,
the thermal treatment at 450 °C in air for 30 min was
necessary to fully remove the residual surfactants (OLAM)
adsorbed on the Au NPs (Figure S9b). More importantly,
particle size-dependent catalytic activity was observed in the
order of Au NP-S (d = 3.3 nm) > Au NP-M (d = 5.5 nm) > Au
NP-L (d = 7.3 nm) at a similar Au loading amount. The
smallest Au NP exhibits initial rates much higher than those of
the larger ones. However, as time progressed, the production
rates gradually decrease due to the photocatalytic decom-
position of H,0, (eq 4):*~%

H,0, + ¢ — OH™ + "OH (+0.71 V vs NHE) (4)

It is noted that the concentration of H,0O, can all reach ~10
mM for the three studied particle sizes during an 8-h reaction
when using the catalysts with the highest Au weight loading.
However, it was observed that the accumulated H,O,
plateaued more quickly as the Au weight loading increased,
suggesting that the decomposition rates of H,O, may depend
on the exposed surface area of Au."”*" It is known that the
photocatalytic H,0, formation and decomposition are zeroth
and first order with respect to the concentration of H,0O,,
respectively.””*” The reaction kinetics can be modeled
according to the following equation:

where k; (mM h™') and k,; (h™") are the H,0, formation rate
constant and the decomposition rate constant for the reactions
shown in eqs 1 and 4, respectively, and t is the reaction time.
The experimental data were accurately fitted with the equation
as those curves shown in Figure 3a—c. All of the kinetic
parameters derived from the fittings are summarized in Table
1. Another meaningful value expressed as k¢/kq which represent
the steady-state H,O, concentration was also included.

Figure 3d shows the k¢ values of the Au NP/TiO, catalysts as
a function of the Au weight loadings. For all three Au NP sizes,
the k¢ are highly dependent on the amount of Au NPs. Without
Au NP, TiO, had a negligible H,O, formation rate (k¢ = 0.025
mM h™') since it barely absorbs visible light. Importantly, at a
similar Au weight loading, the Au NP-S/TiO, shows much
higher k; values than those of the other two (Figure 3d).
Compared to other reported visible light photocatalysts (Table
S1), Au NP-S (1.2 wt %)/TiO, indeed achieved a high k; (2.49
mM h™') for H,0, production.’ Additionally, at the lowest
weight loadings, the k¢/ky value for Au NP-S can reach 10.5
mM, which is about 4 times higher than those of Au NP-M
(2.55 mM) and Au NP-L (2.40 mM) (Table 1). We emphasize
that the light-harvesting capability of the Au NPs for the three
particle sizes was controlled within a comparable absorption
range and intensities at a similar weight loading (Figure 2b—d),
allowing for the clear verification of the particle size-dependent
photoactivity without the influence of other possible enhancing
mechanisms such as plasmon coupling.®">*

The k; values for all three Au NP sizes increase with Au
weight loading, but a slightly superlinear increase was observed
for the larger Au NPs, and the increase for the Au NP-S was
sublinear (Figure 3d). Specifically, for the Au NP-L, the k;
values increase by a factor of 15.3 (0.17 to 2.60 mM h™') when
the Au weight loading increased by only 6.8 times (0.5—3.4 wt
%). For the Au NP-M, a 12.3-fold increase of the k; values
(0.23-2.82 mM h™') was observed when the Au loading
increased 8.0 times (0.4—3.2 wt %). However, for the Au NP-
S, the k; values only increase by a factor of 5.65 (1.08—6.10
mM h™') as the Au weight loading increased by S5.67 times
(0.6—3.4 wt %). On the other hand, the trend in k4 values
varies with Au loading in a slightly different way (Figure S10).
At the lowest weight loading, a similar and relatively low k4 was
observed for all three Au NP size. The decomposition rate of
H,O0, increases linearly at higher loadings of Au NPs especially
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Figure 4. (a) Schematic diagram of the two-electrode single-compartment cell used for the photo-electrochemical measurements without bias
voltage. The electrolyte solution was composed of 0.1 M KNOj;,q) and 3.2% (v/v) formic acid saturated with oxygen. (b) The photocurrents were
measured upon green light irradiation (4 = 528 nm) on the Au NP-M/TiO,-deposited FTO (WE) using FTO (black), TiO,-deposited FTO
(blue), or Au NP-M/TiO,-deposited FTO (red) as the counter electrode (CE).

for Au NP-S/TiO, (Figure S10). These results suggest that the
photocatalytic H,0, decomposition may depend on the
exposed Au surface area.’” However, the mechanism of
H,0, decomposition is relatively complicated due to
involvement of many possible pathways even in the dark.***?
We thus focus on the discussion of the H,0, formation rate as
it more directly correlated to the PICS efliciency.

3.3. Effects of Particle Density and Interparticle
Electron Transfer. The well-dispersed colloidal Au NPs
adsorbed on TiO, allowed us to investigate the effect of
particle number density on plasmonic photocatalysis. As shown
in Figure 3e, we calculated the relative photocatalytic activity
for each size of a single Au NP as a function of particle density
on TiO, based on the k; values, the Au NP loadings (Table 1),
and the BET surface area of TiO, (Figures S11 and S12). The
relative activity arranged in the order of Au NP-L > Au NP-M
> Au NP-S, indicating a dependence of PICS activity on the
absorption cross section of Au NPs.”® Importantly, we found
that the activity increases sharply with the particle density for
the Au NP-L and Au NP-M, while the Au NP-S reached a
maximum activity at a particle density of around 6.4 X 10°
pum~* (Figure 3e). At a similar weight loading, the densities of
Au NP-§ on TiO, were actually about 10 and 30 times higher
than those of Au NP-M and Au NP-L, respectively (Table 1).
We therefore speculated that there might be an optimal range
of Au NP densities for the Au NP/TiO, photocatalytic
systems. To test this, we prepared two more catalysts with even
higher loadings of the Au NP-M on TiO, (6.2 and 9.0 wt %)
and found that a maximum activity emerged at a particle
density of ~5.3 X 10° um™ for the Au NP-M/TiO, catalysts
(Figure S11). To further confirm this result, another series of
catalysts were prepared using the same Au NP-M on 700 °C-
treated TiO,, which has a § times lower surface area (11.2 m?
g~') than that of the untreated TiO, (59.4 m*> g”', Figure S12).
Similarly, we observed that the relative activity of a single Au
NP for these catalysts reaches a maximum at a particle density
of about 4.1 X 10°> ym™* (Figure S11). These results suggest
that the particle density of Au NPs on TiO, could influence
their photocatalytic activity. In the relatively low density range,
the PICS efficiency greatly increases with particle density,
possibly due to the increased probability of interparticle
electron transfer between Au NPs through the conduction
band of TiO,.** In addition, Au has been reported to exhibit

excellent selectivity in the two-electron oxygen reduction
reaction to form H,0,.”* 7% Therefore, higher densities of Au
NPs on TiO, could have a higher probability of O, reduction
on the Au surface or Au/TiO, interface through the
interparticle electron transfer mechanism, leading to a higher
formation rate of H,0,. To verify the possibility of
interparticle electron transfer between Au NPs, O, were
replaced with AgNO; as an electron acceptor during the
photocatalytic reaction. Upon green light (4 = 528 nm)
irradiation, Ag ions were reduced by the hot electrons. In
addition to the direct deposition of Ag NPs on TiO,, evidence
for interparticle electron transfer between the Au NPs was
provided by the observation of Au@Ag core—shell structures
(Figure S13).

The charge separation of the hot carriers was further
validated using a two-electrode system in a O,-saturated single-
compartment photo-electrochemical cell as depicted in Figure
4a. The photoelectrode was prepared by adsorption of Au NP-
M on a TiO,-deposited FTO. At zero-bias voltage, the
photocurrent responses were measured using either FTO,
TiO,-depoisted FTO, or Au NP-M/TiO,-deposited FTO as
the counter electrode (Figure 4a). Upon green light
illumination on the Au NP/TiO, photoelectrode, anodic
photocurrents resulting from the separation of plasmon-
induced hot carriers were detected for all three arrangements
(Figure 4b). Remarkably, when using the same Au NP/TiO,-
deposited FTO as the counter electrode, we observed a
significant increase in the measured photocurrent (0.91 yA),
which was 36 and 20 times higher compared to those
measured with TiO,-deposited FTO (0.025 uA) and FTO
(0.046 pA), respectively (Figure 4b). The calculated incident
photon-to-current efficiency (IPCE) for the dual Au NP-M/
TiO, configuration was approximately 0.01%. This value is
reasonable considering the zero-bias condition and the
photoelectrode’s limited absorption due to the relatively
small absorption cross section of the Au NP-M (d = 5.8
nm). More importantly, using Au NP-M/TiO,-deposited FTO
as both the working and counter electrodes with measurements
under nonbiased conditions was supposed to be a rational
analogy to the high-density Au NPs/TiO, photocatalysts.
Therefore, the observation of a significantly higher photo-
current in the dual Au NP-M/TiO,-deposited FTO arrange-
ment provides strong evidence for the interparticle electron
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Figure S. (a—c) Electric field distribution of Au NP/TiO, obtained from FDTD simulation. The models include light excitation (at 4 as indicated
in the figures) on spherical Au NPs with diameters of (a) 3, (b) 6, and (c) 8 nm embedded in TiO, (25 nm) for 1.0 nm. (d) Photocatalytic
formation rate constants (k) of H,0, production of the Au NP/TiO, catalysts as a function of relative contact area () of Au NPs derived from the
Au NP size and loading amount summarized in Table 1. (e) XPS spectra of Au 4f for the Au NP/TiO, catalysts with maximum Au loadings. The
empty squares represent the experimental data, while the solid lines in green, blue, and red are the fitted curves for Au NP-S/TiO,, Au NP-M/
TiO,, and Au NP-L/TiO,, respectively. The yellow-shaded area represents the Au’ component and the purple-shaded area represents the Au*. The
binding energies (Eg) of the Au 4f,,, peak values for the catalysts are included in the figure, and the dashed vertical line represents the metallic Au

in bulk phase (84.00 eV).

transfer between Au NPs and efficient charge separation at the
Au/TiO,/Au interfaces. In simpler terms, each individual Au
NP could possibly act as an electron sink, accumulating the
injected hot electrons from the others, which facilitates the
direct two-electron ORR for H,0, production (eq 1). These
findings suggest the potential benefits of high-density Au NPs
in promoting photocatalytic activity and selectivity for H,O,
formation in the Au NP/TiO, system.

3.4. Active Sites for PICS and Size-Dependent
Electronic Structures of Au NPs. The results shown in
Figure 3d implicate size-dependent photocatalytic activity.
However, at this stage, it remains unclear whether other
interfacial factors were involved, considering the necessity of
intimate contact between Au NP and TiO, for efficient charge
separation. Figure Sa—c shows the electric field distribution of
the sub-10 nm Au NPs/TiO, catalysts obtained from finite-
difference time-domain (FDTD) simulation upon light
illumination. Notably, the interfaces between Au NPs and
TiO, clearly exhibit strong electric field enhancement which

o 26,57,58
can be referred to as plasmonic interface mode.””>>" In

comparison, the electric field enhancement of the normal
surface mode where the electric field is distributed around the
whole Au NP is much weaker (Figure S14). The increase in
surface-to-volume ratio with decreasing particle size could lead
to the interface mode being dominant for smaller Au NPs,
which is also evident in red-shifted resonance wavelengths in
both the simulation (Figure Sa—c) and the experimental
results (Figure 2b—d). In previous studies, it has been reported
that the contact interface between Au NPs and TiO, is the
primary active site for PICS.'**° The greater interfacial contact
ratio between Au NP-S and TiO, could possibly facilitate hot
electron injection and achieve higher efficiency in light
utilization.

To prove the importance of the interfacial structure, we
plotted the values of k; a measure of photocatalytic activity,
against of contact area of the supported Au NPs on TiO,
(Figure 5d). The total contact areas of the three particle sizes
with different loadings were calculated, and the lowest value
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was normalized to unity (i.e., the most left red circle shown in
Figure 5d). A strong positive correlation between k; and the
relative contact area of Au NPs on TiO, was observed (Figure
5d), regardless of particles size. This result indicates that the
interfacial surface of the sub-10 nm Au NPs and TiO, could
still be the main active site for PICS.'#?® In addition, it should
be noted that the smallest Au NP-S/TiO, could actually
achieve similar catalytic activity (and interfacial contact area)
at a much lower Au loading amount (and light absorption).
For example, at k; of approximately 2.5—3 mM/h (Figure 5d),
the needed loading amount of Au NP-S (1.2 wt %) is actually
about 2.5 times lower than those of the larger ones (>3 wt %)
and so are the light absorption and the production rate of hot
carriers (Figure 2). This result suggests that Au NP-S has a
much higher efficiency of light utilization probably because the
hot carriers generated near the Au NP/TiO, interface have a
higher probability of being separated.'***

The electronic states of the supported Au NPs were further
investigated by X-ray photoelectron spectroscopy (XPS) to
elucidate the size-dependent interfacial structure of Au NPs/
TiO,. Figure Se shows the Au 4f XPS spectra of the three Au
NPs/TiO, catalysts after thermal treatment in air at 450 °C for
30 min. For ease of comparison, the binding energies of the Au
4f,,, peak values are included in the figure. As the size of the
Au NPs decreased, the binding energies shifted to lower values.
It is known that the Au 4f;/, electrons of metallic Au in bulk
phase has a binding energy around 84.00 eV.”” The Au 4f,,
peak for Au NP-L/TiO, shows an upward shift to 84.53 eV,
while those for Au NP-M/TiO, and Au NP-S/TiO, exhibit
downward shifts to 83.87 and 83.47 eV, respectively. Peak
analysis reveals that the Au NP-L sample consists of both the
Au’ and Au* components (Figure Se). Accordingly, the Au
NP-L could be considered positively charged, while the Au
NP-M and Au NP-S were slightly negatively charged. The
variation in core-level electrons could be attributed to several
structural effects and post-treatment conditions. First of all, the
size effect caused by the reduced coordination number of
surface atoms could lead to a decrease in binding energy for
small-sized Au NPs. However, previous reports indicated that
the sub-10 nm Au NPs used in our study should all have
binding energy slightly below 84.00 eV.>”*° Therefore, the
high binding energy of Au NP-L (Figure Se) with a noticeable
Au* component at 85 eV could be attributed to partially
oxidized Au induced by thermal treatment (450 °C) in air.>’
Another factor that affects the binding energy of Au NPs is
interfacial electron exchange between the Au NP and the oxide

support. In our study, TiO, is characterized as an n-type
semiconductor with a Fermi level positioned higher than that
of Au. This configuration promotes electron transfer from
TiO, to Au, consequently resulting electron-rich Au NPs.®!
Since the small-sized Au NPs have a higher surface-to-volume
ratio, the electron transfer could have a more pronounced
impact on their electronic state. As a consequence, the Au NP-
S/TiO, shows significantly lower binding energies of Au 4f
levels compared to those values of bulk Au. Moreover, the
electron transfer could shift the Fermi level of Au NPs to a
more negative potential, resulting in a lower potential barrier of
the Schottky junction and higher energy of hot electrons under
light irradiation, both of which could enhance PICS efficiency.
However, we should note that the ex situ XPS results may not
represent the electronic state of Au/TiO, during the
photocatalytic reaction. Moreover, quantum size effect may
also alter the electronic structure and plasmonic properties of
Au NPs.”” The smaller Au NPs could intrinsically exhibit lower
work function (which also means a higher Fermi level) than
those of larger ones according to previous reports.’>**

The diagram presented in Figure 6 provides a concise
overview of the enhancements in photocatalytic H,O,
production revealing through well-controlled sub-10 nm Au
NP/TiO, catalysts. The effects stemming from particle density
and size are of paramount importance in elucidating the
observed outcomes. (1) As illustrated in the left segment of
Figure 6, interparticle electron transfer between Au NPs
becomes viable at a sufficiently high particle density. This
scenario sets the stage for the Au surface to serve as a
kinetically favorable site for the catalytic reduction of O, to
form H,0,.°* 7% (2) The influence associated with particle size
is highlighted in the right-hand side of Figure 6. Small Au NPs
exhibit a higher surface-to-volume ratio, affording extensive
interfacial contact with TiO,. This intimate contact fosters
interfacial charge transfer from TiO, to Au NPs, which could
induce a negative shift in the Fermi level of Au NPs and reduce
the potential barrier between the Au NP and TiO,. From an
energy standpoint, the injection of hot electrons into TiO, can
occur more readily, leading to enhanced PICS efliciency. In
fact, with optimization of particle size and density, the smallest
Au NP-S (3.4 wt %)/TiO, shows an outstanding performance
for visible light photocatalytic H,0O, production, achieving
apparent quantum yields of 10.3 and 8.9% at wavelengths of
528 and 620 nm, respectively (Figure S15). The visible light (4
> 420 nm) photocatalytic H,O, formation rate attains 4.7 mM
per hour (Table S1). In addition, a recycling test conducted on
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the Au NP-S/TiO, catalyst demonstrated commendable
stability, retaining 83% of the catalytic performance at the
fifth cycle (Figure S16). However, establishing a sustainable
on-site H,O, production system with the current Au NP/TiO,
catalysts remains challenging due to the highly thermodynami-
cally favorable nature of the photocatalytic H,O, decom-
position (+0.71 V vs NHE, eq 4). Even with the remarkable
formation rate constant exhibited by the Au NP-S/TiO, (k; =
6.10 mM h7'), the key focus lies in reducing the H,O,
decomposition rate to accumulate a higher H,0, concen-
tration. Recently, innovative approaches employing multiphase
photocatalytic systems have shown encouraging results by
effectively separating or minimizing the catalyst contact with
the liquid products.”*®® Specific surface modifications or
treatments on the supported Au catalysts to facilitate O,
adsorption and H,0, desorption could also offer promising
directions.

4. CONCLUSIONS

In summary, a series of uniform sub-10 nm Au NPs with
various loading amounts on TiO, were successfully prepared
and characterized for understanding the effects of particle size
and particle density of Au NPs on visible light photocatalysis
through PICS. In particular, we demonstrated that the
optimization of particle density could improve PICS efficiency
by promoting the surface reaction rate, probably through
interparticle electron transfer. FDTD simulation and XPS
analysis verify the importance of size-dependent interfacial
interaction between Au NPs and TiO, on PICS. Herein, the
superior catalytic results of the smallest Au NP (d = 3.3 nm)
could be originated from the largest extent of interfacial charge
transfer from TiO, due to its highest surface-to-volume ratio.
The highly dispersed sub-10 nm Au NPs on TiO, exhibited
efficient activities in visible light photocatalytic H,0,
production with outstanding apparent quantum yields
(10.3% at A = 528 nm and 8.9% at A = 620 nm) and a
steady-state H,O, concentration up to 11.9 mM. Our results
demonstrate the importance of controlling the particle
parameters on tuning the catalytic and electronic properties
of supported plasmonic NPs toward efficient PICS-driven
photocatalysis.
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