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ABSTRACT: A simple and green photodeposition route is
developed for the selective deposition of Au nanoparticles on
anatase TiO, {001} facets to prepare a Au—TiO, localized
surface plasmon resonance photocatalyst system. The surface-
capping agents on Au nanoparticles can be completely
removed during the photodeposition process, and the close
contact between the Au and TiO, support in the as-prepared
Au—TiO, system is guaranteed, as confirmed by thermogravi-
metric and X-ray photoelectron spectroscopy analyses.
Accordingly, the separation of photogenerated electron—hole
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pairs via localized surface plasmon resonance is greatly enhanced, and promoted activity of Au—TiO, in both photocatalytic
hydrogen evolution and methylene blue decomposition could be obtained under visible light irradiation.
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B INTRODUCTION

Semiconductor photocatalysis has attracted extensive attention
due to its potential application in environment remediation and
solar energy conversion, and current researches focus on
photocatalysis under visible light with the aim to make better
use of solar light."™* Recently, localized surface plasmon
resonance (LSPR) photosensization has been recognized as a
promising strategy to achieve visible light harvesting with metal
Au or Ag nanostructures on semiconductor TiO, as the most
familiar examples.”~"" The electrons in metals might be excited
by the LSPR with visible light absorption and subsequently
transfer to the conduction band of the attached semi-
conductors. The electrons transferred to the surface of
semiconductor and the holes remaining on the surface of the
metals can act as redox centers to initiate photocatalytic
reactions.”'® Extensive research is focused on controlling the
physical properties of plasmonic metals, e.g. size and shape, and
their impacts on the LSPR intensity and corresponding visible
light-driven activity.'””~"” In contrast, relatively less research is
involved in the effects of support materials and preparation
strategies on LSPR intensity, which are also very important
issues in LSPR photocatalysis.'®~>°

TiO, is a favorable support for plasmonic metals due to its
high electron injection ability. The exposed facet of the TiO,
crystal is very important, and the photocatalytic activity of
different facets has been sufficiently debated in recent
years.”' > For anatase TiO,, it is well acknowledged that its
high-energy {001} facets prefer to provide the oxidation sites,
while the low—energgy {101} facets prefer to provide the
reduction sites.”*">® Thus, the driving of photogenerated
electrons and holes to different facets under irradiation offers
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great opportunity for the selective photodeposition of co-
catalysts on designated facets of pristine semiconductors, e.g.,
BiVO, {010}/{110} and WO, {040}.>*°

Herein, we report a new and green synthesis strategy to Au
on TiO, {001} facets via selective photodeposition. The close
contact between Au and TiO, {001} facets is ensured by the
photodeposition route, which results in enhanced LSPR
intensity and accordingly greatly promotes photocatalytic
activity under visible light irradiation. We further demonstrate
that other parameters, e.g., the percentage of {001} facets in the
TiO, support and size of the Au nanoparticles, can also
influence the LSPR-induced photocatalytic activity under visible
light irradiation. All of these parameters, ie., Au—TiO,
interaction, TiO, facet, and Au size, are mutually tolerant to
each other, and therefore, the rational design of the robust
composite structure for visible light harvesting via LSPR is

possible.

B RESULTS AND DISCUSSION

Anatase TiO, nanosheets with {001} as the dominating
exposed facet were prepared via a hydrothermal method,*' ™

and the percentage of exposed {001} facet can be adjusted by
changin% the HF/TiO, ratio, as calculated and summarized in
Table 1.>**° The anatase TiO, nanosheets appear as light gray,
which results in additional absorbance in the visible light region
(Figure S1, Supporting Information). The colloidal Au
nanoparticles were prepared based on the sodium citrate
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Table 1. Physicochemical Properties of Anatase TiO, Nanosheets

sample HF/TiO,”  crystallite size (length X width X thickness) percentageb {001} (%)  percentage® {001} (%)  Szgr (m*/g) color
TiO,-1/1 1/1 30 nm X 30 nm X 7 nm 68 58 85 light gray
TiO,-3/2 3/2 40 nm X 40 nm X 6 nm 77 66 78 light gray
TiO,-2/1 2/1 45 nm X 45 nm X 6 nm 80 73 80 light gray
TiO,-5/2 S5/2 50 nm X S0 nm X S nm 83 77 75 light gray

“Mole ratio. "Calculated based on XRD patterns. “Calculated based on Raman spectra.
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Figure 1. Synthetic strategy to Au nanoparticles on TiO, {001}.
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Figure 2. (a) DTA curves of Au—TiO,-2/1 prepared by different methods. (b) Au 4f XPS of Au—TiO,-2/1 samples. (c) UV—vis spectra of Au—
TiO,-2/1 samples. (d) HAADF-STEM image of Au—TiO,-2/1-PD. (e) HRTEM image of Au—TiO,-2/1—PD with FFT analysis of the Au

nanoparticle (inset).

reduction method as developed by Frens.*® In this process,
citrate ions not only act as the reducing agent for colloidal Au
but also act as the surface-capping agent to stabilize the
colloidal Au. The as-prepared colloidal Au nanoparticles appear
as ruby red, and the UV—vis spectrum shows a distinct peak
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centered at about 530 nm as a result of Au plasmon resonance
(Figure S2, Supporting Information). The TEM analysis
confirms that colloidal Au nanoparticles are obtained as
expected, and the average size of colloidal Au nanoparticles is
estimated to be ~9 nm (Figure S3, Supporting Information).
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Figure 3. (a) Photocurrent response of Au—TiO,-2/1 samples prepared by different methods in 1.0 M KOH with a scan rate of SO mV/s under
visible illumination (4 > 400 nm). (b) Photocatalytic hydrogen evolution over Au—TiO,-2/1 samples under visible light (1 > 400 nm); 1% Pt was in
situ loaded as co-catalyst. (c,d) Photocatalytic decomposition of MB over Au—TiO,-2/1 samples under visible light (A > 400 nm).

Au nanoparticles were selectively deposited on anatase TiO,
{001} facets via a newly developed simple and green route,
where no toxic reagents were employed and no post-treatments
were required. The cartoon of synthetic strategy is described in
Figure 1, and the essence of the strategy is a photocatalytic
redox reaction. Under UV—visible irradiation, the photo-
generated holes and electrons in TiO, will migrate to {001}
and {101} facets, respectively, according to the preferential flow
of photogenerated carriers to the specific facets with different
energy.23 Moreover, electrons can be excited due to the SPR
effects of Au and accumulate on the Au surface. The
electrostatic attraction will drive the Au nanoparticles to the
positively charged anatase {001} facets, where the citrate ions
on the surface of the Au will be oxidized to CO, by the
photogenerated holes. Meanwhile, the H' in the solution would
be reduced to H, by photogenerated electrons on anatase TiO,
{101} facets as the other half of the reaction.

The photodeposition process is monitored by temporal
analysis of the filtrated Au colloid during photodeposition. The
color of the Au colloid gradually turned from the original ruby
red to light red and finally to colorless with time-on-stream of
photodeposition (Figure S6, inset, Supporting Information).
The UV—vis spectra indicated gradual decreases in the intensity
of peak centered at about 530 nm corresponding to Au
plasmon resonance, confirming the disappearance of Au in the
liquid phase (Figure S6, Supporting Information). These results
clearly reveal the loading of Au on the TiO, support via the
photodeposition process. The efliciency of photodeposition can
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be higher than 99% providing sufficient time is employed for
photodeposition (6 h in the case of Au—TiO,-5/2).
Accompanied by the photodeposition of Au, H, evolution
can be observed as a result of photocatalytic reduction of water.
The rate of H, evolution is dependent on the anatase TiO,
supports employed, and higher H, evolution rates are obtained
with higher percentages of {001} facets exposed (Figure S7,
Supporting Information). This is explained as the result of
better separation of photogenerated electron—hole pairs with a
higher percentage of {001} facets exposed.

For a better understanding of the advantages of our
photodeposition method and their impacts on LSPR photo-
catalysis, several characterization techniques are further
employed. Figure 2a shows the DTA curves of the Au—TiO,
samples prepared by different methods. For Au—TiO,—IM
(prepared via incipient wetness impregnation), an obvious
exothermic peak at 310 °C is observed originating from the
oxidation of the organic species, i.e., citrate ions. For samples
treated with HCIO,, i.e, Au—TiO,—OX, the intensity of the
exothermic peak greatly decreases and shifts to lower
temperature due to the removal of most organic species during
HCIO, oxidation."” In contrast, no exothermic peak can be
observed for Au—TiO,—PD, indicating the complete removal
of organic species during photodeposition. It is known that the
existence of surface-capping agents will enlarge the distance
between plasmonic metals, which leads to the attenuation in
the LSPR intensity. Therefore, the surface-capping agents are
removed for the LSPR photocatalyst system. Compared with
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Figure 4. (a) Photocurrent response of Au—TiO,—PD samples in 1.0 M KOH with a scan rate of S0 mV/s under visible illumination (4 > 400 nm).
(b) Photocatalytic hydrogen evolution over Au—TiO,—PD samples under visible light (4 > 400 nm); 1% Pt was in situ loaded as co-catalyst. (c,d)
Photocatalytic decomposition of MB over Au—TiO,—PD samples under visible light (4 > 400 nm).

other routes, the photodeposition route is a completely green
one, and H,/CO, is released as a harmless byproduct.
Moreover, the absence of a calcination step is energy saving,
and the aggregation of Au nanoparticles could be avoided. The
Au-TiO, interaction is investigated by means of XPS. As
shown in Figure 2b, binding energy values of 82.8 and 86.4 eV
are observed for Au—TiO,—IM, corresponding to Au 4f;/, and
4f; ,, respectively.’”*® The binding energy values are somewhat
lower than those of the reference Au foil, i.e., 83.8 and 87.4 eV.
Considering that binding energy values of 82.8 and 86.4 eV are
also observed for Au nanoparticles (Figure S8, Supporting
Information), the lower binding energy values are due to the
interaction between the Au and TiO, support as well as the
residual capping agent and corresponding changes in the
microenvironments of Au nanoparticles. A small shift of about
0.1 eV in the binding energy values is observed after the
removal of surface-capping agents by HCIO, oxidation (Au—
Ti0,—0X). While for Au—TiO,—PD, an obvious shift of 0.3
eV compared with that of Au—TiO,—IM can be observed,
indicating the different chemical environments of Au and the
Au—TiO, interactions. UV—vis spectra show SPR peaks
centered at about 550 nm for all Au—TiO, samples (Figure
2c). The red-shift in the SPR peaks of Au—TiO, relative to the
Au colloid precursor (about 530 nm, Figure S2, Supporting
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Information) are due to the overall increase in the refractive
index.” Interestingly, it is clearly observed that Au—TiO,—PD
exhibits higher SPR intensity than Au—TiO,—OX and Au—
TiO,—IM, which originated from the removal of surface-
capping agents and the close contact between Au and TiO,.

The structure and morphology of the as-prepared Au—
TiO,—PD sample are investigated by means of microscopy.
The TEM (Figure S10, Supporting Information) and HAADF-
STEM images (Figure 2d) reveal that Au nanoparticles are
successfully loaded on the TiO, support through photo-
deposition, and no aggregation or growth of Au nanoparticles
could be observed. The HRTEM image in Figure 2e further
reveals that a well-crystallized Au nanoparticle is deposited on
the anatase TiO, {001} facet with lattice spacing of 0.235 nm,
similar to a previous report."” The close contact between Au
and TiO, {001} can also be supported by the HRTEM image.
In contrast, the loose contact between Au nanoparticles and
TiO, is observed in the HRTEM image of Au—TiO,—IM, and
the unambiguous Au FFT pattern indicates the existence of
surface-capping agents (Figure S11, Supporting Information),
consistent with DTA analysis results.

The visible light harvesting properties of Au—TiO, samples
are illustrated by means of photocurrent responses and
photocatalytic evaluation. As shown in Figure 3a, almost no
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Figure S. (a) HAADF-STEM images and structure models of Au—TiO,-2/1—PD with different Au sizes. (b) Photocatalytic hydrogen evolution over
Au-TiO,-2/1-PD samples under visible light (4 > 400 nm); 1% Pt was in situ loaded as co-catalyst. (c) Photocatalytic decomposition of MB over

Au—Ti0,-2/1—PD samples under visible light (4 > 400 nm).

photocurrent responses were observed for all Au—TiO,
samples in the dark, while obvious current responses were
discerned from —0.8 to 0.2 eV (versus Ag/AgCl) under visible
light illumination (4 > 400 nm). Au—TiO,—PD shows a stable
photocurrent density of about 0.9 mA/cm?, several times higher
than that of Au—TiO,—OX (about 0.4 mA/cm?) or Au—TiO,—
IM (about 0.3 mA/cm?) with similar Au loading. The enhanced
photocurrent response is related to the selective deposition of
Au on anatase {001} facets, removal of surface-capping agents
on Au, and subsequent close contact between Au and TiO,
(vide supra). On the basis of the results from photocurrent
responses, it is rational to propose that Au—TiO,—PD exhibits
higher photocatalytic activity than Au—TiO,—OX and Au—
TiO,—IM. This is clearly confirmed by their activity difference
in both the photocatalytic reduction reaction, i.e., hydrogen
evolution from water splitting (Figure 3b), and photocatalytic
oxidation reaction, i.e., MB decomposition (Figure 3c,d), under
visible light irradiation.

We further investigate the effects of the TiO, support on the
visible light harvesting properties of Au—TiO, prepared by
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photodeposition. Here, anatase TiO, nanosheets with different
percentages of {001} facets exposed (Table 1) are employed as
supports of Au nanoparticles. It is observed that a higher
photocurrent is obtained with Au—TiO,—PD with a higher
percentage of {001} facets exposed (Figure 4a). Moreover,
Au—TiO,—PD with a higher percentage of {001} facets
exposed exhibits higher photocatalytic activity in both hydrogen
evolution from water splitting (Figure 4b) and MB
decomposition (Figure 4c,d). This is due to the enhanced
separation of photogenerated electron—hole pairs separation
with exposed {001} facets.*®

On the other hand, the LSPR intensity in the plasmonic
photocatalyst system has been reported to be very much
dependent on the size of the plasmonic metals.">"* Herein, we
employed Au nanoparticles with different sizes (~9, ~24, and
~36 nm) for photodeposition on TiO,. As expected, Au
nanoparticles can be selectively deposited on anatase TiO,
{001} facets with perfect efficiency (>99%, Figure Sa). Increase
in the size of the Au nanoparticles has a positive effect on
visible light harvesting ability, and Au—TiO,—PD with a larger
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Au size exhibits distincly higher activity than that of a smaller
Au size in both photocatalytic hydrogen production from water
splitting (Figure Sb) and photocatalytic MB decomposition
(Figure Sc). A direct comparison between our Au—TiO,
catalysts with conventional ones is summarized in Table S1
of the Supporting Information.

Colloidal metal nanoparticles with surface-capping agents
have been extensively employed for the preparation of
supported metal nanocomposites for catalytic applications.*~*!
The removal of surface-capping agents, or so-called ligands, is a
crucial issue considering that the existence of surface-capping
agents may show great negative impacts on catalytic perform-
ances. Compared with other routes, e.g., thermal or oxidative
treatments and solvent exaction,” ** the newly developed
photodeposition route appears to be simpler, greener, and more
selective to specific facets although it is limited to the use of
semiconductor as the support. Because the structure of colloidal
metals can be well preserved during photodeposition, the
photodeposition route provides an elegant solution for the
investigation of the effects of metal size and shape on the
(photo)-catalytic performances. In the specific example of the
Au—TiO, LSPR photocatalyst system, the photodeposition
route can be applied in the loading of Au nanoparticles with
different sizes onto anatase TiO, with different facets exposed.
In this context, it presents a link between the plasmonic metal
and semiconductor and allows us a better understanding of the
LSPR effects.

In summary, we have successfully developed a simple and
green strategy for the selective photodeposition of Au
nanoparticles on anatase TiO, {001} facets, and a Au—TiO,
LSPR photocatalyst system can be prepared. During photo-
deposition, the surface-capping agents on Au can be completely
removed, and a close contact between the Au and anatase
{001} facet is guaranteed. The close contact between the Au
and anatase {001} facet leads to enhanced LSPR intensity and
promotes the separation of photogenerated electron—hole pairs
under visible light irradiation. Therefore, enhanced photo-
current response and photocatalytic activity can be obtained.
For the as-prepared Au—TiO, LSPR photocatalyst system,
different factors, i.e., plasmonic Au, semiconductor TiO,
support, and their interactions, may influence the LPSR
intensity simultaneous. However, these factors are mutually
tolerant to each other, and therefore, it is possible to design
robust composite structures for visible light harvesting via
LSPR. The synthetic strategy developed in the present study
can be extended to the deposition of colloidal metal
nanostructures on semiconductor supports for various
applications, and the well-defined structure of as-obtained
product is particularly important for further structure—activity
relationship studies.
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Experimental details and more characterization and catalytic
results. This material is available free of charge via the Internet
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