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ABSTRACT: We report the syntheses of mesoporous Au/TiO,
hybrid photocatalysts with ordered and crystalline frameworks
using co-assembly of organosilane-containing colloidal amphiphile
micelles (CAMs) and poly(ethylene oxide)-modified gold nano-
particles (AuNPs) as templates. The assembled CAMs can convert
to inorganic silica during calcination at elevated temperatures,
providing extraordinary thermal stability to preserve the porosity of
TiO, and the nanostructures of AuNPs. Well-defined AuNPs
supported within mesoporous TiO, (Au@mTiO,) can be prepared
using thermal annealing at temperatures up to 800 °C. High-
temperature treatment (>500 °C) under air is found to not only
improve the crystallinity of TiO, but also induce oxidative strong
metal—support interactions (SMSIs) at Au/TiO, interfaces. For
oxidative SMSIs, the surface oxidation of AuNPs can generate positively charged Au®* species, while TiO, gets reduced
simultaneously. Using photocatalytic oxidation of benzyl alcohol as a model reaction, Au@mTiO, calcined at 600 °C for 12 h
exhibited the best activity under UV irradiation, while Au@mTiO, calcined at 600 °C for 2 h showed the best activity under visible
light. The delicate balance between the crystallinity and porosity of TiO, and the SMSIs at Au—TiO, interfaces is found to impact
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the photocatalytic activity of these hybrid materials.

KEYWORDS: mesoporous materials, crystalline oxides, titanium dioxide, photocatalysis, metal—support interaction,

benzyl alcohol oxidation

1. INTRODUCTION

Gold (Au) nanocatalysts supported on oxides are of broad
interest in heterogeneous catalysis to mediate various chemical
transformations, including CO oxidation,' ™" water—gas shift,**
alcohol oxidation,”® and selective hydrogenation. 19 Oxide
supports have proven to play a critical role in controlling the
thermal stability and the catalytic activity of supported Au
nanoparticles (AuNPs).*' "> Among many oxides, inexpensive
and photocatalytically active titania (TiO,) has been used
extensively to support AuNPs in previous literature stud-
ies.¥*'%131% Au/TiO, catalysts can be prepared by physical
adsorption of presynthesized AuNPs,'>'® deposition—precip-
itation on TiO, substrates,'* and encapsulation of AuNPs in
well-resolved nanostructures such as core—shell,"”"® yolk—
shell,'*° and Janus-type.”’ As supports of noble metal
nanocatalysts, mesoporous materials are superior in terms of
their mesoscale porosity (pore diameter 2—50 nm), which
offers large surface areas and enhanced mass transport of
substrates. Enhanced photocatalytic activity has been docu-
mented previously using mesoporous TiO, as a support for
AuNPs. >
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Unlike many redox-active oxides, for example, Fe,0,,"”
CeO,,” and MnO,,”* the electronic interaction between Au
and TiQ, is rather poor as a result of weak charge transfer.”* As
such, AuNPs supported on TiO, always suffer from
aggregation and sintering at elevated temperatures.'””” The
formation of strong metal—support interactions (SMSIs)
between Au and TiO, becomes critical in control of not only
their catalytic activities but also the stability of AuNPs to
increase the lifetime of these expensive noble metal nano-
catalysts.”>*” Dai and co-workers recently reported the use of
a sacrificial carbon layer to stabilize AulNPs supported on TiO,,
while increasing temperature to enhance metal—support
interactions between Au and TiO,.”* They showed that the
formation of SMSIs at the interfaces of Au/TiO, could largely
enhance the thermal stability of AuNPs and prolong the
lifetime of Au nanocatalysts.
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Our group recently demonstrated the synthesis of thermally
stable mesoporous oxides with highly crystalline walls using
organosilane- contalmng colloidal amphiphile micelles (CAMs)
as templates. 230 cAM templates made through micellization
of poly(ethylene oxide)-block-pol S&tnmethoxysﬂyl)propyl
methacrylate) (PEO-b-PTMSPMA)*”* can convert to in-
organic silica. Unlike hydrocarbon-based polymer templates,
CAMs have significantly better thermal stability under air, and
they can therefore acts as a template for the growth of
mesoporous oxides with highly crystalline walls. When co-
assembling with polymer-modified AuNPs,” 3132 presynthesized
AuNPs with well-defined sizes could be encapsulated into
mesoporous oxides. Because SMSIs in Au/TiO, are
thermodynamically unfavorable at low tnan'q:narature,24 we can
use thermally stable CAMs as templates to prepare well-
defined AuNPs supported within mesoporous TiO, (Au@
mTiO,). Given the thermal stability of CAMs, these hybrid
catalysts allow to control the SMSIs at the interfaces of Au/
TiO, under high-temperature annealing, while preserving the
porosity of TiO, and the nanostructure of AuNPs. In this
study, oxidative SMSIs are found when the thermal treatment
temperature of Au@mTiQ, is higher than 500 °C. The effect
of the oxidative SMSIs of Au/TiO, on its photocatalytic
activity has been investigated using photocatalytic oxidation of
benzyl alcohol as a model reaction. We expect that our results
will provide a general guideline to design metal oxide hybrid
catalysts with oxidative SMSIs as a means to explore their roles
in heterogeneous photocatalysis.

2. EXPERIMENTAL SECTION

2.1. Materials. Hydrogen tetrachloroaurate(III) trihydrate
(HAuCl-3H,0, >99%), trisodium citrate, titanium(IV) chloride
(TiCl,), titanium isopropoxide (TIPO), monomethoxy poly(ethylene
oxide) (PEO,-OH, M, = 2000; PEO,,,-OH, M, = §5,000),
N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA) (>99%),
3-mercaptopropionic acid (3-MPA), N,N’-dicyclohexylcarbodiimide
(DCC), 4-(dimethylamino)pyridine, 2-bromoisobutyryl bromide,
copper(l) bromide (CuBr), triethylamine (TEA), 3-(trimethoxysilyl)-
propyl methacrylate (TMSPMA), anisole, dichloromethane
(CH,Cl,), hexane, and ethanol were purchased from Sigma-Aldrich
and used without further purification unless otherwise noted. Styrene
(99%) was passed through a basic aluminum oxide column prior to
use. Deionized water (High-Q, Inc. 103S Stills) with a resistivity of
>10.0 MQ was used in all experiments.

2.2. Synthesis of Amphiphilic Block Copolymers of PEO-b-
PTMSPMA. Thermally stable BCP of PEQ-b-PTMSPMA was
prepared via atom transfer radical polymerization according to the
reported procedure.”*?*** The macroinitiator of PEOIH-Br was first
synthesized according to the reported procedure In a typical
synthesis, CuBr (116 mg, 0.8 mmol), TMSPMA (20 g, 80.6 mmol),
PEO,,,-Br (2 g 0.4 mmol), PMDETA (0334 mL, 1.6 mmol), and
anisole (16 mL) were mixed into a 100 mL flask. The reaction
mixture was degassed by three freeze—pump—thaw cycles and then
filled with N,. The flask was then placed in a preheated oil bath at 65
°C for 90 min. After polymerization, the reaction was stopped by
cooling the reaction mixture to room temperature. The mixture was
then diluted with dichloromethane (DCM) and passed through a
SiO, column to remove the catalysts. The polymer solution was then
concentrated and precipitated in n-hexane two times. M, g
estimated from "H NMR was 60.4 kg mol™". The repeating unit of
PTMSPMA was calculated to be 223 using the PEQ,,, block as the
internal standard, yielding the BCP of PEQ,,,-b-PTMSPMA,,,.

2.3. Synthesis of Thermally Stable CAM Templates. The
hybrid CAMs were prepared via the self-assembly of PEQ,-b-
PTMSPMA,,, in a mixed solvent of ethanol and water to induce the
hydrolysis/polycondensation of silane moieties in PTMSPMA blocks.

In a typical experiment, 3 g of PEQ-b-PTMSPMA was first dissolved
in 100 mL of ethanol under sonication for 30 min and then stirred for
1 h at room temperature. Subsequently, 100 mL of H,0 was added
dropwise into the abovementioned solution within 2 h to induce the
self-assembly of BCP. After stirring for another 2 h, 2 mL of
trimethylamine was added to the abovementioned solution and kept
stirring for 24 h to hydrolyze the PTMSPMA cores. Lastly, CAMs
were then dialyzed against ethanol for 3 h to remove water and TEA.
The final concentration of BCP micelles in ethanol was controlled to
be ~15 mg mL™",

2.4. Synthesis and Surface Modification of AuNPs. AuNPs
with an average diameter of 14 nm (Au,,) were prepared using the
sodium citrate reduction method.>"*** In a typical synthesis, 100 mg of
HAuCl,-3H,0 was first dissolved in 0.5 L of water and heated to
boiling under stirring. Sodium citrate solution (30 mL, 1 wt %) was
injected into the abovementioned solution and further refluxed for 30
min. The surface modifications of AuNPs were performed as reported
elsewhere.?! Typically, 200 mL of the as-made AuNPs solution was
first concentrated using centrifugation and then added to 10 mL of
PEO-SH aqueous solution (1 mg mL™") under vigorous stirring. The
mixture solution was then stirred overnight to allow the ligand
exchange. The modified AuNPs were purified by centrifugation and
then dispersed in ethanol at a concentration of 1 mg mL™",

2.5. Synthesis of Au@mTiO,. Au@mTiO, was synthesized using
a co-template-directed method by an evaporation-induced self-
assembly (EISA) approach. In the typical synthesis, S mL of CAM
solution (15 mg mL™") was mixed with 40 uL of TiCl, and 270 uL of
TIPO, followed by adding 1 mL of Au-PEO solution (1 mg mL™").
Following further stirring for 1 h, the obtained homogeneous solution
was poured into a Petri dish to evaporate ethanol at 40 °C for 24 h
and then at 100 °C for 12 h to completely evaporate the residual
solvent. The as-made hybrids were further calcined at different
temperatures for 2 h with a ramp of 2 °C min™' to crystallize the
mesoporous framework. As a comparison, pure mTiO, was
synthesized using the same procedures without the addition of Au-
PEO.

2.6. Photocatalytic Oxidation of Benzyl Alcohol. The benzyl
alcohol oxidation was tested under visible light (500—600 nm) and
ultraviolet light (320—390 nm) irradiation using an OmniCure S1500
(200 Watt mercury Arc). In a typical BAOR, 260 uL of benzyl alcohol
was added to a mixture of 10 mg of photocatalysts and 5 mL of
toluene in a 25 mL flask under dark conditions. O, was bubbled into
the abovementioned solution at a flow rate of 100 mL min™!, After
being stirred for 5 min, the UV or visible light was irradiated to start
the oxidation reaction. During the reaction, 20 uL of the solution was
collected every hour for GC—MS measurements. The GC—MS
analysis was performed on an Agilent 7820A GC system connected
with a mass spectrometer of 5975 series MSD from Agilent
Technologies, and a nonpolar cross-linked methyl siloxane column
with dimensions of 12 in. X 0.20 mm X 0.33 um was used. The
column starting temperature was 40 °C and then ramped at 8 °C
min~" to an ending temperature of 270 °C. The catalytic performance
was also cross-examined using proton nuclear magnetic resonance
("H NMR) with 14-dioxane as an internal standard.

2.7. Characterization. Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) studies were carried out using a
JEOL 2010 transmission electron microscope with an accelerating
voltage of 200 kV. Scanning TEM (STEM) mapping and high-angle
annular dark-field STEM (HAADF—STEM) were performed using a
Talos F200X atomic resolution analytical microscope. TEM and
STEM samples were prepared by casting the suspension of the
samples on a carbon-coated copper grid (300 mesh). The X-ray
diffraction (XRD) patterns were collected on a Rigaku Ultima IV
diffractometer (Cu Ka radiation, 4 = 0.15406 nm) with an operating
voltage of 40 kV and an operating current of 44 mA. X-ray
photoelectron spectroscopy (XPS) surface analyses were performed
on a PHI model 590 spectrometer with multiprobes (Physical
Electronics Industries Inc.) using Al Ka radiation (1 = 1486.6 eV) as
the radiation source. Binding energies (BEs) were measured for C 1,
O 1s, N 1s, and Au 4f. The XPS spectra obtained were analyzed and
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Figure 1. Synthesis and structural characterization of Au@mTiO,-800. (a) Ilustration showing the synthetic approach of Au@mTiO,: (i) co-
assembly of CAMs of PEO-b-PTMSPMA and Au-PEO templates in the presence of titanium sources; (ii) calcination at high temperatures to form
mesoporous and crystalline TiO, frameworks; and (iii) removal of residual SiO, templates to release the pores. (b) SEM, (c,d) TEM, (e) HR-
TEM, and (f) HAADF—STEM images of Au@mTiO,-800. The inset in (b) is a picture of Au@mTiO,-800. The dashed circles in (d) indicate
AuNPs. (g) STEM—EDS mapping results of Au@mTiO,-800 showing the distribution of Au (red) within Ti (green) and O (blue).

fitted using CasaXPS software (version 2.3.12). Sample charging
effects were eliminated by correcting the observed spectra with a C 1s
BE value of 284.6 eV. The powder samples were pressed on carbon
tape, mounted on adhesive copFer tape, and stuck to a sample stage
placed in the analysis chamber. "H NMR spectroscopy was performed
on a Bruker Avance 400 MHz spectrometer. Electron paramagnetic
resonance (EPR) spectroscopy was carried out using a Bruker EMX
CW microspectrometer with the perpendicular mode at room
temperature. The Brunauer—Emmett—Teller (BET) surface area of
catalysts was measured using a Quantachrome Autosorb-1-C-
automated N, gas adsorption system. Fifty milligrams of samples
were degassed at 150 °C for 12 h to remove water and other
physically adsorbed species. Transient photocurrent response was
measured on a CH Instrument 627E electrochemical workstation.
The saturated calomel electrode and Pt wire were used as the
reference electrode and counter electrode, respectively. Na,SO,
solution (0.1 M) was used as the electrolyte. The photocurrent
response was measured under the UV light (320—390 nm) and visible
light (500—600 nm) generated from a Fiber-lite series 180 illuminator
with a specific filter.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structural Characterization. Au@
mTiO, hybrids were synthesized via the co-assembly of CAMs
and AuNPs using EISA (Figure la). CAMs were prepared
through the self-assembly of PEO;,-b-PTMSPMA, ;4 (Figure
S1) in a water/ethanol mixture (1:1, vol),””’® followed by
dialysis against ethanol prior to use. AuNPs were synthesized
via wet-chemical reduction with sodium citrate as reported
previously.”” Modification of AuNPs with thiol-terminated
poly(ethylene oxide) (PEO,s-SH, molecular weight 2000
mol ') was carried out in water through ligand exchange.33’3
PEO-modified AuNPs (Au-PEQ) have similar core—shell
structures and dimension as CAMs templates,’” which ensure

the co-assembly of CAMs of Au-PEO and PEQ-b-PTMSPMA.
In addition, the PEO corona of AuNPs provide the colloidal
stability in various solvents, for example, ethanol or water in
the presence of metal salts. In a typical synthesis of Au@
mTiO,, 5 mL of the ethanol solution of CAMs (15 mg mL™")
(Figure S1) was first mixed with TiCl, (40 uL) and TIPO
(270 pL), followed by adding the ethanol solution of Au-PEOQ
(varied for different Au loading amounts) under stirring. After
stirring for 1 h, the mixture solution was poured into a Petri
dish and dried in an oven at 40 °C for 24 h and at 100 °C for
another 12 h to complete the co-assembly and the sol—gel
chemistry of titania. The as-resulted transparent, red solid was
then calcined at different temperatures to produce a crystalline
TiO, framework loaded with AuNPs (see the Supporting
Information for experimental details). In this process, the
CAMs were further converted to silica-like oxides that are
thermally stable and mechanically strong. The thermal stability
is necessary to maintain the mesoporosity while forming the
SMSIs without the collapse of pores.”’ Au@mTiO, catalysts
with controllable SMSIs were achieved via varying the
calcination temperatures and calcination times. All samples
were denoted as Au@mTiO,-T, where T is the calcination
temperature.

Taking Au@mTiO,-800 as an example, we characterized its
porous structures and the distribution of AuNPs using electron
microscopy (Figure 1b—g). Uniform mesoporous structures
can be seen from low-magnification scanning electron
microscopy (SEM) and TEM images in Figure 1b,c. The
average size of the mesopores is around 13.6 nm (Figure S2).
Aggregation-free AuNPs were well-dispersed in the meso-
porous frameworks (Figure lc—g). The powder sample of
Au@mTi0,-800, different from Au supported on mesoporous
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silica®’ appeared to be dark brown that was attributed to the
metal—oxide interaction. The HR-TEM image showed the
crystal facets of AuNPs and TiO, frameworks (Figure le). The
d-spacings of 0.24 and 0.36 nm were originated from the (111)
facet of cubic Au and the (101) facet of anatase TiO,,
respectively. The mesoporous structures with well-dispersed
AuNPs were further supported by the HAADF—STEM image,
as shown in Figure 1f. AuNPs having a brighter contrast were
homogeneously embedded into the mesoporous frameworks of
TiO,. The size of AuNPs is around 14.3 nm, comparable to
that of the as-synthesized AuNPs (Figure S3). STEM energy-
dispersive X-ray spectroscopy (STEM—EDS) mapping further
confirmed the homogeneous dispersion of AuNPs within
mTiO,. The contrast of Au (red) dispersed within the
elements of Ti (green) and O (blue) suggests the
encapsulation of AuNPs within the mTiO, frameworks. The
loading of Au was estimated to be 0.97 wt % relative to TiO,
frameworks from STEM-EDS (Figure S4), close to the feeding
amount (1 wt %). These results clearly demonstrate the
successful synthesis of thermally stable AuNPs confined within
mesoporous TiO, with crystalline walls.

The pore structures of Au@mTiO, prepared at different
temperatures in the range of 350—900 °C were further
compared using electron microscopy (Figure 2). When the
calcination temperature is below 800 °C, ordered mesoporous
structures with well-dispersed AuNPs can be seen (Figure 2a—
f). The size of AuNPs shows minimum change along with
temperature. The porous structures of TiO,, however, became
slightly less ordered with the increased calcination temper-
atures. The wall thickness of TiO, is approximately 9—10 nm
(Figure SS). When the calcination temperature increased to
900 °C, the complete disruption of mesoporous structures was
seen and AuNPs sintered to large aggregates (Figure 2gh).
The disrupted porous structures at high temperature might be
caused by phase segregation of TiO, and the CAM
templates.”” The interfacial energy of crystalline walls and
templates overcomes the mixing entropy that drives the
formation of larger crystalline grains separated from templates.
The thermal stability of mesoporous structures and AuNPs
between 350 and 800 °C provides a good window to
investigate SMSIs in Au/TiO,, which is challenging using
previously reported methods.”**

The crystallinity of Au@mTiO, was further characterized by
wide-angle XRD. XRD patterns of Au@mTiO, at all
temperatures exhibited clear diffraction peaks from anatase
TiO, (JCPDS 00-064-0863) (Figure 3a). The peak broadness
gradually decreased with temperature, indicating the improve-
ment of crystallinity. Meanwhile, diffraction peaks from AuNPs
with the face-centered cubic phase are rather weak (Figure 3a,
labeled with #). The low intensity is due to the low loading
amount of AuNPs. There was a small peak at 27.5° for Au@
mTi0,-800 which can be assigned to the (110) facet of rutile
TiO, (see Figure 3a as labeled with an arrow). The average
grain sizes (AGSs) of TiO, were estimated using the Scherrer
formula (Figure 3b). The AGSs of TiO, are small (<13 nm)
overall. No obvious change on AGSs, that is, 6.8 nm for Au@
mTi0,-500 to 7.6 nm for Au@mTiO,-600, is seen below 600
°C. There is an obvious increase of AGSs at 700 °C (10.8 nm)
and 800 °C (12.5 nm), which indicates the improved
crystallinity of TiO,. We used UV—vis diffuse reflectance
spectroscopy to examine the localized surface plasmon
resonance (LSPR) of AuNPs, which reflects the macroscopic
dispersity and uniformity of AuNPs within TiO,. Because the

9620

Figure 2. Structural characterization of Au@mTiO, calcined at
different temperatures. TEM images of (a,b) Au@mTiO,-350, (c,d)
Au@mTi0,-500, (e,f) Au@mTiO»-600, and (gh) Au@mTiO,-900.
The insets in (a,c,e) are the corresponding HAADF—STEM images.

LSPR of AuNPs is size-sensitive, it can be used to monitor the
size stability of AuNPs.** As seen in Figure 3c, a clear LSPR
peak at ~515 nm can be seen in all Au@mTiO, samples
without any obvious shift. These results confirm that AuNPs
are thermally stable when confined in the mesoporous mTiO,
framework even at 800 °C.

Small angle X-ray scattering (SAXS) was used to confirm the
ordered mesoporous structures (Figure S6). Three well-
resolved scattering peaks with g values of 0.316, 0.611, and
0.940 nm™' in Au@mTiO,-600 are assigned to (111), (311),
and (500) reflections, respectively, of ordered face-centered
cubic mesoporous structures.** The average cell parameter was
calculated to be 34.0 nm from the three reflections mentioned
above (Table S1). The mesoporosity of Au@mTiO, was
further investigated by nitrogen sorption isotherms (Figure 4).
Type-IV hysteresis loops as shown in Figure 4a reveal that all
Au@TiO, hybrids are mesoporous. The BET surface areas are
57,77, and 70 m* ¢! for Au@mTiO,-350 °C, Au@mTiO,-
600 °C, and Au@mTiO,-800 °C, respectively. The corre-
sponding mesopore diameters are calculated to be 14.0, 17.0,
and 16,9 nm, respectively, all of which are comparable to the
sizes observed in TEM (Figure 2). The slight decrease of the
mesopore size is due to the shrinkage of the TiO, framework at
relatively high temperatures.
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Figure 3. Structural characterization of Au@mTiO, with different calcination temperatures. (a) Wide-angle XRD patterns and (b) the
corresponding average gain sizes of TiO, at different calcination temperatures. The diffraction peaks denote with # in (a) are attributed to
crystalline cubic Au. (¢) UV—vis spectra of Au@mTiO, with different calcination temperatures.
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Figure 4. (a) N, sorption isotherms and (b) the corresponding pore
size distribution curves of Au@mTiO,-350, Au@mTiO,-600, and
Au@mTiO,-800.

Thermal annealing for different times is another way to vary
the SMSIs.””** Au@mTiO, is a good candidate to study the
SMSIs while maintaining the similar crystallinity and
mesoporosity of TiO,, given that CAM templates provide
excellent thermal stability of TiO, and AuNPs. We annealed
Au@mTiO, at 600 °C from 2 h to 48 h (see the Supporting
Information for experimental details). As seen in Figure Sa—c,
Au@mTiO,-600 showed ordered mesoporous structures with
uniform distribution of AuNPs regardless of the annealing
time. Up to 48 h at 600 °C, the mesoporous frameworks
became less ordered (Figure Sc), although AuNPs were still
well-dispersed without aggregation. XRD patterns of Au@
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Figure 5. Structural characterization of Au@mTiO,-600 with
different calcination times. TEM images of (a) Au@mTiO,-600-
12h, (b) Au@mTiO,-600-24h, and (c) Au@mTiO,-600-48h. (d)
Wide-angle XRD patterns and (e) corresponding AGSs of Au@
mTiO,-600 with different calcination times. The arrow in d indicates
the rutile phase of TiO,.
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mTiO,-600 showed the presence of anatase phase of TiO,
(Figure 5d). When the annealing time increased to 48 h, the
rutile phase of TiO, appeared. The AGSs of Au-mTiO, were
also analyzed from XRD patterns (Figure Se). No obvious
change of AGSs (7.5—7.7 nm) was seen when annealing at 600
°C up to 24 h. However, when the calcination time increased
to 48 h, the AGSs showed a sharp increase to 13.5 nm. The
increase of AGSs is indicative of the formation of rutile TiO,
that destabilizes the mesoporous frameworks as well.

3.2. Photocatalytic Oxidation of Benzyl Alcohol. The
photocatalytic oxidation of benzyl alcohol was used as a model
reaction to evaluate the activity of Au@mTiO,. The oxidation
was carried out under either UV light (320—390 nm, 3 mW
cm™?) or visible light (500—600 nm, 13 mW cm™) at room
temperature (25 °C) with O, bubbling (100 mL min™") (see
the Supporting Information for experimental details). The
conversion of benzyl alcohol to benzaldehyde was analyzed
using '"H NMR with 14-dioxane as an internal standard
(Figure S7). For all reactions, benzaldehyde was detected as
the main liquid product with a negligible amount of benzoic
acid. The oxidation of toluene was proven to be minimum,
compared to the oxidation of benzyl alcohol (Figure S8). The
catalytic performance of Au@mTiO, was therefore summar-
ized using the yield of benzaldehyde at a reaction time of 4 h,
as given in Figure 6.

For Au@mTiO, calcined at different temperatures, the
dependence of its activity on the calcination temperature
followed a similar “volcano” trend (Figure 6a). Au@mTiO,-
350 shows the lowest activity. The yield of benzaldehyde is
1.8% under visible light and 4.3% under UV light. The
improvement of crystallinity of TiO, has a positive impact on
the activity. The yield of benzaldehyde using Au@mTiO,-600
reaches 8.2% under UV light which is around 1.9 times more
active than Au@mTiO,-350. The catalytic performance was
also cross-checked by the conversion of benzyl alcohol. For
example, the conversion of benzyl alcohol using Au@mTiO,-
600 under UV light is 8.5 + 0.8%, close to the yield of
benzaldehyde (8.2 + 1.4%). This is indicative of benzaldehyde
produced solely from the oxidation of benzyl alcohol. When
calcined at above 700 °C, the yield gradually decreased under
both UV and visible light. The catalytic performance with a
volcano plot indicated that the catalytic efliciency is not
linearly correlated to the crystallinity of TiO, nor the SMSIs.
The photothermal effect of AuNPs has negligible contribution
to the yield of the product, as confirmed by the dark reaction
performed at S0 °C (Figure S9). In addition, the catalytic
performance of pure mTiO, was evaluated under UV and
visible light as controls. A yield of 3.4% was shown under UV
light, while no activity was shown under visible light (Figure
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Figure 6. Photochemical oxidation of benzyl alcohol using Au@
mTiO, catalysts. (a) Yield of benzaldehyde using Au@mTiO,
calcined at different temperatures. (b) Yield of benzaldehyde using
Au@mTiO, calcined at 600 °C for different times. Reaction
conditions: catalyst: 10 mg; BA: 260 uL; toluene: 5 mL; O,: 100
mL min~; light irradiation: UV light (320—390 nm) and visible light
(500—600 nm); and reaction time: 4 h.

§$10). The quantum yield of the catalyst was also evaluated at
365 nm. Au@mTiO,-600 and mTiO,-600 show quantum
yields of 0.069 and 0.029%, respectively (see calculation details
in the Supporting Information).

The catalytic stability was further evaluated by recycling the
catalyst for cycles under UV and visible light (Figure S11).
After five consecutive cycles, Au@mTiO,-600 showed a yield
retention of 85.8% and 91.3% under UV light and visible light,
respectively.

We also examined the activity of Au@mTiO,-600 annealed
for different times (Figure 6b). A similar “volcano” trend can
be seen under UV light. The highest yield of 14.5% was
achieved using Au-mTi0,-600-12h, which is roughly 3.4 times
and 1.8 times compared to that of Au@mTiO,-350 and Au@

mTi0,-600-2h, respectively. The activity dropped gradually
with the further increase of the calcination time. Interestingly, a
different trend under visible light was seen. The yield of
benzaldehyde dropped gradually from 4.4% (Au-mTiO,-600-
2h) to 1.1% (Au-mTiO,-600-48 h) under visible light.

3.3. Proposed Catalytic Mechanism. Because TiO, has a
large band gap of 3.2 eV, its photoresponse in the visible range
of 500—600 nm is minimum. UV and visible light irradiations
excite semiconductors (e.g, TiO,) and AuNPs, respectively,
leading to different reaction pathways (Scheme 1). Two
different mechanisms of photochemical benzyl alcohol
oxidations in metal/semiconductor systems have been studied
previously.**™*' Under UV light irradiation, the band gap
excitation of TiO, occurs. The generated holes on the valence
band of TiO, are oxidative enough to convert surface-adsorbed
benzyl alcohol to benzyl alcohol cation radicals. The excited
electrons in the conduction band of TiO, can be separated to
AuNPs across the Schottky barrier. The electrons on AuNPs
can further activate O, to form O,"” anionic radicals. The O,*~
radicals further oxidize benzyl alcohol radicals, generating
benzaldehyde (Scheme 1a).

Upon irradiation by visible hght, AuNPs can be excited
through its LSPR (Scheme 1b).>* The photo-excited hot
electrons on AuNPs can reduce O, to O,* species or back-
transfer to the conduction band of TiO, to carry out oxygen
reduction. The produced O,*” species then attract the
hydrogen from benzyl alcohol, forming hydroperoxide species
and alkoxide species on the surface of AuNPs.

Because of the different light irradiation and electron
transfer pathways, the SMSIs likely have different effects in
each case. Under oxidative thermal treatment, the oxidative
SMSIs have been demonstrated in previous literature
studies.””** Because the Fermi level of metal oxides is lowered
under oxidative treatments, this enables electronic interaction
at Au-oxide interfaces.” This is slightly different from the
classic reductive SMSIs, in which electrons normally transfer
from metal oxides to metal NPs.”>~** For example, electronic
metal—support interaction between Au and TiO, under
reductive pretreatment resulted in the electron transfer from

Scheme 1. (a) Mechanism of the Formation of Oxidative SMSIs in Au@mTiO,; (b,c) Mechanism of Photocatalytic Oxidation
of Benzyl Alcohol Using Au@mTiO, Under (b) UV and (c) Visible Light Irradiation

(a)

(b)
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TiO, to AuNPs, leading to an electron-rich surface of
AuNPs.”” In oxidative SMSIs, the oxygen transfer is induced
to oxidize the surface of metal NPs, while metal oxides get
reduced simultaneously. We combined XPS, EPR, and diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
to probe the electronic interaction of AuNPs and TiO,. The
oxidative SMSIs were also proved to be temperature-
dependent. It changes the physicochemical properties of
catalysts (crystallinity, surface oxidation states, electron
transfer, etc.) and subsequently affects the catalytic perform-
ance.

3.4. Metal-Support Interactions in Au@mTiO, Cal-
cined at Different Temperatures. XPS was first used to
characterize the oxidation states of Au and Ti in mTiO,-600
and Au@mTi0,-600 (Figure 7). For Ti 2p, mTiO, without
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Figure 7. Electronic analysis of Au@mTiO, calcined at different
temperatures. XPS spectra of (a) Ti 2p and (b) Au 4f of Au@mTiO,-
T. (c) Binding energy of Ti 2p,;, of Au@mTiO,-T as a function of
temperature.

AuNPs (mTiO,-600, Figure S12) has two split peaks at 458.4
and 464.1 eV, assigned to Ti 2p;;, and Ti 2p,,, respectively.
The splitting of the two peaks is 5.7 eV, in close agreement
with that of anatase TiO, reported previously.m An obvious
peak shift of Ti 2p was observed for Au@mTiO,-600. Au@
mTi0,-600 has the Ti 2p,,, peak at 457.6 eV, about 0.8 eV
lower than that of mTiO,-600. This peak shift is indicative of
the presence of Ti* species from the surface reduction.
Because both samples were prepared under the identical
condition, the shift of the Ti 2p peak is attributed to the SMSIs
at the Au—TiQ, interfaces.

To investigate the temperature dependence of the SMSIs,
XPS spectra of Au@mTiO, calcined at different temperatures
were collected (Figure 7). When the calcination temperature is
low, for example, 350 °C, the binding energy of Ti 2p is
identical to that of pure TiO, The weak SMSIs have less
impact on the electronic interaction of Au—TiO,. The binding
energy of Ti 2p became lower when increasing the calcination
temperature. For example, the Ti 2p, shifted gradually from
458.4 eV to 457.0 eV when the calcination temperature
changed from 350 to 800 °C. A nearly linear correlation
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between Ti 2p;;, binding energy and the calcination
temperature is observed as plotted in Figure 7c.

To further confirm the presence of SMSIs in Au@mTiO,,
Au 4f spectra were also collected, as given in Figure 7b.
Because the loading of Au is low, the Au 4f signal-to-noise ratio
is rather low even with extra scanning. The Au 4f,/, peak at
83.6 eV was seen in Au@mTiO,-350, slightly lower than that
of bulk Au. This can be assigned to Au’ species bound at
oxygen vacancies (O~) during sol—gel synthesis.”"*> When
increasing the calcination temperature, the Au 4f,, peak
shifted to 83.8 eV gradually. It is a smaller shift compared to
that of Ti 2p, given an XPS penetration depth of 5—10 nm to
cover the entire AuNPs (not only on the surface). This
strongly suggests the formation of oxidative Au’* species.*¥**
Together with Ti 2p results, there are SMSIs between Au and
TiO, where the electronic perturbation appeared at Au—TiO,
interfaces.

The SMSIs in Au@mTiO, were also revealed by EPR
(Figure 8a). A clear peak at g = 2.004 can be found in the EPR
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Figure 8. (a) EPR spectra of Au@mTiO,-T collected at room
temperature. (b) Photocurrent vs time (I—t) curves of Au@mTiO, at
a potential of 1.23 V (vs RHE) under UV irradiation (320—390 nm).

spectra of all Au@mTiO, samples, while it is absent in the
spectrum of mTiO,-600 (Figure S13). This peak is assigned to
electrons trapped at oxygen vacancies at Au—TiO, interfaces,
which are usually related to the electron transfer from AulNPs.
When increasing the calcination temperature, the resonance
peak at g = 2.004 became more pronounced. Although a
quantitative comparison cannot be performed in the powder
samples, the increase of the peak intensity indicates the
formation of much stronger electronic interaction at Au—TiO,
interfaces. These results are in good agreement with the XPS
analysis mentioned above.

Varying calcination temperature has a significant impact not
only on the SMSIs of Au@mTiO, but also on the crystallinity
of mTiO, frameworks, as discussed in XRD. To identify
possible contribution of the TiO, crystallinity on photo-
catalysis, we have examined the photocurrent response of Au@
mTiO, (Figure 8b). Under UV irradiation, there is
considerable anodic current response. The photocurrent of
Au@mTi0,-350 was measured to be 3.6 yA cm™. A clear
trend in the photocurrent was seen when increasing the
calcination temperature. The photocurrent reached 55.0 A
em™? for Au@mTiO,-800. For the samples calcined at 500—
700 °C, the photocurrent is very close. For anodic response,
because photogenerated holes on TiO, are accountable for the
photocurrent, improving the crystallinity of TiO, has largely
improved the lifetime of holes, which increases the anodic
photocurrent.”* However, the photocatalytic efficiency of Au@

https://dx.doi.org/10.1021/acsamiSb20231
ACS Appl. Mater. Interfaces 2020, 12, 96179627


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b20231/suppl_file/am9b20231_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b20231/suppl_file/am9b20231_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20231?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20231?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20231?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20231?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20231?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20231?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20231?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b20231?fig=fig8&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b20231?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

mTiO, under UV does not fully align with the photocurrent
response (see Figure 6).

The oxidative SMSIs in Au@mTiO, results in the formation
of Au® species, as reported previously by Lin et al>® The
driving force is the relative lower Fermi level of TiO, that
allows electron transfer from AuNPs to the oxide. The XPS
results shown in Figure 7 clearly confirmed the formation of
Ti** and Au®* species in Au@mTiO, prepared at temperatures
greater than S00 °C. Therefore, the oxidative SMSIs are
present in our samples. Further increasing the temperature will
lead to oxygen transfer that covers the surface of AuNPs and
therefore reduces the accessibility of AuNPs. Because AuNPs
separate excited electrons from the band gap excitation from
TiO,, the loss of surface accessibility will block the reductive
half reaction and eventually lead to the trapping of excited
electrons. As a result, the decrease in photocatalytic activity of
Au@mTiO, calcined at 700 and 800 °C was observed, as
shown in Figure 6.

On the other hand, the photocurrent was also obtained
under visible light irradiation which excites the LSPR of
AuNPs (Figure S14). A much lower photocurrent was
observed. Au@mTiO,-600 showed the highest photocurrent
of 5.2 nA cm™2, compared with that of Au@mTiO,-350 (2.9
nA cm?), Au@mTiO,-500 (2.9 nA cm™2), Au@mTiO,-700
(4.1 nA cm™?), and Au@mTiO,-800 (4.4 nA cm ). The
photocurrent is in close agreement with the photochemical
performance under visible light. Under visible light, hot holes
generated on Au are responsible for the photocurrent. At low
calcination temperature, the increase of photocatalytic activity
of Au@mTiO, with temperature is likely due to the
improvement of electron conductivity of TiO,. When
generating oxidative SMSIs, the visible light photocatalytic
activity also decreased because (i) the surface coverage of
AuNPs limits accessibility of the catalytic sites and (i) Au®*
species on AuNPs presumably disfavor hot electron injection
as discussed below.

3.5. Metal-Support Interactions in Au@mTiO, An-
nealed at 600 °C. Although changing the calcination
temperature has a large impact on the activity of Au@
mTiQ,, the crystallinity of TiO, and the SMSIs are tightly
entangled and their roles in photocatalytic activity cannot be
resolved. We therefore chose to use thermal annealing at 600
°C that will have a minimum impact on crystallinity of TiO,
(see Figure Se) but possibly control the SMSIs. XPS again was
used to probe the presence of SMSIs in Au@mTiO,-600
prepared at different annealing times. The results are
summarized in Figure 9. Similar but less pronounced peak
shifts can be seen for Ti 2p and Au 4f when the annealing time
increased from 2 h to 48 h. Au@mTiO,-600-2h showed a Ti
2py/, peak at 457.6 eV, which shifted to 457.3 eV for Au@
mTi0,-600-48h. The Au 4f peaks did not display a clear peak
shift with increased annealing temperature. The adsorption of
CO as a probe molecule was used to probe the surface
electronic state of Au (Figure S15). For Au@mTiO,-600-2h, a
CO peak at 2112 cm™ can be seen, which is assigned to the
CO bonded on atop sites of AuNPs.”*® With the increased
calcination time, the peak gradually shifts to a high value with a
broad peak appearing at 2130 cm ™. The red shift in the CO
peak is indicative of the formation of electron-deficient Au’*
species on the surface.®” This suggested that annealing at 600
°C could readily change the SMSIs while not significantly
changing the crystallinity of TiO, (annealing for less than 24 h,
Figure Se).
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Figure 9. Electronic analysis of Au@mTiO,-600 at different annealing
times. XPS spectra of (a) Ti 2p and (b) Au 4f of Au@mTiO,-600
with different calcination times. (c) Binding energy change of Ti 2p;,
of Au@mTiO,-T.

The EPR and the photocurrent of Au@mTiO,-600 at
different annealing times are displayed in Figure 10. The peak
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Figure 10. (a) EPR spectra of Au@mTiO,-600 at different annealing
times. (b) Photocurrent vs time (I—t) curves of Au@mTiO, at a
potential of 1.23 V (vs RHE) under UV irradiation (320—390 nm).

at g = 2.004, again, assigned to the electron-filled oxygen
vacancies, showed an obvious increase with the annealing time,
indicating the formation of stronger metal—support electronic
interactions. The photocurrent of Au@mTiO,-600 under UV
irradiation is shown in Figure 10b. Under UV light, the
photocurrent increased from 16.8 yA cm™ (Au@mTiO,-600-
2h) to 27.9 uA cm? (Au@mTiO,-600-24h). The photo-
current had a slight decrease to 21.6 A cm™ for Au@mTiO,-
600-48h, which was likely caused by the collapse of
mesoporous structures because of the formation of rutile
Ti0,.” It is noteworthy that Au@mTi0,-600-12h and Au@
mTi0,-700-2h show a similar photocurrent but their photo-
activity is completely different. As shown in Figure 6, the
activity of Au@mTiQ,-600-12h is roughly 2.9 times higher
than that of Au@mTiO,-700-2h. This result suggests that the
hole generation rate of the two samples are similar (photo-
current) but the charge separation on Au@mTiO,-600-12h is
improved (photocatalysis). These positively charged Au®*
species generated by the SMSIs contribute to photocatalysis
by separating charges from TiO, band gap excitation. A
possible explanation is that the presence of Au®* species
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facilitates interfacial transfer of excited electrons from TiO,,
thus enhancing the catalytic performance.

The photocurrent under visible light was still low for these
samples. Au@mTi0,-600-2h showed a slightly higher photo-
current of 5.2 nA cm™ than other samples. This is in close
agreement with the catalytic performance of samples with
different annealing times where photocatalytic activity of Au@
mTi0,-600 decreased with increasing annealing time at 600
°C. These results suggest that Au’* species are detrimental to
photocatalytic activity of Au@mTiO, when exciting the LSPR
of AuNPs. One possible reason is that the oxidized Au species
trap the hot electrons to diminish the photocatalytic
performance.”’

4. CONCLUSIONS

In summary, we demonstrated a facile synthetic method to
prepare Au@mTiO, hybrid photocatalysts with ordered,
crystalline, and porous frameworks using co-assembly of
CAM templates and PEO-Au NPs. The as-made Au@mTiO,
hybrids exhibited excellent thermal stability (in terms of their
porosity and the nanostructures of AuNPs) at elevated
temperatures up to 800 °C. Thermal treatment was found to
improve crystallinity of TiO, and induce oxidative SMSIs, both
of which show strong effects on the catalytic performance.
‘When calcined at 600 °C for 12 h, Au@mTiO, exhibited the
best photoactivity under UV, roughly 3.4 times higher than
that of Au@mTiO,-350 and 1.8 times higher than that of Au@
mTi0,-600-2h. This is originated from the delicate balance
between the crystallinity and the porosity of TiO, and the
SMSIs at Au—TiO, interfaces. Under visible light, we found
that Au®* species generated from the SMSIs of Au—TiO, were
detrimental to photocatalytic activity of Au@mTiO,. Because
the formation of oxidative SMSIs requires high-temperature
annealing under air, our synthetic method illustrates a powerful
way to retain the nanostructures of AuNPs and the porosity of
TiO,. We therefore believe that our results potentially provide
new insights into the role of oxidative SMSIs in heterogeneous
catalysis.
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