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ABSTRACT: Noble metals are well-known for their surface
plasmon resonance effect that enables strong light absorption
typically in the visible regions for gold and silver. However,
unlike semiconductors, noble metals are commonly considered
incapable of catalyzing reactions via photogenerated electron—
hole pairs due to their continuous energy band structures. So far,
photonically activated catalytic system based on pure noble
metal nanostructures has seldom been reported. Here, we report
the development of three different novel plasmonic Au
superstructures comprised of Au nanoparticles, multiple-twinned
nanoparticles and nanoworms assembling on the surfaces of
SiO, nanospheres respectively via a well-designed synthetic
strategy. It is found that these novel Au superstructures show
enhanced broadband visible-light absorption due to the plasmon
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resonance coupling within the superstructures, and thus can effectively focus the energy of photon fluxes to generate much more
excited hot electrons and holes for promoting catalytic reactions. Accordingly, these Au superstructures exhibit significantly
visible-light-enhanced catalytic efficiency (up to ~264% enhancement) for the commercial reaction of p-nitrophenol reduction.
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B INTRODUCTION

Noble metals are important catalysts playing a critical role in
industrial catalysis, environmental purification, and new energy
development.'~” As is well-known, noble metals are rare and
cost-ineffective, which has limited their industrial applications
in the past century. Extensive research has been carried out to
improve their catalytic efficiency and develop alternative
materials.* "' In metal-catalyzed redox reactions, metals serve
as catalytic centers that transfer electrons between two targeting
molecules by dynamically forming/decomposing metal-based
intermediates.'”> >° In contrast, photocatalysis over semi-
conductors driven by sun light is a green, low-cost, and
efficient method for solar energy as it is clean and abundant in
nature.*** In a typical photocatalysis process, photoinduced
electron—hole pairs can be effectively separated in the
conduction and valence bands of semiconductors to catalyze
the redox reactions, respectively. For noble metals, it is well-
known that the “hot electrons” of conduction band can be
excited by surface plasmon excitation.”*”>* The electron—hole
pairs through interband transitions can also be generated by
absorbing photons of appropriate energies””>° However, these
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electrons and holes incur a much higher recombination rate
than that in semiconductors because of the continuous energy
band structure of noble metals. Therefore, noble metals are
considered inert for efficiently utilizing light energy to catalyze
reactions. By far, noble metals have been involved mainly in
either the light-absent catalytic system as pure metal
catalysts®’ >* or the photocatalytic system as composite
catalysts to enhance the charge separation of semiconduc-
tors.>> > However, it has been a great challenge to utilize light
energy directly to initiate or promote catalytic reactions using
nanostructured pure noble metals, similar to the role of
semiconductors in conventional photocatalysis.
Nanostructured noble metals with specific size, shape, and
assembly have attracted high attention for their structure-
modulated surface plasmon resonance (SPR) properties and
important applications.>’ "' For example, Au-based nanocages
exhibit higher catalytic activity than their nanobox and
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Figure 1. Schematic illustration of the synthetic route for Au superstructures.

nanoparticle counterparts in the catalytic reduction of p-NP.**
Furthermore, the combination of atomic-scale Au clusters and
nanoscale Au particles can integrate the catalytic and plasmonic
property for in situ surface-enhanced resonance scattering
(SERS) monitoring of chemical reaction.*® Particularly,
plasmonic Ag nanostructures with visible light excitation and
thermal energy stimulus are capable of reducing O, to O,7,
facilitating the catalytic oxidation reactions.** This indicates a
high possibility of visible-light triggered catalytic reactions over
pure noble metals, for example, by means of nanostructural
design.

In this work, three different novel Au superstructures
including Au nanoparticles (NPs), Au multiple-twinned
particles (MTPs) and Au nanoworms (NWs) arrayed on the
surfaces of SiO, nanospheres have been developed via a well-
designed synthetic strategy. Briefly, the synthetic process
involves three steps: surface modification of SiO, nanospheres
with amino groups, Au nanoseed loading on amino group-
modified SiO, nanospheres, and subsequently seeded epitaxial
growth of various Au nanostructures on SiO, nanospheres
directed by additives of poly(vinylpyrrolidone) (PVP) and
different reductants (Figure 1). The ordered dense assembly of
Au nanostructures can effectively facilitate strong broadband
light absorption and improve light energy harvesting of Au
catalysts because of plasmon resonance coupling. The energy of
photon fluxes can be well-concentrated in the plasmonic Au
superstructures for generating much more excited hot electrons
and oppositely charged counterparts that promote catalytic
reactions. Because of the unique structures and photoelectric
properties, these Au superstructures display highly visible-light-
enhanced catalytic performance in the reduction of p-NP. The
significance of this work includes: (i) the plasmonic metal
superstructures harnessing only sunlight can significantly
enhance the catalytic efficiency of important commercial
reactions at room temperatures. These superstructures pave a
new way to the catalytic technology of metal catalyst-involved
reactions and the development of relevant catalytic industry;
(ii) noble metals, which are traditionally considered to be inert
for light-driven photocatalytic reactions, are able to trigger
catalytic reactions like semiconductors. This will help to deeply
understand the different photocatalytic reaction mechanism
over pure noble metals relative to conventional semi-
conductors; and, (iii) the investigation on novel Au super-
structures establishes the correlation between the advanced
assembly forms of metal nanostructure and their SPR-related
photoelectric property. This will benefit the rational design of
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novel metal nanostructures in achieving desirable properties for
specific applications.

B EXPERIMENTAL SECTION
Synthesis of Amino Group-Modified SiO, Nanospheres. SiO,

nanospheres (diameter = 220 nm) were synthesized in an ethanol—
water system according to our previously reported method.* This
synthetic method was derived from the classic Stober method that
employed an ethanol-ethyl ester system.*' Briefly, 3.263 g of 28% (w/
w) ammonia and 9.8 mL of H,O were added into 126.8 mL of ethanol
with stirring for 30 min. Then, 6.25 g of tetraethyl orthosilicate was
injected, forming an opalescent reacting solution. After reaction for 22
h under stirring, the produced SiO, nanospheres were collected by
centrifugation and washed with ethanol 3 times. Subsequently, 0.15 g
of the as-prepared SiO, spheres was redispersed in 90 mL of ethanol,
followed by injection of 40 uL of 3-aminopropyltriethoxysilane
(APTES). The mixture was kept in an oil bath at 80 °C for 3 h,
and then washed with water 3 times through centrifugation. Finally,
the aminated SiO, spheres were prepared and dispersed in ethanol
(7.8 mg/mL) as a stock solution.

Preparation of SiO,@Au Seed Nanoparticles. The synthesis
was conducted according to the methods* reported previously with
modifications. Au seeds (4 & S nm) were prepared beforehand by
mixing 550 L of HAuCl, (S0 mM) and 2 mL of sodium citrate (1%
w/w) in water (90 mL), and subsequently adding of 1 mL of sodium
citrate (1% w/w) containing fresh NaBH, (0.075% w/w) with stirring
for 5 min. To begin the experiment, we added 800 uL of the aminated
SiO, nanosphere stock solution into 25 mL of ethanol, followed by the
dropwise injection of 30 mL of as-prepared Au seed solution. Upon
continuously stirring for 20 h, the product of Au seed-loaded SiO,
nanospheres was collected, washed, and redispersed in water (20 mL)
for use.

Preparation of Au NP Superstructures. Five milliliters of the
SiO,@Au seed solution was added to 15 mL of water, followed with
the addition of 025 g of PVP (M, = 40000) and 0.05 g of
hydroxylamine hydrochloride. Subsequently, 10 mL of HAuCl, (3
mM) was added in drops, resulting in a gradual color shift from white
yellow to black. The reactant solution was stirred at room temperature
for 15 h. Finally, the product was washed with water 3 times after
centrifugation.

Preparation of Au MTP superstructures. Five milliliters of the
SiO,@Au seed solution was added to 15 mL of water, followed with
the addition of 0.25 g of PVP and 0.0126 g of sodium citrate.
Subsequently, 10 mL of HAuCl, (3 mM) was added in drops,
accompanied by a gradual color shift from white yellow to black green.
The reactant solution was stirred at room temperature for 3 h.

Preparation of Au Worm Superstructures. Five milliliters of
the SiO,@Au seed solution was added to 15 mL of water, followed
with the addition of 0.1 g of PVP and 0.15 g of sodium citrate.
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Subsequently, 3 mL of HAuCl, (3 mM) was added in drops. The
reactant solution was stirred at room temperature for 14 h.

Characterization. The morphology was characterized using a
scanning electron microscope (SEM, Hitachi $4800, 3 kV) and high-
resolution transmission electron microscopy (HR-TEM, JEM 2011,
200 kV). The crystal structure was determined by X-ray diffraction
(XRD) using a D/max2550VB3+/PC X-ray diffractometer with Cu Ka
radiation with a 1.5418 A wavelength. A beam voltage of 40 kV and a
100 mA current beam were used. The UV—vis spectra of the samples
were recorded on a Cary-50 UV—vis spectrophotometer. The visible
light source is a 150 W Xe lamp equipped with an AM 1.5G filter,
calibrated with a standard Si solar cell to simulate AM 1.5 illumination
(100 mW/cm?) (model 91160, 300 W, Newport, USA, Full Spectrum
Solar Simulator). X-ray photoelectron spectroscopy (XPS) inves-
tigation was conducted in PHI-S000C ESCA system (Perkin—Elmer)
with Mg Ka radiation (hv = 1253.6 eV). The XPS spectra of the
studied elements were measured with a constant analyzer pass energy
of 46.95 eV. All binding energies (BEs) were referred to the C 1s peak
(284.6 eV) arising from surface hydrocarbons (or adventitious
hydrocarbon). The content of Au element in Au superstructures was
measured by an inductive coupled plasma emission spectrometer
(ICP-MS) (PerkinElmer Optima 8000).

Catalytic Property Evaluation of the Au Superstructures
under Dark and with Visible-Light Irradiation. One hundred
microliters of p-nitrophenol (S mM) and 1 mL of fresh NaBH, (200
mM) solution were mixed and diluted with water to 3.7 mL, giving a
transparent light yellow solution. Then, 3.0 mL of the solution was
transferred to a quartz cuvette and measured by a UV-—vis
spectrometer (Varian Cary S00) to record the initial absorbance.
Subsequently, 30 L of Au superstructure stock solution was injected
to catalyze the reducing of p-nitrophenol. For comparison, the catalytic
reactions were conducted in dark or under visible light irradiation
(wavelength <420 nm was filtered out) with a total maximum intensity
of 100 mW/cm?® (1 solar intensity). The absorbance of reaction
solution was recorded in situ at every 2 min until the catalytic reaction
is completed.

B RESULTS AND DISCUSSION

Figure 2 gives the structure and morphology characterizations
of Au NP superstructures evolved from the amino-modified
SiO, nanosphere templates. SiO, nanospheres in Figure 2a
show clean smooth surfaces with an average size of ~220 nm.
Upon loading of the Au seeds, a layer of uniform yet sparse
coverage of S nm Au NPs is obtained (Figure 2b), indicating
successful Au seed deposition on SiO, nanospheres. The SiO,
nanosphere-supported Au seeds served as the stable nucleation
sites for the subsequent controlled growth of various Au shells
consisting of NPs, MTPs and NWs, as HAuCl, was fed in the
presence of PVP and different reductants. SEM image in Figure
2c shows core—shell SiO,@Au NP composites formed at high
hydroxylamine hydrochloride concentration after 14 h growth.
The SiO,@Au composites exhibit uniform size and dispersion
with a densely coverage of the Au NPs. The magnified SEM
image gives closer observation, as shown in Figure 2d. It can be
seen that the Au NPs experience considerable growth to a size
estimated to be about 20 nm and assemble into single layers,
leading to formation of dense Au shells on the SiO, sphere
cores. The XRD pattern of the SiO,@Au composites in Figure
S1 in the Supporting Information shows a set of broad peaks
corresponding to (111), (200), and (220) reflections of the
face-centered cubic (fcc) structure of metallic gold (JCPDS
Card No. 04—0784). This is mirrored by the corresponding
energy-dispersive X-ray spectroscopy (EDS) spectrum, where
the Au element is detected, in addition to the elements of Si, O,
and C, which come from SiO, nanospheres (Figure S2a, b in
the Supporting Information). Furthermore, X-ray photo-
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Figure 2. (a, b) SEM images of (a) amino-modified SiO, and (b) Au
seed-loaded SiO, spheres. (c, d) SEM and (e—g) TEM images of
SiO,@Au NPs.

electron spectroscopy (XPS), which is very sensitive to the
oxidation state of gold (e.g,, Au**, Au*, and Au®), has been used
to characterize the product. As shown in Figure S2c in the
Supporting Information, the binding energies of the photo-
electron peaks at 333.8 (Au 4dS/2), 352.1 (Au 4d3/2), 546.3
(Au 4p3/2), 642.2 (Au 4p1/2), and 761.0 eV (Au 4s) are
characteristic of the Au’ phase, according to the XPS handbook,
confirming the formation of zero-valence gold. Moreover, TEM
images also reveal the single-layer Au shells (d ~ 20 nm) on the
SiO, nanospheres in a densely fashion (Figure 2e, f), which is
consistent with the SEM observation. At a high resolution, a
single Au NP from shell shows continuous lattice fringes with a
d-spacing of 0.202 nm, corresponding to (200) plane of fcc
gold (Figure 2g). The above results suggest the successful
formation of SiO,@Au NP composites with a uniform surface
distribution of the Au nanoparticles.

Sodium citrate, a commonly used reductant for shape-
controlled synthesis of Au nanocrystals, was chosen instead of
hydroxylamine hydrochloride for the synthesis and assembly of
Au MTPs and NWs on SiO, nanospheres. Figure 3 presents the
core—shell SiO,@Au MTP composites formed in the presence
of sodium citrate and PVP. In contrast, the composites of
SiO,@Au MTPs show a larger average diameter of ~300 nm
and relatively rough surface (Figure 3a). The MTPs mainly take
hexagonal or trigonal symmetries with sizes ranging from 50 to
80 nm (Figure 3a, inset). Unlike Au nanoparticles, the Au
MTPs are epitaxially grown and disorderly assembled on the
curved surfaces of SiO, spheres. Moreover, some quasi-platelike
or irregular Au nanoparticles are formed from incomplete
growth of Au MTDPs, confirmed by the high-magnification SEM
image in the inset of Figure 3a. This is likely associated with the
disordered assembly of Au MTPs. The corresponding TEM
image in Figure 3b confirms that the shells of the composites
comprise platelike Au nanocyrstals. A gold MTP on SiO,
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Figure 3. (a) SEM and (b) TEM images of SiO,@Au MTP composites. (c) HRTEM image of a single Au MTP. (d) SEM and (e) TEM images of
SiO,@Au NW composites. (f) HRTEM image of a single Au NW. Inset of a is the enlarged SEM image of a SiO,@Au MTP composite.

nanospheres was randomly selected for high-resolution TEM
observation and displayed a S-fold twined crystal structure. As
shown in Figure 3¢, the MTP is divided into five regions with
distinct crystal lattice orientations and different d-spacing
distances, for example, 0.235 and 0.202 nm as labled
corresponding to Au {111} and {200} planes, respectively.
The multiple twinned crystal structure makes it impossible to
indentify an exact crystal plane of the surface plate. The
mechanism responsible for the MTP grown from the primary
NPs is still unclear in this work, which is considered to be
synergistically controlled by PVP and citrate molecules. The Au
MTPs with energy-unstable surfaces can be endowed with high
activity in catalytic reactions.>

As shown in Figure 3d—f, novel SiO,@Au NW composites
were prepared at a lower PVP concentration (0.1 g/L) and a
higher sodium citrate concentration (0.15g/L), relative to the
condition for preparation of the SiO,@Au MTPs. Figure 3d
shows that the SiO,@Au NW composites are prepared on a
large scale with uniformly surface distributed Au NWs (Figure
3d and Figure S3 in the Supporting Information). The
electronic differection (ED) pattern obtained in an observable
area (in set of Figure S3a in the Supporting Information) gives
a set of reflection rings corresponding to cubic structured gold
(JCPDS Card No. 04—0784), indicating well-crystallized Au
NWs. Further, it can be seen that these Au NWs consist of
interconnected nanoparticles with sizes of ~20 nm (Figure 3e,
f). The integration of Au nanoseeds, mediated by PVP and
sodium citrate, leads to the formation of wormlike Au
nanostructures, as they are originated from the growth of the
initial Au nanoseeds. Meanwhile, the assembly of the Au NWs
on SiO, sphere surfaces is responsible for the formation of the
core—shell SiO,@Au NWs. To the best of our knowledge, this
is the first report of the successful assembly of nonspherical
metal nanocrystals on highly curved surfaces of SiO, nano-
spheres, which is the key to the development of Au MTP and
Au NW superstructures.

The optical properties were investigated on the Au
superstructures, the Au seed colloids, and Au seed-loaded
SiO, spheres (SiO,@Au seeds). The corresponding UV—vis
spectra of the samples are shown in Figure 4a. It is found that
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there are obvious red shifts of SPR peaks from ~520 to ~780
nm for different samples, that is, ~520 nm for Au seed colloids,
~530 nm for SiO,@Au seeds, ~570 nm for Au NW
superstructures, ~610 nm for Au MTP superstructures, and
~780 nm for Au NP superstructures, respectively. Meanwhile,
there are gradual SPR band broadennings with the same
tendency for these Au-based samples: ~30 nm of peak width of
Au seed colloids, ~50 nm of SiO,@Au seeds, ~300 nm of Au
NW and Au MTP superstructures, and the entire visible band
of Au NP superstructures, respectively. The red shift and
broadennings of SPR peaks of the Au superstructures are also
well-mirrored by the gradual color change of their aqueous
samples. As shown in Figure 4b, optical pictures of the samples
show a gradual color change from red to pink, green, and black,
which is in good agreement with the UV—vis extinction spectra.
The SPR redshifts and peak broadenings are direct evidence of
the plasmonic coupling between the primary gold nanostruc-
tures in the dense assembly on the surface of SiO,>>”’
indicating strongly intensified absorption and high light energy
utilization of the Au superstructures.

The catalytic reduction reactions of p-nitrophenol (p-NP)
based on three Au superstructures under dark and visible-light
irrediation were investigated at 25 °C, as shown in Figure 4c—f.
Figure 4cm d presents the extinction spectra of p-NP at
different times during the reduction process catalyzed by Au
NP superstructures. The disappearance of the peak (400 nm)
for p-NP indicates the reduction of —NO, into the —NH,
groups.®* The significantly improved catalytic rate over Au NP
superstructures under visible-light irradiation (Figure 4d) is
observed in comparison with that conducted under dark
(Figure 4c). The quantative comparisons of the catalytic
performance for the three superstructures under dark and
visible light are illustrated in Figure 4e, f, respectively. The
catalytic reaction rates under dark for the Au NP, Au NW, and
Au MTP superstructures are 0.05023, 0.08242, and 0.27223
min~", respectively (Figure 4e). Their catalytic performaces
follow the order: Au NP superstructures < Au NW super-
structures < Au MTP superstructures. The catalytic perform-
ance differences are found to be associated with the specific
structures of different Au primary nanostructures.>® The

DOI: 10.1021/acsami.5b01078
ACS Appl. Mater. Interfaces 2015, 7, 8200—8208


http://dx.doi.org/10.1021/acsami.5b01078

Downloaded by UNIV OF CINCINNATI on August 31, 2015 | http://pubs.acs.org
Publication Date (Web): April 10, 2015 | doi: 10.1021/acsami.5b01078

ACS Applied Materials & Interfaces

Research Article

Q

Extinction (a.w.)

200 400 600

Wavelength (nm)

800 1000

-~~~ —— Omin ~ X
. : —— Omin
2 min ] 1
2 2 =1
~ min < !
o] S min - —_— g mllll:
= —— 10 min = :
=] 12 min —— 10 min
2mi 5
= —— 14 min g 12 min
)3 ——16mm N — l4min
- ——18min < ——16mm
.E = ——18 min
= E=
" )z
= K
T T T T T T T -
200 300 400 500 600 200 300 400 500 600
Wavelength(nm) Wavelength(nm)
e 0.5 f 05
0.0 0.0
] K= 0.05023
-0.5 K=0.10218
-0.5 4
-1.0 4
1.0 4 N
oS 6 1.5
D -1.5 4 = e
=~ D -2.0 4
S 2o K= 0.27223 = s
p— = . =254
= 254 .E 0.34386
o -3.0 4
3.0 4 < A . .
—— Au nanop article sup erstructures -3.5 o == Au nanoworm sup erstructures
-3.5 { == Aunanoworm superstructures 104 = Au nanop article superstructures
40 = Au multiple-twinned particle superstructures : — Au multiple-twinned p article sup erstructures
s T T T T T T T T -4.5 T T T T T T
-2 0 2 4 6 8 10 12 14 16 2 0 2 4 6 3 10 12

Time (min)

Time (min)

Figure 4. (a) UV—visible extinction spectra and (b) optical color evolution of Au seed colloids, Au-seed-loaded SiO, nanospheres, and Au
superstructures. (i) Au seed colloids, (ii) SiO,@Au seeds, (iii)) Au NW superstructures, (iv) Au MTP superstructures, and (v) Au NP
superstructures. (c, d) Extinction spectra of p-nitrophenol as a function of the degradation time recoreded under (c) dark and (d) visible light using
Au NP superstructures as the catalyst. (e, f) Catalytic properties of three catalysts of the Au superstructures under (e) dark and (f) visible light. The

absorbance of reaction solution was measured every 2 min.

anisotropically structured Au MTPs with exposed active crystal
planes display higher catalytic activity than the isotropically
structured Au NPs and NWs which were formed from Au
nanoparticle intergration. Interesingly, when visible light
irradiation is on, the reaction rates of p-NP reduction over
the three catalysts are all enhanced, for instance, reaching
0.18303 min~" for the Au NP superstructures, 0.10218 min™"
for the Au NW superstructures and 0.34386 min~" for the Au
MTP superstructures (Figure 4f). The corresponding catalytic
reaction rates are increased by 264.4%, 24.0% and 26.3%,
respectively, basically following the order of the light absorption
capacities of the three catalysts. For comparison, the p-NP
reduction reaction was also conducted in the absence of the Au
superstructure catalysts under dark and visible light irradiation
(Figure S3 in the Supporting Information). It is found that the
reduction of p-NP is still not completed even after 100 min
reaction (Figure S4a, b in the Supporting Information) and
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there is only negligible influence of visible light on the reaction
(Figure S4c in the Supporting Information).

The Au amount of the three superstructures used in the
catalytic reduction of p-NP was measured by ICP-MS and the
results are shown in Table S1 in the Supporting Information.
The concentrations for the three superstructured catalysts are
99.95 mg L™ (Au NP superstructures), 86.83 mg L' (Au
MTP superstructures), and 139.07 mg L™ (Au NW super-
structures), respectively. It can be found that the Au MTP
superstructures with the lowest concentration showed the
highest catalytic performance under both conditions of dark
and visible light, which should be acribed to their exposed
active crystal planes with high reactivity. On the contrary, the
Au NW superstructures with the highest concentration yet
delivered the worst performance under visible light, probably
due to their relatively inert crystal planes and especially poor
coverage of Au nanaoparticles on the SiO, nanosphere, which
limits their efffective utilization of light energy (Figure 4a, cuver
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(iii). In a word, the overall catalytic efficiency of these light-
concentrating Au superstructured catalysts depends on both the
exposed crystal plane activity of Au primary crystals and the
light absorptivity of their advanced architectures.

The recycling catalytic performance for p-NP reduction over
Au superstructured catalysts under visible light has been
conducted, taking Au NP superstructures as an example. As
shown in Figure SS in the Supporting Information, The
reaction rate of p-NP reduction at the first cycle is 0.16816
min~", whereas it drastically decreases to 0.05514 and 0.03392
min~" at the second and third cycle, respectively. It is found
that some Au nanoparticles fell off SiO, nanospheres with
cycling after repeated centrifuge—dispersion processes (see
SEM image of Figure S6 in the Supporting Information). This
will result in the damage of the Au superstructures and the
aggregation of Au nanoparticles in solution. Both of these are
disadvantageous for catalytic reaction, thus leading to the poor
recycling performance. To get more stable Au superstructured
catalysts with better recycling performance, mercapto-modified
SiO, can be selected in the future synthesis instead of aminated
SiO,, because of stronger interactions between Au nano-
particles and mercapto groups.

It is noted that a series of commercial metal nanoparticles
(Cu, Co, Nj, and Fe) that were embedded in smart hydrogels
or cryogels through novel in situ preparation routes have been
reported by Sahiner N. et al. and investigated with the catalytic
performance for p-NP reduction.> >* The novel metals/gels
composite catalysts showed great potential in commercial
reaction catalysis, dye degradation, and hydrogen generation,
with advantages of low cost, cataytic stability, and recyclability.
In contrast, the Au superstructures in this work not only serve
as efficicent catalysts for normal catalytic reactions under dark
conditions, but also represent a class of novel light-sensitive
catalysts with remarkable visible-light-enhanced -catalytic
performance. Moreover, the materials of this light-concentrat-
ing superstructure are not limited to the Au element; it is
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possible to extend to other metals with SPR effect, for example,
noble metals of Ag, Pt, and commmerical metals of Cu, etc.

In Au-catalyzed p-NP reduction, Au catalyst served as
electron transfer media from reductant molecules such as
NaBH, to p-NP molecules. It was found in our experiment that
introducing visible light to the catalytic system could accelerate
catalytic reaction. Evidently, the prepared Au superstructures
are responsible for the visible-light-enhanced catalytic perform-
ance because of their strong plasmon resonance coupling with
increased light energy utilization. To further probe the driving
force in reaction energy, we calculated the activation energies
(E,) for the catalytic reactions under dark and visible light. The
designed catalytic reactions at three different temperatures were
conducted for E, calculations, taking SiO,@Au NPs catalyzed
p-NP reduction reaction as an example. Figures S7 and S8 in
the Supporting Information show extinction spectra of p-
nitrophenol as a function of the degradation time at three
different temperatures under dark and visible light, respectively.
The results are plotted in Figure S9 in the Supporting
Information and the data are also shown in Table S2 in the
Supporting Information. E, under dark and visible light for the
catalytic reaction was calculated to be 50.61 and 42.31 kJ mol ",
respectively. This manifests a lower E, in a visible-light-involved
system, giving rise to a higher reaction rate.**

In principle, the nonirradiative decay of plasmons transfers
part of the energy to the conduction electrons in gold,
generating “hot electrons” that can escape from the metal
surface and directly take part in the reduction reaction. Under
dark conditions, the Au superstructures catalyze the reduction
reaction by facilitating the transfer of electrons from the
reductant (BH,” in this experiment) to —NO, via an
intermediate state. Upon illumination of visible light, surface
plasmons of Au superstructures are excited, providing an extra
channel for the electron transfer. On the basis of the
experimental data and SPR analysis, an operating mechanism
is identified for visible-light-accelerated catalytic reactions over
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Au superstructures (Figure S5). As discussed above, the Au
superstructures show strong broadband visible light absorption
due to their plasmon resonance coupling (Figure SI). This
process enables a high concentration of photon flux energy in a
small volume of the plasmonic Au nanostructures. The
enhanced light energy utilization can further excite plasmons
and generate even more hot electrons from gold conduction
band. As a consequence, more separated electron—hole pairs
are formed in turn at gold interfaces, creating more effective
charge separation and active catalytic centers (Figure S II). In
fact, as reported, effective charge separation can be realized
even at a single metal nanoparticle under light energy
excitation.”” In this fashion, the free hot electrons of Au
transfer directly to LUMO of the p-NP molecules. Meanwhile,
the holes left in the separated energy band are injected by
electrons from HOMO of BH,” ions (Figure SII bottom).
Thus, electron transfer from BH,™ ions to p-NP molecules is
realized through Au superstructures driven by visible light. In
this process, the enhanced effective charge separation on the
superstructure surfaces not only decreases the activation energy
(E,) of the catalytic reaction, but also boosts the reaction rate
simultaneously. It is noted that the electrons and holes induced
through the surface plasmon excitation are generated on the
metal surfaces, which can avoid the long-range transport of
charges and recombination of electron—hole pairs in the bulk
phase. This characteristic behavior gives great advantage for
catalytic reactions that occur at the interfaces of reactants and
catalysts. Another possibility of thermal effect due to light
energy can be understood by considering the local temperature
elevation around Au superstructure surfaces via visible-light
irradiation, although the catalytic reactions are conducted at
constant temperature using a water bath. This may give rise to
an increased reaction rate by the thermally activated process. As
is known, temperature alteration of the reaction system cannot
change the reaction pathway as well as the reaction energy.
Therefore, E, is a temperature-independent parameter®* and
should remain unchanged during reaction in this case. It
appears inconsistent with our calculations that the E, value is
reduced with visible light irradiation. In addition, the
experimental results from p-NP reduction conducted without
using Au catalysts under dark or visible light irradiation, show
only a negligible difference in reaction rate (Figure S3 in the
Supporting Information). These results suggest a photonically
induced mechanism, other than the photothermal effect, that
plays a dominant role in the visible-light-enhanced catalytic
performance.

B CONCLUSION

In conclusion, a series of novel light-concentrating Au
superstructures have been developed via a well-designed
strategy and demonstrated significantly visible light-enhanced
catalytic performance. The Au superstructures with dense
assembly of Au nanostructures on surface of SiO, nanospheres
are found to be responsible for enhanced broadband visible-
light utilization because of plasmon resonance coupling. The
plasmonic Au superstructures with increased photon energy
utilization and effective electron—hole separation result in
enhanced catalytic efficiency for p-NP reduction. An important
relationship is established between the unconventional photo-
electric properties of noble metals and their plasmonic
nanostructures. These novel superstructures will pave a new
way to developing metallic catalytic devices and related energy
applications.
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XRD pattern (Figure S1), EDS spectrum (Figure S2), TEM
images (Figure S3), recycling catalytic tests under visible light
(Figure SS) and SEM image (Figure S6) of Au superstructures,
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