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ABSTRACT

Regulating the surface plasmon resonance (SPR) of metallic nanostructures is of great interests for optical and catalytic
applications, however, it is still a great challenge for tuning SPR features of small metallic nanoparticles (< 10 nm). In this work,
we design a unique dielectric support—urchin-like mesoporous silica nanoparticles (U-SiO,) with ordered long spikes on its
surface, which can well enhance the SPR properties of ~ 3 nm gold nanocrystals (AuNCs). The U-SiO, not only realizes the
uniform self-assembly of AuNCs, but also prevents their aggregation due to the unique confinement effect. The finite-difference
time-domain simulations show that the AuNCs on U-SiO, can generate plasmonic hot spots with highly enhanced
electromagnetic field. Moreover, the hot electrons can be effectively and rapidly transferred through the interface junction to TiO,.
Thus, a high visible-light-driven photocatalytic activity can be observed, which is 3.8 times higher than that of smooth
photocatalysts. The concept of dielectric supports engineering provides a new strategy for tuning SPR of small metallic

nanocrystals towards the development of advanced plasmon-based applications.
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1 Introduction

Surface plasmon resonance (SPR) refers to a resonant oscillation
of free electrons close to the surface of metal coupled by light
[1-4]. Through the excitation of SPR, plasmonic metallic
nanostructures exhibit the unprecedented capacity to concentrate
electromagnetic fields, scatter electromagnetic radiation, and
convert the energy of photons into heat [5-8]. These unique
properties have propelled them in a wide range of applications,
including molecular sensing [9,10], surface-enhanced Raman
scattering spectroscopy [11,12], plasmonic waveguides [13, 14],
thermal emitters [15, 16], photocatalysis [17,18] and solar cells
[19,20]. In this case, it is of great significance to tune the
wavelength and intensity of SPR. To date, various methods have
been developed to control the compositions, sizes, and shapes of
individual plasmon nanoparticles (e.g., gold nanorods [17], gold
nanostars [21], and AuPd nanowheels [22]) and assemble the
plasmonic nanoparticles into closely interacted architectures (e.g.,
nanochains [23, 24] and nanocatalosomes [25]) towards extending
the wavelength and enhancing the intensity of SPR effect.

Small metal nanoparticles can facilitate the formation of
metal/semiconductor Schottky junction, thus realizing the fast
electron transfer through the interface for efficient photocatalysis
[26-30]. However, the application of small-sized metal

nanoparticles to enhance the light absorption in visible light
region of semiconductors is rarely reported. This is because that,
unlike large nanoparticles (> 10 nm), the SPR band is strongly
damped and even no longer supported for metallic nanocrystals
with small sizes (for Au, < 2 nm) [31-33]. Notably, it is interesting
that the SPR of small metallic nanocrystals can also be effectively
tailored by the dielectric environment [34]. Attempts have been
made to tune the SPR of plasmon metallic nanostructures by
introducing a dielectric support to adjust the near field scattering
of the plasmon metallic nanostructures [28, 29, 35]. However, to
date, the metallic nanocrystals are sparsely distributed on the
dielectric supports. In such circumstances, the SPR aroused from
isolated small nanocrystals is inherently weak and the distance
between the adjacent nanocrystals is too large to excite the
plasmonic coupling effect [1,11], making it difficult to produce
distinct SPR effect. Another key problem is that the metallic
nanocrystals are generally at a thermodynamic unstable state and
easily suffer from severe aggregation in the subsequent application
processing due to their small particle size and high surface energy
28, 36, 37].

In this work, we report a dielectric support engineering strategy
to enhance the SPR effect of sub-5 nm gold nanocrystals (AuNCs)
by preparing urchin-like mesoporous silica support with ordered
long spikes as a novel support. The urchin-like silica nanosupport
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not only has a high specific surface area, which can provide
abundant binding sites to realize tight assembly of AuNCs for
exciting the plasmon-coupling effect, but also confines the AuNCs
in spikes matrix with high stability. Moreover, the urchin-like
silica nanosupport facilitates the uniform coating of TiO, and
prevents the aggregation of AuNCs during the crystallization and
subsequent catalytic processes. In consequence, the sufficient
contact between AuNCs and TiO, enables the formation of
abundant interfaces for efficient electron transfer. The finite-
difference time-domain (FDTD) simulations demonstrate that the
plasmonic resonances of adjacent AuNCs assembled on urchin-
like nanosupport are strongly coupled, giving rise to plasmon hot
spots with highly intense and localized electric field. The
ultraviolet-visible (UV-Vis) diffuse reflectance spectrum (DRS)
and photoelectrochemical experiment results show that the urchin-
like photocatalysts possess enhanced light absorption and higher
photocurrent density under visible light illumination. For
photodegradation of tetracycline hydrochloride (TCH) under
visible light illumination, the crystalline urchin-like photocatalysts
realized 52.91% degradation after 30 min irradiation, achieving
a 29-fold improvement compared to the photocatalyst
supported by conventional silica nanospheres. Besides, the
crystalline urchin-like photocatalysts obtained H, generation rate
of 318.35 pmol-h™g™ under solar light, which is 3.8 times higher
than that of the conventional silica nanospheres-supported
photocatalysts.

2 Experimental

2.1 Chemicals and materials

All chemicals were purchased from commercial suppliers and
used without further purification. Cetyltrimethyl ammonium
bromide (CTAB, > 98.0%) and tetrakishydroxymethyl-
phosphonium chloride (THPC, 80% in H,0) were purchased
from Sigma-Aldrich (Shanghai, China). Gold chloride trihydrate
(HAuCl:3H,0, = 99.9%), TCH (UPS), ammonium hydroxide
solution (NH;H,O), tetraethyl orthosilicate (TEOS), (3-
aminopropyl) triethoxysilane (APTES, 98%), sodium hydroxide
(NaOH, = 98%), cyclohexane (= 99.9%), titanium(IV)
isopropoxide (TIP, 99.9%), 1-hexadecylamine (HDA, 98%), and
methanol (= 99.9%) were purchased from Aladdin.

2.2 Synthesis of positively charged silica nanoparticles
(U-5i0,-20, U-SiO,-10, and S-SiO,)

The urchin-like mesoporous silica nanoparticles (U-SiO,) with
surfaces rich of longer spikes and shorter spikes were synthesized
via an epitaxial growth approach [38]. Briefly, 20 mL TEOS in
cyclohexane (20 vol.%) was added to 50 mL aqueous solution
containing 1 g CTAB and 0.8 mL NaOH (0.1 M). The mixture
was stirred at 60 °C for reaction. The reaction time was 72 h for U-
SiO,-20 and 48 h for U-SiO,-10. After reaction, the obtained
solution containing U-S5i0,-20 or U-SiO,-10 nanoparticles was
centrifuged at 12,000 rpm for 8 min and washed several times
alternately with water and ethanol. The precipitants were then
dried at ambient condition and the powder of U-SiO,-20 and U-
SiO,-10 was collected for further use. S-SiO, nanoparticles were
prepared via a modified Stober method. Briefly, 6 mL of TEOS
was added to a mixed solution containing 10 mL deionized water,
75 mL ethanol, and 1.6 mL ammonia aqueous under strring. After
8 h stirring, the products were washed by water and ethanol for
several times through centrifugation, and then collected after
drying at ambient condition. The samples of these silica
nanoparticles were then modified with amino groups for
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subsequent adsorption process. In detail, 50 mg silica samples
were dispersed in 30 mL toluene solution which contained 300 uL
APTES and refluxed for 8 h at 110 °C. After washing and drying,
the products of positively charged silica nanoparticles with amino
groups were finally obtained.

2.3 Fabrication of noble metal nanocrystals-decorated
silica nanoparticles

AuNCs with a size of ~ 2 nm in diameter were prepared via a
THPC reduction process [39]. Firstly, 1.2 mL 80% aqueous THPC
solution was diluted to 100 mL with water. Then 1 mL diluted
THPC solution was added into a 47 mL aqueous solution
containing 3 mL NaOH (0.1 M). After stirring for 2 min, 0.5 mL
HAuCl, (100 mM) was added into the mixture under vigorous
stirring and the colour of the solution changed to brown
simultaneously, indicating the formation of AuNCs. For the
synthesis of Pt nanoparticles, 5 mL of NaBH, (12 mM) was added
dropwise into a mixed solution of 26 mL sodium citrate solution
(28 mM) and 50 mL of hexachloroplatinic(IV) acid aqueous
solution (0.4 mM) under vigorous stirring for 1 h. To prepare the
noble metal nanocrystals-decorated silica nanoparticles, 50 mg of
silica nanoparticles were added into the fresh prepared noble
metal solution and the solution was stirred for 2 h to enable
sufficient adsorption. After centrifugation at 12,000 rpm and
washing by ethanol, the precipitants of the noble metal-decorated
silica nanoparticles were then redispersed in ethanol.

24 Preparation of core—shell catalysts of SiO,@Au@TiO,

For the preparation of core-shell structure, 50 mg SiO,@Au,
400 mg HDA, 1 mL NH;-H,O, and a pre-setting amount of TIP
were sequentially added into 50 mL ethanol for reaction. After
stirring for 10 min, the amorphous TiO, was coated onto the
SiO,@Au. After repeatedly centrifuged with ethanol and water at
13,000 rpm for 6 min, the precipitate of S-SiO,@Au@a-TiO, was
then collected and dried. To obtain the crystalline catalysts
SiO,@Au@Ti0,, the samples were then calcinated at 350 °C. As
for the SiO,-20@Au@TiO, for structure characterization, the
amount of TIP was set to be 40 pL. As for samples with shell
thickness of ~ 20 nm, the TIP was added in four times to avoid
aggregation and the total amount of TIP was 140 pL for S-
Si0,@Au@TiO,, 160 pL for U-SiO,-10@Au@TiO,, and 200 pL for
U-Si0,-20@Au@TiO,, separately. As for U-SiO,-20@Au@TiO,
with the shell thickness of 10, 30, and 40 nm, the total TIP amount
was 120, 340, and 420 pL, respectively.

2.5 Sample characterization

Transmission electron microscopy (TEM) images were acquired
on a JEM-1400 microscope operating at 120 kV. High-resolution
TEM (HRTEM) images, high-angle annular dark-field (HAADF)
image, and energy-dispersive X-ray spectroscopy (EDXS)
mapping were obtained on JEM-2100F microscope (JEOL,
Beijing, China) with an accelerating voltage of 200 kV equipped
with a post-column Gatan imaging filter. Zeta potential values
were measured using a Nano-ZS 90 Nanosizer (Malvern
Instruments Ltd., Worcestershire, UK). Extinction spectra were
recorded using a Cary 5000 UV-Vis/near infrared ray (NIR)
spectrophotometer. The X-ray diffraction (XRD) patterns of
different samples were collected by a Bruker D8 powder X-ray
diffractometer (Germany) with Ni-filtered Cu Ka radiation
(40 kV, 40 mA). The surface areas of the samples were measured
with a Micromeritics Tristar 2420 analyzer, ultilizing
Brunauer-Emmett-Teller (BET) method for the calculation. The
content of gold in SiO,@Au was determined by an inductively
coupled plasma emission spectroscopy instrument (ICP, Thermo
Scientific, iCAP 7000 Series).
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2.6 Photoelectrochemical properties

Photocurrents were measured in a three-electrode system, in
which a Pt wire was used as the count electrode, an Ag/AgCl was
used as the reference electrode, and a fluorine-doped tin oxide
(FTO) substrate (2 cm x 2 cm) coated with the samples (~ 10 mg)
was used as the working electrode. 1.0 M NaOH aqueous solution
was used as an electrolyte. A Xe lamp (300 W, Perfectlight Co.,
Ltd.) with an optical filter (A > 410 nm) was used as the
illumination source. Photocurrent ON/OFF cycles were measured
using a CHI660e (CH instruments Co., Ltd.) workstation coupled
with a mechanical chopper.

2.7 FDTD calculations

FDTD calculations were used to calculate the local electric field
enhancement. In view of the small simulation structures within a
few nanometers, total field scattered field (TFSF) source as a
special case of plane wave was adopted and to prevent the possible
couplings in simulation boundary areas. The specific physical
model scale was set according to the TEM results, that is, the
diameter of the absorbed AuNCs was 5 nm in smooth silica
particle surface and 3.5 nm in spike decorated rough silica particle
surface. The size of the spikes of U-SiO, was set to be 12 nm at the
bottom and 6 nm at the top with a length of 20 nm. In order to
reduce the simulation amount, we simply set nine adjacent
AuNCs-decorated spikes on silica surface located at the center of
the physical domain and neglect the impact of far field. The
linearly polarized source was set to propagate along Z-axis (top
illumination, polarized in-plane) and Y-axis (side illumination,
polarized out-plane) respectively with a wavelength of 550 nm,
thus to clarify the influence of the polarization and direction of the
incident beams.

2.8 Degradation of TCH under visible illumination

The reaction solution was prepared by adding 10 mg of
photocatalyst into 40 mL of 30 ppm TCH solution. The mixture
was stirred in dark for 3 h to reach the adsorption-desorption
equilibrium of the photocatalysts for TCH. Then the
photocatalytic reaction started by irradiating the mixture with the
visible light (A > 410 nm) using a 300 W Xe arc lamp
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(A > 410 nm). 4 mL of sample solutions were taken from the
reaction system before the photocatalytic reaction and after the
reaction for 30 min. After centrifugation, the optical absorption at
358 nm of the supernatants was recorded with a Varian UV-Vis
spectrophotometer (Cary 50, Varian Co.) to calculate the TCH
degradation efficiency.

2.9 H, generation under solar light illumination

Photocatalytic hydrogen generation was measured using an
online photocatalytic hydrogen generation system (Labsolar-6A,
Perfectlight Co., Ltd.) at an ambient temperature (25 °C). Fifty
milligrams of photocatalysts without co-catalyst was added to an
aqueous solution (75 mL of H,O and 25 mL of methanol) in a
closed gas circulation system. Before irradiation, the reactor and
the whole gas circulating system were fully degassed to remove air
by using a vacuum pump for 30 min. The amount of H, generated
was determined by gas chromatography (Techcomp 7900, TCD,
N, carrier). A Xe lamp (300 W, Perfectlight Co., Ltd.) with an
optical filter (AM 1.5) was used as the illumination source.

3 Results and discussion

The schematic synthesis process for urchin-like plasmonic
photocatalysts consisting of silica nanosupports with a AuNCs
interlayer and tunable crystalline TiO, shell is illustrated in
Fig. 1(a). First, U-SiO, with tunable spikes was prepared via a
single-micelle epitaxial growth process. Then, AuNCs were
uniformly deposited on the surface of the U-SiO, through a self-
assembly process, and well confined by the matrix, which is the
key for stabilizing AuNCs. Subsequently, a tunable TiO, layer was
coated thereon through a sol-gel coating procedure. At last, the
urchin-like photocatalysts (U-SiO,@Au@TiO,) were obtained
after calcination at 350 °C. For contrast, the crystalline
photocatalysts (S-SiO,@Au@TiO,) supported with conventional
smooth silica nanospheres could be synthesized through the
similar process, as shown in Fig. 1(b).

Corresponding to the above fabrication process, the dielectric
supports with different surface topological structures were
synthesized firstly. The silica nanospheres with smooth surface
(S-Si0,) and diameter of ~ 160 nm were synthesized by classical

siide

e

Calcination

S-Si0,@Au@TiO,

°°° TiO, nanocrystals:s

Figure1 Schematic illustration of the fabrication process for plasmonic photocatalysts based on dielectric supports: (a) U-SiO, and (b) S-SiO,.
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Stober method (Fig. 2(a)). Monodispersed U-SiO, with tunable
spikes was synthesized in the oil/water biphase system via a single-
micelle epitaxial growth process [38]. The TEM images show that
the obtained U-SiO, with shorter spikes and longer spikes are
highly uniform with the diameters of ~ 160 nm (Figs. 2(e) and
2(i)). The length of the spikes can be estimated to be ~ 20 and
~ 10 nm and the samples are denoted as U-SiO,-20 and U-SiO,-
10. The surface areas of U-SiO,-20 and U-SiO,-10 are measured to
be ~ 137 and ~ 116 cm’g", while S-SiO, is only ~ 31 cm®g™" in
contrast (Fig. S1 in the Electronic Supplementary Material (ESM)).
The significantly increased surface area of U-SiO, is ascribed to
the unique surface topography formed by the tunable spikes. After
modifying with amino group on the surface of the above three
kinds of silica nanoparticles, the negatively-charged AuNCs with a
size of ~ 2 nm (Fig. S2 in the ESM) could be uniformly assembled
on the surface of the silica supports via the electrostatic interaction
[39], forming AuNCs covered-silica nanocomposites (SiO,@Au).
The variation of the surface zeta potential of all intermediate
products was in good agreement with the adsorption process (Fig.
S3 in the ESM).

All of the SiO,@Au samples remain monodisperse (Figs. 2(b),
2(f), and 2(j)). The AuNCs are much more densely and uniformly
distributed on U-SiO, than that of on S-SiO, (Figs. 2(c), 2(g), and
2(k)). According to ICP results (Fig.$4 in the ESM), the Au
content of SiO,-Au in the adsorption saturation state is 8.37% for
U-SiO,-10@Au and 10.38% for U-SiO,-20@Au, much larger than
that of S-SiO,@Au (which is 4.38%). Almost all the spikes in U-
SiO, have AuNCs located on the tips (Figs. 2(g) and 2(k)), three
examples are highlighted by yellow circles in Fig. 2(k)). More
interestingly, the partially enlarged view of U-SiO,-20@Au
(Fig. 2(1)) shows that the AuNCs are prone to adsorb onto sites
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with high curvatures ie., the sharp tips of the spikes (the yellow
arrows) and the edges of the relatively blunt tips of the spikes (the
red arrows). And sufficient adsorption at the tips of the spikes is
also observed for Pt nanoparticles (Fig. S5 in the ESM). A series of
the adsorption experiments with diluted AuNCs solutions were
conducted to explore the above adsorption preference on the
spikes of the U-5iO,. When the concentration of AuNCs solutions
was extremely low, the AuNCs only appeared on the tips of the
spikes, indicatingthat AuNCswerepreferentiallyassembled atthetips
(Figs. S6(a) and S6(d) in the ESM). As the concentration of the
AuNCs increased, more tips were occupied by AuNCs (Figs. S6(b)
and S6(e) in the ESM). Further increasing of the concentration of
the AuNCs solutions, the whole spikes of the U-SiO,-20 were
covered by AuNCs (Figs. S6(c) and S6(f) in the ESM), leading to a
dense distribution on U-SiO,. The adsorption preference on the
tips of the spikes may come from the anisotropic wettability of the
U-SiO, [40-42]. The tips of the spikes on the surface are more
easily wetted than the bottom ends of the spikes, thus the AuNCs
in the solution are prone to absorb on the tips of the spikes.

A layer of TiO, shell with tunable thickness was sequentially
introduced on the surface of SiO,@Au by sol-gel coating and the
amorphous core-shell structures of SiO,@Au@a-TiO, were
formed. The TEM images (Fig.S7 in the ESM) show the
successful coating of TiO, and the SiO,@Au@a-TiO, samples are
monodispersed with a uniform size of ~ 180 nm. The XRD
patterns (Fig. S8 in the ESM) of these samples show no obvious
peaks of crystalline TiO,, demonstrating the amorphous structure.
After annealed at 350 °C, the core-shell structures of
SiO,@Au@TiO, were obtained. The SiO,@Au@TiO, samples
show good uniformity and dispersity (Figs. 3(a), 3(c), and 3(e)).
The AuNCs in S-5i0,@Au@TiO, are distributed unevenly with an

Figure2 TEM images of (a) S-SiO,, ((b)—~(d)) S-SiO,@Au, (e) U-SiO,-10, ((f)-(h)) U-SiO,-10@Au, (i) U-SiO,-20, and ((j)-(1)) U-SiO,-20@Au. The insets in ((d), (h),

and (1)) are the schemes of AuNCs on the surfaces of S-SiO,, U-SiO,-10, and U-SiO,-20.
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increased size (Fig.3(b)), indicating a severe aggregation during
the crystallization process, which is consistent with previous report
of the aggregation of AuNCs in same structure during calcination
process [28]. Interestingly, the AuNCs interlayers remain dense
and uniform in U-Si0,@Au@TiO, (Figs. 3(d) and 3(f)). The size
of the largest gold nanoparticles in U-SiO,-10@Au@TiO, and
U-Si0,-20@Au@TiO, is only ~ 4 nm in diameter, while there
are aggregates with size increased to ~13 nm in diameter in
S-Si0,@Au@TiO,, forming a sharp contrast. Further statistical
analysis results show that the size distribution of AuNCs in U-SiO,-
10@Au@TiO, and U-SiO,-20@Au@TiO, is estimated to be 3.10 +
0.53 nm (Fig. S9(b) in the ESM) and 3.37 + 0.58 nm (Fig. S9(c)
in the ESM), much smaller and narrower than that of S-
SiO,@Au@TiO, (5.35 + 2.36 nm) (Fig. S9(a) in the ESM). The
proportion of AuNCs with a size of < 4 nm is ~ 30.56% in S-
SiO,@Au@TiO, (Fig. 3(g)), suggesting the uncontrollable
aggregation of AuNCs on S-SiO,. As for U-SiO,@Au@TiO,, the
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proportion of AuNCs with a size less than 4 nm is ~ 90.38% for
U-Si0,-20@Au@TiO, and ~ 92.00% for U-SiO,-10@Au@TiO,,
indicating that the aggregation is largely suppressed in U-
SiO,@Au@TiO,.

HRTEM image (Fig. 3(h)) of U-5i0,-20@Au@TiO, shows that
the nanoparticles on the surface are crystallized. For the relatively
dark nanoparticles, a lattice spacing of 0.20 nm can be observed,
being ascribed to the face-centered cubic (fcc) Au (200). While for
the relatively light areas, a lattice spacing of 0.32 nm is assigned to
tetragonal TiO, (101) lattice plane. HAADF and energy-dispersive
X-ray (EDX) mapping images of the U-SiO,-20@Au@TiO,
(Fig. 3(1)) clearly depict the hierarchical core-shell structures with
the urchin-like morphology and the Si, O, Au, and Ti elements are
uniformly distributed in this structure. The HAADF and EDX
mapping images (Fig.S10 in the ESM) of the U-SiO,-
10@Au@TiO, also demonstrate the similar core-shell structure
with uniformly distributed AuNCs.

Proportion of AuNCs (<4 nm, %)

$-Si0, U-Si0,-10  U-Si0;-20
AU@TiO; @Au@TiO; @Au@TiO,

Au'200)
d=0.20 mm

= . . 300 N =
V Tio, —SS'.O:@A“@T'OI ) s —a— $.Si0,@AU@TiO, p —S—SI.()Z@AII@TIO2 :
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Figure3 TEM images of ((a) and (b)) S-SiO,@Au@TiO,, ((c) and (d)) U-SiO,-10@Au@TiO,, and ((e) and (f)) U-SiO,-20@Au@TiO,. (g) The proportion of AuNCs
with a size less than 4 nm in SiO,@Au@TiO, according to the TEM images in (a)-(f). (h) HRTEM and (i) HAADF and EDX elemental mapping images of U-SiO,-
20@Au@TiO:,. (j) XRD patterns, (k) nitrogen adsorption—desorption isotherms, and (1) DRS of SiO,@Au@TiO, samples.
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Since the thickness of TiO, shell affects the photocatalytic
activity [28, 35], the samples used for comparison were controlled
with the same shell thickness of ~ 20 nm (Fig. S11 in the ESM).
The XRD patterns of SiO,@Au@TiO, samples with shell thickness
of ~ 20 nm are shown in Fig. 3(j). The peaks at 25.3° 37.9° and
48.0° correspond to the (101), (004), and (200) crystal planes of
anatase TiO,, respectively (JCPDS no. 21-1272). The wide peaks at
44.4° and 64.6° can be attributed to (200) and (220) crystal planes
of Au, respectively (JCPDS no. 04-0784). The surface areas of
U-Si0,-20@Au@TiO, and U-SiO,-10@Au@TiO, are calculated to
be ~ 171 and ~ 145 cm’g", respectively, which is much larger than
that of S-Si0,-@Au@TiO, (~ 119 cm’g’, Fig 3(k)). The
UV-visible DRS shows that all three samples exhibit SPR
absorption at visible light region because of the integrated AuNCs
within the structures (Fig. 3(1)), while there was no absorption
peak in visible light region for SiO,@TiO, structures with the
absence of AuNCs (Fig. S12 in the ESM). The SPR band is located
at 535 nm for urchin-like samples of U-SiO,-20@Au@TiO,
and U-SiO,-10@Au@TiO, while broadened and red shifted to
570 nm for S-SiO,@Au@TiO,, which further confirmed that the
distribution of AuNCs in urchin-like samples was much more
uniform with a smaller size than that in smooth samples.
Moreover, the U-SiO0,-20@Au@TiO, exhibits the highest SPR
band, indicating the plasmon coupling aroused from the collective
excitation of AuUNCs in U-SiO,@Au@TiO,.

The electric field distributions around the AuNCs-decorated
spikes were further simulated by using FDTD calculations. As
shown in Figs. 4(a), 4(b), 4(d), and 4(e), the size distribution of
AuNCs was tightly assembled on the spikes of the U-SiO,-20 in U-
Si0,-20@Au@TiO, while much more sparsely on the surface of S-
SiO, in S-Si0,@Au@TiO,. Based on the experimental results, the
geometric configuration of the model was well established. Briefly,
the size of the spikes of U-SiO,-20 was set to be 12 nm at the
bottom and 6 nm at the top with a length of 20 nm while the
diameter of AuNCs set to be 3.5 nm in U-SiO,-20@Au@TiO, and
5 nm in S-SiO,@Au@TiO,. Excited by the linearly polarized
source propagated along Z-axis with a wavelength of 550 nm,
weak electric field around isolated gold nanoparticles in S-
SiO,@Au (Fig. 4(c)) can be observed. For the U-SiO,@Au, the
plasmonic resonances of adjacent gold nanoparticles strongly
coupled, giving rise to plasmon hot spots with highly intense and
localized electric field (Fig.4(f)). Generally, the intensity of SPR
increases as the size of gold nanoparticles increases for normal
nanostructures with isolated metal particles [43-45]. In this case,
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the U-SiO,-20@Au structure with smaller size of gold
nanoparticles achieves significantly higher SPR than that of
S-SiO,@Au due to the effective plasmon coupling. Similar
phenomenon can be observed when calculating the electric field
distributions using the linearly polarized source propagated along
Y-axis (Fig. S13 in the ESM).

The photocatalytic performance of SiO,@Au and SiO,@Au@a-
TiO, and SiO,@Au@TiO, towards TCH degradation under
visible light irradiation (A > 410 nm) were tested. The
adsorption—desorption equilibrium of TCH on the surface of the
photocatalysts was achieved in the reaction system before the
irradiation and the adsorption amounts of the photocatalysts for
TCH were calculated to be 2.30% for S-SiO,-Au@TiO,, 2.60% for
U-SiO,-10-Au@TiO,, and 3.34% for U-SiO,-20-Au@TiO, (Figs.
S14 and S15, and Table S1 in the ESM). Under visible light
irradiation, the intensity of absorption peak of TCH at the
wavelength of 358 nm was rapidly decreased, suggesting the
degradation of TCH [46-50]. Notably, the U-SiO,-20@Au@TiO,
with plasmon hot spots exhibited the highest enhancement of
photocatalytic activity (Fig. 5(a)), achieving 52.91% degradation of
TCH after 30 min visible light irradiation, which is a 2.9-fold
enhancement comparing to S-SiO,@Au@TiO,. The three
kinds of photocatalysts of SiO,@Au@TiO, were applied for
photocatalytic H, generation under solar light. The results show
that U-SiO,-20@Au@TiO, obtained the highest H, generation
rate of 318.35 umolh™g’, U-SiO,-10@Au@TiO, the medium
of 194.13 pumol'h'.g" while S-SiO,@Au@TiO, the lowest of
82.88 pmolh™g" (Fig.5(b)). The U-SiO,-20@Au@TiO, with
plasmon hot spots contributes to the enhancement of 3.8 times in
H, generation under solar light in comparison with that of S-
SiO,@Au@TiO,. These results show that the photocatalysts
supported by the urchin-like silica nanoparticles exhibited better
photocatalytic performance than that of the conventional smooth
nanoparticles. The periodic on/off transient photocurrent
response of these samples under the intermittent visible light
illumination (A > 410 nm) shows that the U-SiO,-20@Au@TiO,
sample exhibited ~ 3.4-fold enhanced photocurrent density than
that of S-SiO,@Au@TiO,, indicating that the separation of photo-
induced charge carriers over urchin-like photocatalysts had been
efficiently facilitated as compared to that of smooth photocatalysts
(Fig. 5(c)).

In addition, the photocatalytic activity of H, generation
significantly increased as the thickness of TiO, increased from
10 to 30 nm (Fig.5(d) and Fig.S16 in the ESM). The H,

Figure4 Enlarged TEM images, corresponding schematic illustrations, and simulated electric field distribution of (a) S-SiO,@Au@TiO, and (d) U-SiO,-
20@Au@TiO,. Schematic illustration of the AuNCs distribution on (b) S-SiO,@Au in S-SiO,@Au@TiO, and (e) U-SiO,-20@Au in U-SiO,-20@Au@TiO,. Simulated
electric field distribution of (c) S-SiO,@Au and (f) U-SiO,-20@Au excited by the linearly polarized source propagated along Z-axis with a wavelength of 550 nm.
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generation rate reached 667.10 pmolh™.g' of U-SiO,-
20@Au@TiO, with a TiO, thickness of ~ 30 nm, which is
5.2 times higher than that of a TiO, thickness of ~ 10 nm. When
the shell thickness of TiO, was further increased to ~ 40 nm, the
H, generation rate was only slight improved. A similar trend of
varied photocatalytic activity with the thickness of the TiO, layer
was also observed in TCH degradation (Fig. S17 in the ESM). This
may due to that the contact between TiO, and AuNCs becomes
more sufficient as TiO, shell thickness increases from ~10 to ~ 30
nm, while the contact interface of Au-TiO, saturates after the shell
thickness reaches ~ 30 nm. As shown in Fig. 5(e), it is proposed
that TiO, nanoparticles tend to aggregate into the gaps between of
the spikes on the surface of U-SiO,-20 during the crystallization
process. When the shell thickness was thin, the AuNCs at the tip
of the U-Si0,-20 cannot be fully encapsulated by TiO,
nanoparticles (Fig.S18(a) in the ESM), resulting in inefficient
electron transfer. While thicker coating enabled more sufficient
contact between AuNC and TiO, (Fig. S18(b) in the ESM),
leading to efficient electron transfer. The above experiments
together demonstrate that the U-SiO, not only ensures a much
denser AuNCs distribution which can generate enhanced SPR via
plasmon coupling, but also facilitates the sufficient contact
between AuNCs and TiO,, thus enhancing the hot electron
generation of AuNCs and the injection into the conduction band
of TiO, across the Schottky barrier of Au-TiO, (Fig.5(f)). As
shown in Fig. 5(g), no apparent activity loss can be observed for
H, generation during six recycle runs, indicating that U-SiO,-
20@Au@TiO, is able to serve as a stable solar light photocatalyst.
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4 Conclusions

We demonstrate a space-confined self-assembly strategy for the
preparation of urchin-like photocatalyst U-SiO,@Au@TiO, to
enhance the SPR effect of sub-5 nm AuNCs by introducing the
urchin-like silica nanoparticles with long spikes as the dielectric
support. In this case, due to space confinement effect, the U-SiO,
facilitates the dense and uniform assembly of AuNCs and prevents
the aggregation of AuNCs during the crystallization process of
TiO, layer. In consequence, the dense distribution of AuNCs in U-
SiO,@Au@TiO, not only gives rise to highly intense and localized
electromagnetic field which was demonstrated by FDTD results,
but also enables sufficient contact between AuNCs and TiO,,
forming abundant Schottky junctions for efficient electron
transfer. The U-Si0,-20@Au@TiO, contributed to the
enhancement of 2.9 times in TCH degradation under visible light
illumination and 3.8 times in H, generation under solar light in
comparison with that of S-SiO,@Au@TiO,. We believe our
findings in this study create new avenues for tuning the surface
plasmon resonance of small metallic nanocrystals for plasmonic-
based applications.
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