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Abstract: An Au/TiO, nanostructure was constructed to obtain
a highly efficient visible-light-driven photocatalyst. The design
was based on a three-dimensional ordered assembly of thin-
shell Au/TiO, hollow nanospheres (Au/TiO,-3 DHNSs). The
designed photocatalysts exhibit not only a very high surface
area but also photonic behavior and multiple light scattering,
which significantly enhances visible-light absorption. Thus
Au/TiO,-3 DHNSs exhibit a visible-light-driven photocatalytic
activity that is several times higher than conventional
Auw/TiO, nanopowders.

Visible—light—driven photocatalysis for hydrogen production
and degradation of pollutants has attracted a tremendous
amount of interest over the past decades as it offers direct use
of sunlight for energy and environmental applications.!!
Among many photocatalysts developed to date, TiO, is
considered to be the most suitable candidate for commercial
scale-up because it is abundant, nontoxic, and stable under
photochemical conditions.”) However, its large band gap
means that TiO, is only active in the ultraviolet (UV) region,
which accounts for less than 5% of the total energy of the
solar spectrum. Strategies have been proposed to expand the
TiO, optical absorption spectrum into the visible region,
which accounts for 43% of the solar spectrum, including
sensitizing TiO, with dyes or small-band-gap quantum dots,”!
and doping TiO, with metal or nonmetal elements.!
Recently, a new approach for enhancing the visible light
photoactivity of TiO, by the plasmonic effect of metal
nanostructures has received much attention.”) Under visi-
ble-light illumination, plasmon-excited hot electrons in noble-
metal nanoparticles (NPs) can be transferred to the con-
duction band of an adjacent semiconductor, and then
participate in subsequent chemical reactions.”*! Among
various plasmonic metals, Au is the most studied owing to
its high stability and strong visible-light absorption over
a wide range. As a consequence, several Au/TiO, composite
systems have been developed for solar water splitting and
photocatalytic conversion of organic compounds.®
Traditional methods for designing Au/TiO, photocatalysts
mainly focus on improving the dispersion of Au NPs and the
surface area of TiO, matrix.”*" Although the photocatalytic
activity can be improved because of the higher density of
active sites, these Au/TiO, materials usually exhibit low
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visible-light absorption because of the limited contribution of
TiO,, which absorbs only UV light. On the other hand,
incorporation of Au NPs in photonic structures was found to
enhance the surface plasmon resonance of Au NPs.") Materi-
als with photonic structures exhibit the slow photon effect, in
which light propagates in the material with extremely low
group velocities. When the slow photon wavelength overlaps
with the light that the material can absorb, an enhanced light
absorption can be obtained.”! The slow photon effect has also
been demonstrated to enhance light absorption of semi-
conductors, such as Ti0,,/* ZnO, WO,,™ or TaON," and
consequently, increase their photocatalytic activities. Com-
bining Au NPs and TiO, that possess a photonic structure
would thus be a promising strategy to obtain efficient visible-
light-driven photocatalysts. To date, TiO, photocatalysts with
photonic properties are primarily based on ordered macro-
porous structures."* % However, these ordered macroporous
TiO, materials have a relatively low surface area compared to
their nanoparticle or mesoporous counterparts, which pre-
vents them from being efficient photocatalysts.

Herein, we report on a novel Au/TiO, nanostructured
photocatalyst that is constructed by the three-dimensional
ordered assembly of thin-shell Au/TiO, hollow nanospheres
(namely Au/TiO,-3 DHNSs). The designed materials exhibit
not only exceedingly high surface area but also photonic
behavior originating from periodic macroscopic voids from
both the inside and the outside of hollow spheres that have
very thin shells. The multiple light scattering and slow photon
effects resulting from this unique architecture greatly enhance
the surface plasmon resonance of Au NPs, which leads to
a significant enhancement in the visible light absorption of
Au/TiO,-3DHNSs. As a result, these new photocatalysts
exhibit a photocatalytic activity that is several times higher
than conventional Au/TiO, nanopowders, as illustrated by the
example of the photocatalytic decomposition of isopropanol
under visible-light illumination.

To synthesize Au/TiO,-3 DHNSs, uniform titanate nano-
disks (TNDs)™ as titania precursors were first coated onto the
surface of SiO, nanospheres (NSs) using a layer-by-layer
technique and poly(ethyleneimine) (PEI) as a polyelectrolyte,
to produce TND-PEI/SiO, NSs (Figure 1). The layer-by-layer
technique combined with the uniform size of TNDs allows the
formation of a homogeneous and tunable shell thickness,
which is crucial for the formation of 3D ordered assembly
structures. The Au precursors (AuCl,”) were then loaded on
TND-PEI/SiO, NSs to form TND-PEI-AuCl, /SiO, NSs. The
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Figure 1. Schematic illustration of the procedure for the design of Au/
TiO,-3 DHNSs: 1) Uniform coating of TNDs on the surface of colloidal
SiO, NSs followed by the loading of AuCl,~ to form TND-PEI-AuCl,”/
SiO,; 2) assembly of TND-PEI-AuCl,”/SiO, into a 3D ordered structure
followed by calcination to form a 3D ordered assembly of Au/TiO,/
SiO,; 3) removal of SiO, to obtain Au/TiO,-3 DHNSs.
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strong interaction between AuCl,” and the amine groups''” in
PEI enables a homogeneous deposition of the Au precursor
on each TND-PEI/SiO, NS. The obtained NSs were then
packed into 3D ordered assembly structure using a centrifu-
gation process, and then calcined at 550°C to convert AuCl,~
and TNDs into Au and TiO,, respectively. Finally, the SiO,
NSs core was removed by dissolving the product in a solution
of NaOH to obtain Au/TiO, 3DHNSs.

Figure 2 A and and Figure S1 in the Supporting Informa-
tion show transmission electron microscopy (TEM) images of
TND-PEI-AuCl, /SiO, NSs obtained by coating TNDs on

Figure 2. A) TEM image of TND-PEI-AuCl,”/SiO, NSs (inset shows
a high-magnification image); B) SEM image of 3D ordered assembly
of Au-TiO,/SiO,; C,D) SEM images of Au/TiO,-3 DHNSs.

SiO, NSs, followed by loading of AuCl, . The NSs are highly
uniform in size with a diameter of 370 nm. Compared to bare
SiO, NSs (Figure S2), the surface of TND-PEI-AuCl, /SiO,
NSs became rougher (see insert in Figure 2 A), thus indicating
the successful deposition of TNDs on the surface of SiO,.
Figure 2B shows a scanning electron microscopy (SEM)
image of 3D ordered assembly of Au/TiO,/SiO, NSs obtained
by packing of the TND-PEI-AuCl, /SiO, using centrifuga-
tion, followed by calcination at 550°C. It can be seen that the
NSs were packed into a face-centered-cubic structure that is
visible over a wide range. Interestingly, this 3D ordered
assembly structure was retained after removal of the SiO,
cores to obtain hollow nanospheres (HNSs; Figure 2C and
D). The high-magnification SEM image of Au/TiO,-3 DHNSs
(Figure 2D) shows some broken particles which clearly
indicates the hollow structure of the NSs. Furthermore, the
presence of holes on the shell of each HNS is also observed.
These holes might be formed during the removal of the SiO,
cores. The presence of these holes, in fact, will be beneficial
for the photocatalytic application as they enhance the
diffusion of the reactants through the shell of the HNSs
(vide infra).

Figure S3 in the Supporting Information shows X-ray
diffraction (XRD) pattern of Au/TiO,-3DHNSs that corrob-
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orates the formation of the anatase phase of TiO,. In addition,
the presence of diffraction peak at 44.3°, corresponding to the
(200) plane of Au, is also seen, which confirms the presence of
crystalline Au. The composition of Au/TiO,-3 DHNSs deter-
mined by energy dispersive X-ray spectroscopy (EDX;
Figure S4) shows the presence of 3.5wt% of Au in the
composite.

The morphology of the Au/TiO,-3DHNSs was further
characterized by TEM and STEM (Figure 3). It is clearly seen
that the sample is an assembly of uniform HNSs (Figure 3 A).
The STEM and high-magnification TEM images (Figure 3B
and C) show Au NPs that are evenly distributed on the wall of

Figure 3. A) TEM; B) STEM; C,D) HRTEM images of Au/TiO,-
3DHNSs.

TiO, HNSs with an average size of around 12 nm. The
thickness of the HNS shell is approximately 10 nm. The high-
resolution TEM image (Figure 3D) shows the lattice fringes
of both TiO, and Au, thus indicating the highly crystalline
nature of TiO, shell and Au NPs. The lattice fringe with a d-
spacing of 0.35 nm can be assigned to the (101) lattice plane of
anatase TiO,, and the fringe with a d-spacing of 0.25 nm
belongs to the (111) lattice plane of Au with a face-centered-
cubic phase. Figure 3D also shows the presence of intimate
contacts between Au and TiO,. This close contact between
metal and semiconductor may enhance the charge transfer
between them, and thus the photocatalytic efficiency.”"

The surface chemical states of Au and Ti were charac-
terized by X-ray photoelectron spectroscopy (XPS). As
shown in Figure S5 in the Supporting Information, the peak
observed at a binding energy of 83.3eV was ascribed to
metallic Au 4f;,, thus confirming that the Au species exist as
metallic Au’ in Au/TiO,-3DHNSs.>! Compared to bulk Au
(4f;, at 84.0eV), the Au 4f,, peak in Auw/TiO,-3DHNSs
exhibits a negative shift of 0.7 eV, which could be due to
electron transfer from the oxygen vacancies of TiO, to Au
that leads to a lower binding energy of Au 4f,, in Au/TiO,-
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3DHNSs."! The Ti 2ps, XPS spectrum of TiO, (Figure S6)
shows a peak at a binding energy of 458.4 eV, which could be
identified as that of Ti** from anatase TiO,."? The porous
structure of the Au/TiO,-3 DHNSs was characterized using N,
physical adsorption at —196°C. As shown in Figure S7, the
pore size distribution calculated by applying the nonlocal
density functional theory method on the adsorption branch
reveals maxima in the range 3-12 nm, indicating a porous
shell of Aw/TiO, HNSs.'¥) The specific surface area of the
composite reaches 200 m*g~!, which is several times higher
than conventional ordered macroporous TiO, (often in the
range 20-40 m*g~"),/™*%] and is comparable to most high-
surface-area TiO, materials."¥

The optical properties of Au/TiO,-3DHNSs were inves-
tigated using diffuse reflectance UV/Vis spectroscopy with
TiO,-3DHNSs as reference sample. As shown in Figure 4 A,

Photonic stop band

TiO, 3DHNSs

Reflectance ——>
Absorbance ——>

Au/TiO, 3DHNSSs crushed

AulTiO, 3DHNSs

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength / nm — Wavelength / nm —>
Figure 4. A) UV/Vis diffuse reflectance spectra for Au/TiO, 3DHNSs
and the TiO,-3 DHNSs reference sample. The shaded region in (A)
shows the presence of photonic stop band. B) UV/Vis absorption
spectra of Au/TiO,-3 DHNSs before and after being crushed. Inset in
(B) shows a digital photo of Au/TiO,-3DHNSs.

the reflection spectra for both samples begin to attenuate
sharply as the wavelength becomes shorter than 380 nm. This
behavior is caused by strong intrinsic absorption of light in the
anatase TiO, semiconductor. In the case of Au/TiO,-
3DHNSs, another decrease in reflection spectrum centered
at 580 nm is due to the surface plasmon resonance of Au NPs.
Interestingly, both samples exhibit photonic behavior as
evidenced by the presence of Bragg reflection peaks centered
at around 490 nm. The slow photon effect that occurs at the
edges of the stop band is expected to appear in the range 550—
620 nm for Au/TiO,-3 DHNSs, which matches well with the
absorption spectrum of Au NPs. The wavelength matching of
surface plasmon resonance absorption and photonic band
edge would be expected to increase the surface plasmon
resonance intensity because an increase of the effective path
length of light in the photonic band edge regions would result
in a significant enhancement of the interaction between
photons and Au NPs.

To confirm that the 3DHNS structure has an enhance-
ment effect on the light harvesting, the absorption spectrum
of Au/TiO,-3DHNSs sample and that of the same material,
but crushed in an agate mortar to completely destroy the
3DHNS structure (Figure S8 in the Supporting Information),
were analyzed (Figure4B). It is clearly seen that, the
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uncrushed sample exhibits an enhanced light absorption,
especially in the range 500-800 nm, compared to the crushed
sample. In fact, the UV/Vis absorption spectrum of the
crushed Au/TiO,-3DHNSs appeared to be similar to that of
conventional Au NPs dispersed on commercial titanium
dioxide, P25 Degussa, 3.5wt% of Au (AwTiO,-P25; Fig-
ure S9). The result confirms that the macroporous structure
plays a crucial role in visible light absorption enhancement.
Furthermore, it is also noted that the light absorption
enhancement of the uncrushed sample compared to the
crushed one occurs not only in the photonic-band-edge region
(550-620 nm), but in the whole range of the UV/Vis region.
This result indicates that, beside the slow photon effect, the
multiple light scattering is also important for the light
absorption enhancement. The inset in Figure 4B shows
a digital photo of the Au/TiO,-3DHNS that shows several
colors. These colors result from the light reflectance on
different planes of the Au/TiO,-3DHNS particles that orig-
inates from the photonic behavior of the materials.!"

The photocatalytic activity of Au/TiO,-3DHNSs was
investigated in the photocatalytic decomposition of isopro-
panol to CO, under visible-light illumination (4 >420 nm).
Figure 5A shows the amount of CO, generated during the
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Figure 5. Amount of CO, generated A) under visible-light illumination
(A>420 nm) for 10 h and B) under UV-light illumination (A =365 nm)
for 4 h using 1) Au/TiO,-P25, 2) Au/TiO,-3 DHNSs, 3) crushed Au/
TiO,-3 DHNSs, 4) Au/TiO,-HNSs (without the 3D ordered structure) as
photocatalysts.

course of 10h of visible light illumination using Au/TiO,-
3DHNSs and Au/TiO,-P25 as a reference sample. It can be
seen that Au/TiO,-3DHNSs can produce 7.4 umol of CO,,
which is 6.1 times higher than that produced by Au/TiO,-P25
(1.2 umol) under the same reaction conditions. The excellent
photocatalytic activity of Au/TiO,-3DHNSs under visible
light is attributed to the novel nanostructure.

To confirm the effects of the structure on the photo-
catalytic properties, we evaluated the photocatalytic activities
of the crushed Au/TiO,-3 DHNSs and Au/TiO,-HNSs without
the 3D ordered structure (Figure S10 in the Supporting
Information). As shown in Figure SA, the photocatalytic
activity of the crushed Au/TiO,-3 DHNSs sample was signifi-
cantly lower than that of the uncrushed sample. The crushed
Au/TiO,-3DHNSs sample produced 1.7 umol of CO, after
10 h of reaction, which is 4.3 times smaller than the uncrushed
sample, even though this crushed sample has a slightly higher
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surface area (210 m?g™") than that of the uncrushed sample
(200 m*g™"). Although the photocatalytic activity of the
crushed Au/TiO,-3 DHNSs is significantly reduced, it is still
1.4 times higher than that of Au/TiO,-P25. The higher activity
of the crushed sample might be due to its higher surface area
(210 m*g ') as compared to that of Auw/TiO,-P25 (around
50 m*g~"). As also seen in Figure 5A, Aw/TiO,-HNSs (e.g.,
without the 3D ordered structure) can generate 2.5 pumol of
CO, which is 1.5 times higher than that produced by crushed
Au/TiO,-3DHNSs under the same conditions. However,
compared to that of Au/TiO,-HNSs with the 3D ordered
assembly structure, the photocatalytic activity of Au/TiO,-
HNSs without 3DNSs is 3 times lower. These results reveal
that not only the hollow structure but also the 3D ordered
assembly structure play an important role for the enhance-
ment of the photocatalytic activity. The 3D ordered assembly
of HNSs with periodic voids exhibits the slow photon effect
which enhances the visible light absorption, and as a conse-
quence, increases the photocatalytic activity of Au/TiO,-
3DHNSs.

To study the effect of light scattering on the photocatalytic
activity of Au/TiO,-3 DHNSs, the photocatalytic experiments
were carried out using UV light (365 nm). This wavelength is
far below the stop band of the Au/TiO,-3DHNSs, thus the
slow photon effect is not expected.’? Under these reaction
conditions, TiO, is capable of adsorbing the UV light and
generating electrons and holes for the photocatalytic decom-
position of isopropanol. As seen in Figure 5B, the Au/TiO,-
3 DHNSs can produce 94.1 pmol of CO, which is 2.8, 2.1, and
1.4 times higher than the amount of CO, produced by Au/
TiO,-P25 (33.1 pmol), crushed Au/TiO,-3DHNSs
(43.2 umol), and Au/TiO,-HNSs (67.3 umol), respectively.
The crushed and uncrushed Au/TiO,-3DHNSs samples and
Au/TiO,-HNSs possess similar intrinsic properties and com-
parable surface areas. Therefore, the higher photocatalytic
activity of the Au/TiO,-3 DHNSs can be mainly attributed to
the multiple light scattering resulting from its unique 3 DHNS
structure. We believe that this result will be of great interest
because the effect of multiple light scattering was previously
found to play only a minor part in the photocatalytic activity
of TiO, with ordered macroporous structure.* The
enhanced light scattering in 3DHNSs compared to TiO,
ordered macroporous materials may be due to its highly
nanoporous structure, which consists of ordered voids both
inside and outside the ultrathin shell HNSs.

In conclusion, we have demonstrated the construction of
three-dimensional ordered assembly of thin-shell Au/TiO,
HNSs from SiO, NSs and TNDs. The designed Au/TiO,-
3DHNS materials exhibit a high surface area, photonic
behavior, and enhanced light scattering effects. These unique
properties permit Au/TiO,-3DHNSs to absorb visible light
with great efficiency. As a result, the designed photocatalysts
exhibit significantly enhanced visible-light-driven photocata-
lytic activity compared to conventional Au/TiO, nanopow-
ders. Given that the photonic behavior of the 3DHNS
structure can be tuned by varying the size of SiO, core
while maintaining a high surface area, we believe that the
3DHNS structure not only offers a powerful tool for the
construction of efficient photocatalysts, but will also have
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a wide impact in all applications where high surface area and
effective light absorption are essential.
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Experimental Section

Chemicals: Titanium butoxide (TB), benzyl alcohol (BA), oleylamine (OM), benzyl ether,
tetraethylammonium (TEA) hydroxide, Tetraethylorthosilicate (TEOS), polyethylenimine (PEI),
ammonium hydroxide, tetrachloroauric(lll) acid, silica colloids (Ludox AS-40), and sodium
borohydride were purchased form Aldrich. All of the reagents were used without further
purification.

Synthesis of titanate nanodisks (TNDs): The synthesis of water-soluble TNDs was based on our
previous work.™ Briefly, 2g of TB, 12 g of OM, 12g of BA and 30g of benzyl ether were added
to a 100-mL round-bottom flask. The reaction mixture was heated to 190 °C at the heating rate 5
°C/min under nitrogen flow. After 20 h, the reaction was stopped and cooled down to room
temperature. After addition of excess absolute ethanol, the TNDs were obtained and were then
re-dispersed in toluene and re-precipitated with ethanol. This process was repeated three times to
remove the un-reacted reagents. After that, the as-synthesized TNDs were treated with tetraethyl
ammonium hydroxide to obtain TEA-TNDs. Typically, 5 mmol of as-synthesized TNDs
(according to Ti atom) were dispersed in a mixture of TEAOH (15 mmol), ethanol (15 ml) and
water (15 ml). The mixture was stirred overnight at room temperature. An excess of acetone was
added to the obtained clear solution to precipitate TNDs. The precipitate was then washed
several times with acetone and finally dispersed in 10 ml of water.

Synthesis of silica nanospheres: SiO, NSs were synthesized following the Stober synthesis.™
TEOS (45 ml) was added to a mixture of ethanol (750 ml), H,O (60 ml) and ammonia solution
(40 ml, 28wt %). After stirring for 4 h at room temperature, the precipitated silica NSs were
separated by centrifugation and washed 3 times with ethanol. The SiO, NSs were then re-
dispersed in 100 ml of H,0.

Coating SiO, NSs with TNDs: SiO, NSs were coated with TNDs using a layer-by-layer
deposition technique.® Typically, 5 g of SiO, NSs was dispersed in 200 ml of H,O containing
0.2 g of PEI. The suspension was stirred for 30 min to ensure the saturated adsorption of PEI on
the surface of the SiO,. Excess PEI was removed by centrifugation. The obtained PEI-coated
SiO, was then redispersed in 200 ml of H,O. After that, 10 ml solution of TNDs (containing 0.1g
TNDs) was gradually added to the SiO, NS suspension under stirring. Formation of flocculated
aggregates in the mixture, which is caused by the electrostatic interaction of the negatively
charged TNDs and positively charged PEI on SiO, surface, was observed after the addition of
TND solution. The resulting material was then recovered by centrifugation and washing process.
The above procedure was repeated for a 12 cycles to obtain TND-PEI/SiO, NSs.

Synthesis of Au/TiO,-3DHNSs: The obtained TND-PEI/SiO, NSs were re-dispersed in 200 ml of
H,0. To this mixture was added 10 ml of HAuClI, solution (15 mM). The resulting mixture was
stirred for 60 min to ensure the adsorption of AuCl; on the TND-PEI/SiO, NSs. After that, the
mixture was centrifuged with the speed of 1500 round per minute for 60 min to obtain 3D
ordered assembly of TND-PEI-AuCl,/SiO, NSs. The obtained precipitate was dried at 60 °C
overnight and then calcined at 550 °C (ramp rate of 2 °C/min) for 4 hours to obtain Au/TiO/SiO;
3D ordered assembly. The SiO, NSs were then removed from the composite by treating the



materials with 100 ml of NaOH solution (2M) at 80 °C for 2h. The obtained Au/TiO,-3DHNSs
were washed several times with water and then dried at 60 °C overnight.

Synthesis of TiO,-3DHNSs, Au/TiO,-HNSs (without 3D ordered assembly structure), and
AU/TiO,-P25: The TiO,-3DHNSs were synthesized in a similar procedure to that of Au/TiO,-
3DHNSs except that Au precursor (AuCly) was not used to be absorbed on TND-PEI/SiO, NSs.
The Au/TiO,-HNSs without 3DOA structure was synthesized as follows: the TND-PEI-AuCl,’
/SiO, NSs (see the synthesis of Au/TiO,-3DHNSs) were first mixed with silica colloids (Ludox
AS40). The mixture was then dried and calcined at 550 °C for 4h. The silica added and SiO, NSs
were then removed by NaOH 2M at 80 °C for 2h. The Au/TiO»-P25 was synthesized using a
chemical reduction method. Briefly, TiO,-P25 nanopowder was dispersed in a solution
containing HAuCl,. The pH of the solution was then adjusted to 8 using a dilute ammonia
solution and was stirred for 1 h. To the obtained mixture was added a fresh prepared sodium
borohydride solution under stirring condition. The resulted Au/TiO,-P25 was then washed
several time with water and dried at 60 °C overnight.

Characterizations: Transmission electron microscopy (TEM) images of the samples were
obtained on a JOEL JEM 1230 operated at 120kV. High resolution TEM (HRTEM) images were
performed on Philips G2 F30 Tecnai instrument operated at 300kV. Scanning electron
microscopy (SEM) images were obtained on a JEOL 6360 instrument operated at 15 kV. Powder
X-ray diffraction (XRD) patterns of the samples were obtained on a Bruker SMART APEXII X-
ray diffractometer equipped with a Cu Ko radiation source (,=1.5418 A). X-ray photoelectron
spectroscopy (XPS) measurements carried out in an ion-pumped chamber (evacuated to 10-9
Torr) of a photoelectron spectrometer (Kratos Axis-Ultra) equipped with a focused X-ray source
(Al Ko, hv = 1486.6 eV). The UV-vis spectra were recorded on a Cary 300 Bio UV-visible
spectrophotometer. N, adsorption-desorption isotherms of the samples were measured at -196 °C
using Quantachrome Autosorb-1 MP analyzer. Before the measurements, the samples were
outgassed under vacuum for 6 h at 110 °C.

Photocatalytic decomposition of isopropanol: The photocatalytic reactions were carried out in a
gas-tight 30 ml Pyrex reaction cell at ambient temperature and atmospheric pressure. In a typical
photocatalytic experiment, 30 mg of photocatalysts was spread uniformly in the reaction cell
with an irradiation area of 4 cm®. The reaction cell was then evacuated, and filled with fresh
synthetic air. After that, a certain amount of gaseous iso-propanol was injected into the reactor.
Prior to light irradiation, the reaction cell was kept in dark for 4 h to ensure that an adsorption
desorption equilibrium of isopropanol on the surface of the photocatalysts was established. Then,
the reaction cell was illuminated with a 300W Xe arc lamp equipped with an UV-cutoff filter
(>420 nm) for 10 hours or with an UV Hg lamp (wavelength of 365 nm) for 4 hours. The CO;
gas generated was analysed by a gas chromatography equipped with TCD detector and carboxen-
1010 capillary column.
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Figure S1. TEM image of TND-PEI-AuCl,/SiO; NSs



Figure S2. (A) SEM image showing the uniform size of SiO, NSs. (B) TEM image showing the
smooth surface of SiO; NSs.
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Figure S3. XRD patter of Au/TiO,-3DHNSs.
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Figure S4. EDX spectrum of Au/TiO,-3DHNSs confirming the presence of Au and Ti in the
sample. It can be also observed that the amount of silica remained in the sample is negligible.
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Figure S5. Au 4f7;, XPS spectrum of Au/TiO,-3DHNSs.
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Figure S6. Ti 2ps2 XPS spectrum of Au/TiO,-3DHNSs.
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Figure S7. Nitrogen sorption isotherms of Au/TiO,-3DHNSs (A), and the respective NLDFT
pore size distribution calculated from the adsorption branch (B).



Figure S8. TEM image of Au/TiO,-3DHNSs crushed.
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Figure S9. (A) TEM image of Au/TiO2-P25 showing the presence of Au nanoparticles with the
size from 8-15 nm. (B) UV-vis absorption spectra of Au/TiO,-P25 in comparison to that of
AU/Ti0,-3DHNSSs crushed sample.
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Figure S10. SEM image of Au/TiO,-HNSs without 3D ordered assembly structure.
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