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ABSTRACT: Engineering photocatalysts based on gold nanopar-
ticles (AuNPs) has attracted great attention for the solar-to-energy
conversion due to their multiple and unique properties. However,
there are ambiguities regarding plasmonic photocatalysts configu-
ration and the mechanism behind the photocatalytic production of
Hz in core-shell system. In this study, we investigated the rate of
Hz production over designed mutually reverse configurations,
SiIO@AU@TIiO2 and SiO2@TiO2@AuU, as well as the effect of the
AuUNPs loading. We found an improvement of the photocatalytic
hydrogen efficiency, boosted by the TiOz2 thin overlayer covering
finely dispersed AuNPs, forming a strong metal-support interaction
(SMSI) compared to conventional system. Furthermore, the path-
way of the charge carriers’ dynamics occurred regarding the system
configuration are found to be different. The photogenerated elec-
trons are collected by AuNPs in classical a SiO2@TiO2@Au sys-
tem, while, unconventionally, they are injected back in the titania
surface for an SMSI SiO2@Au@TiO2 system. Additionally, the ad-
sorption energy of methanol, theoretically estimated using density
functional theory (DFT) methodology, is lower for soft-chemistry
SMSI photocatalyst compared to conventional systems, accelerat-
ing the kinetics of photocatalytic hydrogen production. Soft chem-
istry of SMSI opens up a designing concept for highly efficient
photocatalytic materials, where the photons-to-energy conversion
remains a major challenge.

KEYWORDS: Core-shell nanostructures, Photocatalysis, Hydro-
gen production, Gold nanoparticles, Titanium dioxide, Solar en-
ergy, Solar fuels, SMSI.

In the last decade, hydrogen, as a chemical fuel, becomes an alter-
native solution to fossil sources of energy. Hydrogen is usually pro-
duced from a variety of feedstocks, including fossil resources, such
as natural gas and coal. A large variety of processes is used for its
production; including chemical, biological electrolytic, photolytic
and thermo-chemical methods. The photocatalytic production of
hydrogen from aqueous alcohol solutions, such as methanol and
ethanol, appears as a viable and attractive process based on the con-
version of sustainable solar energy to chemical fuel. Since the pio-
neering work of Kawai et al. * and Courbon et al. 2, many attempts
have been made to increase the photocatalytic efficiency of tita-
nium dioxide for hydrogen production. The most promising work
involves plasmonic gold nanoparticles (AuNPs), which act as a co-
catalyst, charge carriers separator and nanoantena for visible light

harvesting.®*1, Therefore, the size, shape and the loading of AUNPs
appeared as an important parameter to be considered, since they
influence the photocatalytic performances.®41213 Engineering the
photocatalysts’ configuration also had an impact on the photocata-
lytic activity. Different designs, such as SiO2@Au@TiO2 and
Au@TiO: core-shell nanoparticles'>17 or Au/TiO2 Janus nanopar-
ticles>® were proposed as an efficient strategy to reach higher pho-
toefficiency. In all cases, the improvement of the photocatalytic
performance was attributed to specific properties. The formation of
the Schottky contact in the Au/TiO2 interface was crucial to guar-
antee efficient electron transport and charge carriers separation un-
der UV-visible and visible illumination.8!® The photocatalytic
properties also showed a correlation with the localized surface plas-
mon resonance intensity (LSPR), rising from the oscillation of elec-
trons at the same frequency in the AuNPs surface.>%” The LSPR
was enhanced by either increasing the size of Au or TiO2 nanopar-
ticles, leading to the increase in the hydrogen production effi-
ciency.®%® All these systems were studied separately, focusing all
the efforts on the improvement of the photocatalytic properties by
coupling AuNPs to TiO2. These studies were carried out regardless
combining the effect of the charge carriers” dynamics, the localiza-
tion of AuNPs, the dissociative adsorption of methanol occurring
during the photocatalytic production of hydrogen and more im-
portantly the metal-support interaction.

The concept of strong metal-support interaction (SMSI) was intro-
duced in the 1970°s by Tauster et al.® The fundamentals of the
SMSI method used high-temperature Hz reducing environment,
which induces the reduction of the metal oxide and its migration to
the top of the metal nanoparticles (encapsulation of the metallic na-
noparticles). The method showed some stability issues, since the
re-oxidation or the receded of the overlayer during the catalytic re-
action, which can induce inactivation of the catalyst and/or reduc-
tion of its selectivity.? 2% A revisited SMSI methods has emerged
claiming higher stability of the overlayer metal oxide and good ac-
tivity for CO2 reduction.?* The method proposed the use of HCOx
adsorbate, which mediated the metal oxide overlayer formation at
the surface of Rh nanoparticles. Most of the time, SMSI was re-
stricted to metals from the group VI, VII and VIII supported on
reducible oxides such as TiO2, V203, Nb20s, Ta20s, and Ce02.23-
27 AUNPs were believed to be excluded from forming SMSI with
titanium dioxide due to its low work function, surface energy and
failure to dissociate molecular hydrogen necessary for the oxide
migration to the metal surface.?®?° However, recent theoretical and
experimental studies demonstrated that gold can dissociate H2 and,
hence, promote the reduction of oxide supports 332, Hence, clas-



sical SMSI 2° and more recently wet-chemistry SMSI were pro-
posed for deposing substoichiometric TiOx at the surface of
AuUNPs %

In general, the development around the SMSI concept was re-
stricted to heterogeneous catalytic redox reactions. The use of
SMSI in photocatalytic reaction has not yet been considered. If this
method is accurate for catalytic reaction, in photocatalysis it seems
to be inadequate. Indeed, amorphous TiO2 or non-stoichiometric
titanium oxide are often obtained under the reductive condition and
high temperature treatment, which do not correspond to the pre-
ferred anatase photoactive phase. Furthermore, the existence of a
consensus regarding the location of AuNPs on the photocatalyst
surface meant that the concept was not taken into account. Addi-
tionally, the photocatalytic process occurring during the hydrogen
production is managed by several parameters such as photogener-
ated charge carriers dynamics and lifetime, methanol adsorp-
tion/desorption, light harvesting, band-gap energy, TiO2 crystallite
phase, etc. In this work, the SMSI is considered for the first time
for photocatalytic hydrogen production. The main question was
“Does the location of the AuNPs has any importance and should
they be deposited at the photocatalyst surface for efficient hydrogen
production under UV-visible illumination?” To get a reasonable
answer, the hydrogen production was studied for two different con-
figurations. In the first one, AuNPs were deposited on the surface
of silica-titania core-shell oxides (SiO2@TiO2@Au), and in the
second, AuNPs were encapsulated with TiO2 overlayer getting
SMSI using our previously reported soft-chemistry method
(SiO2@AU@TiO2) (Scheme 1).17 The photocatalytic efficiency
was assessed following the hydrogen production under UV-visible
illumination from aqueous methanolic solution for each system.
The photoactivity of the core-shell system was found to be higher
when AuNPs were covered by a thin layer of TiO2, following in the
same time the evolution of the LSPR intensity. The dynamics of
charge carriers studied by time resolved photoconductivity indi-
cates variable pathways suggesting different mechanism of hydro-
gen production. Finally, the dissociative adsorption energy of
methanol at the surface of each system was theoretically simulated
by DFT and a mechanism of the hydrogen production was proposed
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Scheme 1: Scheme of different steps of the synthetic procedure of plasmonic
core-shell nanoparticles. AuNPs were loaded on the synthesized SiO,@TiO;
core-shell or SiO; core with a weight ratio (Au/ (SiO2+TiOy)est-ce bienca?) of
0.25,0.5, 1, and 1.5 wt %.

in order to explain the global kinetics of the hydrogen production
rates.

EXPERIMENTAL METHODS

Materials. All reagents (analytical grade) were used without fur-
ther purification. Titanium isopropoxide (TTIP), 3-aminopropyltri-
methoxy silane (APTMS), tetraethyl ortho silicate (TEOS), chloro-
auric acid trihydrated (HAuUCIl4.3H20), tetrakis (hydroxylme-
thyl)phosphonium  chloride (THPC), ammonium hydroxide
(NH4OH). Furthermore, Mill-Q water and ethanol absolute (99%,
Aldrich) were used as solvents.

Materials Synthesis. The synthesis of core-shell nanoparticles was
reported elsewhere!” and is only briefly described here. The Stober
method was used to prepare spherical silica nanoparticles. A mix-
ture of 20 mL of Mill-Q water and 15 mL of absolute ethanol was
stirred for 10 minutes at room temperature. 5 mL of NH4OH was
used to adjust the pH and the temperature was increased to 40 °C
under magnetic stirring (10 minutes). Then, TEOS (4.5 mL) was
added dropwise to the solution, and aged under magnetic stirring
for 1 hour. The white precipitate was obtained and separated by
centrifugation. The solid was washed 3 times with Mill-Q water
and dried in the oven at 70 ° C overnight.

The functionalization of SiO2 nanoparticles was performed as fol-
lows: SiO2 (250 mg) nanoparticles were added to ethanol (10 mL)
while stirring vigorously, followed by sonication for 30 minutes to
completely disperse the microspheres. While the colloidal solution
stirred, 0.1 mL of APTMS was added dropwise and kept stirred
(500 rpm) for 6 h at room temperature. The APTMS functionalized
silica nanoparticles were collected from the colloidal solution by
centrifugation and washed 3 times with absolute ethanol.
Synthesis of SiO2@TiO2 core-shell was performed as follow: The
APTMS functionalized SiO2 nanoparticles were added to the solu-
tion of 20 mL absolute ethanol and 0.5 mL of water while stirred
vigorously. The nanoparticles were dispersed under sonication for
30 minutes. Concentrated ammonium hydroxide solution (0.3 mL,
25 wt %) was used to adjust the pH, which was recorded (stabilized
at 12.4). The solution was stirred for 20 minutes, and a mixture of
50 mL of absolute ethanol and 1.5 mL TTIP were added dropwise
and left for 2 hours under stirring (1000 rpm) at room temperature.
The coated colloidal spheres were separated by centrifugation and
washed with absolute ethanol three times. The core-shell nanopar-
ticles were dried in the oven at 80 °C overnight.

Gold nanoparticles (AuNPs hereafter) were loaded on SiO2@TiO2
or embedded between SiO2 and TiO2. Scheme 1 illustrates all the
steps of the synthetic procedure of core-shell nanoparticles. AUNPs
were loaded on the synthesized SiO2@TiO2 core-shell according to
Duff and Baiker method, to obtain a weight ratio of Au/TiO2; 0.25,
0.5, 1, and 1.5 wt %. First, the synthesized SiO2@TiOz nanospheres
were further functionalized with APTMS, as described above. The
APTMS functionalized SiO2@TiO2 core-shell was separated by
centrifugation followed by washing with ethanol 3 times. Another
gold containing solution was prepared separately as follows: 1.5
mL (0.2 mol/L) NaOH solution was added to 45 mL of water while
stirring vigorously. After 5 minutes of stirring, the solution of
THPC (1 mL, 0.05 mol/L) were added to the prepared solution, fol-
lowed by addition of adequate amount of HAuCl4.3H20 to the mix-
ture as gold source to obtain weight ratio of 0.25, 0.5, 1, and 1.5
wit% respectively. The appearance of red-purple colour indicates
the reduction of Au (111) to Au (0). The solution was stirred for 30
minutes. Then, APTMS modified SiO2@TiO- core-shell was dis-
persed in solution containing gold and stirred for 4 hours to control
the areal density of Au NPs on the surface of TiOz. The obtained
solid material was collected by centrifugation, washed with water
3 times and dried in the oven at 60 © C for 48 hours. The synthesized
product was assigned as SiO2@TiO2@Au.

A similar procedure was used to synthesize SMSI SiO2@Au@TiO2
system, but this time using the silica nanoparticles loaded with ad-
equate amount of AuNPs (0.25, 0.5, 1 and 1.5 wt%) as a starting
material. APTMS functionalized SiO2 core nanoparticles were dis-
persed in a solution containing the target gold ratio. SiO2@Au na-
noparticles with different loading ratios were collected by centrif-
ugation until the supernatant became colorless. The solids were



washed 3 times with absolute ethanol and dried at 60°C for 48 h.
APTMS functionalized SiO2@Au nanoparticles were dispersed in
a mixture of (20 mL) absolute ethanol and (0.5 mL) of Mill-Q water
followed by sonication. Then, 0.3 mL of concentrated NaOH was
added to adjust the pH at 12.4. The solution was stirred for 20
minutes, and a mixture of (50 mL) absolute ethanol and (1.5 mL)
TTiP was added dropwise. The solution was left under agitation for
2 hours (1000 rpm) at room temperature. The nanoparticles were
collected by centrifugation and washed 3 times with absolute etha-
nol and dried at 80°C overnight. All the plasmonic photocatalysts
were calcined at 500°C for 2 hours under air.

Characterization. The diffusion reflectance spectra (DRS) of the
core-shell nanocomposites samples were collected using a Cary-
5000 spectrophotometer (Agilent) equipped with a Cary 4/5 diffuse
reflection sphere. The baseline was recorded using a poly(tetraflu-
oroethylene) reference. Transmission electron microscopy (TEM)
observations and EDS X-ray microanalysis were carried out on a
JEOL JEM 2100 Plus transmission electron microscope, operating
at 200 kV, interfaced to Oxford Instruments AZtec EDS system
with an X-Max T large area (80 mm?) SDD detector. The images
were collected with a 4008 x 2672 pixels CCD camera (Gatan
Orius SC1000). TEM images were processed by Image J software.
The size estimation and their size distribution were estimated tak-
ing into account 150-250 of AuNPs.

ICP-OES (Inductively Coupled Plasma Optical Emission Spec-
trometry) analysis was performed using Agilent 720-ES ICP-OES
equipment combined with Vulcan 42S automated digestion system.
Vulcan 42S is an automated digestion system combining the two
essential steps in sample preparation prior to analysis by ICP: sam-
ple digestion followed by sample work-up. The digestion procedure
was as follows: firstly, 10 mg samples were weighted and 2.4 mL
of aqua regia and 1 mL of HF were added to each sample by the
robot then heated for 2 hours up to 110°C (this step is repeated 3
times), followed by lhour heating up to 110°C. Almost all the di-
gester components are made of Teflon to avoid corrosion with the
use of acids. Questrom uses a highly efficient fume removal after
neutralizing the acid vapour thereby avoiding cross-contamination.
Photocatalytic hydrogen production from an aqueous methanol so-
lution was performed in a closed Pyrex glass reactor under an argon
atmosphere and with vigorous stirring. In typical photocatalytic
test, the water/methanol 75/25 v/v (final volume was 20 mL) solu-
tion was stirred under a flow of nitrogen for 30 min to eliminate
dissolved oxygen. Then, 30 mg of the photocatalyst nanocomposite
were added to reaction medium (the weight ratio between the solu-
tion and the photocatalyst was ~1). The solution is subsequently
illuminated using a mercury lamp (150W) light source as an artifi-
cial source to simulate the entire solar spectrum. The hydrogen pro-
duction was simultaneously followed each hour by gas chromatog-
raphy on a Bruker Scion gas chromatograph, with a thermal con-
ductivity detector (column, molecular sieve 5 A, 75 m x 0.53 mm
i.d. oven temperature at 50 °C; flow rate= 22.5 mL min™'; detector
temperature= 250 °C; carrier gas, nitrogen). For these experiments,
20 mg of each photocatalyst were suspended in 20 mL of a de-
gassed aqueous solution of methanol (25/75 v/v), and used as a sac-
rificial agent. Visible light experiment was performed using a cut-
off filter (AM-32603-1, LOT-Oriel; A > 450 nm).

After UV or visible illumination, the charge carrier lifetimes plas-
monic core-shell materials were studied by Time Resolved Micro-
wave Conductivity method (TRMC). For TRMC measurements,
the incident microwaves were generated by a Gunn diode of the Ka.

band at 30 GHz. The pulsed light source was an OPO laser
(EKSPLA, NT342B) tunable from 225 to 2000 nm. It delivers 8-ns
FWMH pulses with a frequency of 10 Hz. The density of light en-
ergy received by the sample was at 2.3 mJ.cm at 350 nm and 3.7
mJ.cm? for A=550 nm. To minimize the noise, a TRMC signal is
obtained by averaging measurements during 200 laser pulses. The
TRMC technique is based on the measurement of the relative
change of the microwave power reflected by a sample (semicon-
ductor), during its simultaneous irradiation by a laser pulse. The
TRMC technique has been described in more details elsewhere. 1134
Computational Methodology. Density functional theory (DFT)
calculations at the generalized gradient approximation (GGA) level
using CASTEP plane-wave code 3 were performed with Perdew-
Burke-Ernzerhof (PBE) density functional® and ultrasoft pseudo-
potentials. These are prevalent in literature and have been recently
used in similar bulk TiO2 calculations.®” Plane-wave basis set cut-
off energy was set at 620 ¢V, while I'—-point was sampled in the k-
space because of the large supercell models used. Convergence cri-
teria used during full geometry optimization of the TiO2 unit cell
include changes in energy of less than 10-5 eV/atom, forces on each
atom smaller than 0.03 eV/A, final stress in the unit cell of less than
0.05 GPa, and atomic displacements smaller than 0.001 A. 3x3x2
supercell models of anatase TiO2 were constructed based on exper-
imental data, 38 which was then expanded to 7x1x7 in order to ob-
tain a big enough structure to create anatase (101) surface with a 15
A vacuum layer. The final surface and bulk model contained 96
oxygen atoms and 48 titanium atoms. The silica substrate is not
considered in our models, since it does not participate in reactions,
thus SMSI SiO2@TiO2@Au and SiO2@AuU@TiO2 were modeled
as TiO2 with a small gold cluster on the surface or reversed with
the gold cluster embedded below. Aus gold clusters were added on
in our system of anatase (101) surfaces based on previous literature,
3839 and all atomic positions were fully optimized again without
relaxing the cell parameters. DFT-D3 dispersion correction method
by Grimm,*® which has parameters for gold, was implemented in
this study after gold clusters and later methanol molecules were in-
cluded to correct for London dispersion in this adsorption scenario.
Methanol adsorption was considered on both sides of the model
described above to simulate the two synthesized materials. During
geometry optimization, the bottom layer of the anatase cell was
fixed to simulate bulk properties and the top four layers were re-
laxed. In the case of Au@TiOz2, both the bottom layer and with the
attached gold cluster were fixed during the calculations. Initial dis-
tance between methanol and anatase (101) surface or gold cluster
is 2.22 A. The adsorption energy of a single methanol molecule is
calculated as follows:

Eads = Lmethanol+4Au@Tio2 — (EAu@TL'OZ - Emethanol)
or
Eads = LEmethanol+Tioz@Au — (ETiOZ@Au - methanol)-

Results and Discussion

The morphology and microstructure of SiO2@Au@TiO2 and
SiO2@TiO2@Au nanocomposites were investigated by TEM as
depicted in Figure 1. The images exhibit core-shell nanostructures
with distinct high-density silica core, much darker than the low-
density titania shell. The Stober method enables synthesizing
spherical SiO2 nanoparticles with an average diameter of 50-70 nm.



The hydrolysis followed by the polycondensation of TTIP precur-
sor in alkaline ethanoic mixture (pH=12), leads to uniform TiO2
shell covering the silica core. The APTMS introduces amine termi-
nal groups at the silica surface providing nucleation sites where the

TiOz thin shell can homogeneously growth during the sol-gel pro-
cess. The TiOz shell thickness, estimated from HR-TEM images, is
approximately in the range of 4-10 nm (Figure 1.a). The high mag-
nification TEM image evidences a crystallized shell with an inter-
planar spacing of 0.342 nm, consistent with the (101) crystallo-
graphic plane of TiO2 anatase (magnification of the dotted square
in Figure 1.b). Fast Fourier transform pattern showed a TiO2 ana-
tase thin layer surrounding the (111) face of AuNPs separated with
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Figure 1 : HR-TEM image of nanocomposites (a) SiO,@TiO,@Au with 0.5
wt% ratio and (b) SiO,@Au@TiO, with 1wt% ratio, included fast Fourier trans-
form of a rectangular region in HR-TEM. TEM images of (c—f)
SIO,@TiO,@Au and (g-j) SiO,@AuU@TIiO, systems with variable AuNPs load-
ing: (c, g) 0.25wt%, (d, h) 0.5wt%, (e, i) 1wt%, (f, j) 1.5wt%. The size distribu-
tion of Au nanoparticles calculated from TEM images is also presented respec-
tively for each Au/TiO;, ratio.

interplanar spacing of 0.23 nm (magnification of the white square
in Figure 1.b). The reduction of the HAuCl4.3H20 precursor oc-
curred efficiently, resulting in the formation of hemispherical
AuNPs. The AuNPs weight ratio, as estimated by ICP analysis was
0.13%, 0.53%, 1.13%, 1.56% is in agreement with the theoretical
ratio, except for a lower ratio. The TEM images reveal that the
AuUNPs exhibit a narrower size distribution with an average size
ranging from 4.5 to 7 nm.

More TEM investigations were carried out evidencing the effective
SMSI through the formation of thin TiO2 overlayer covered on the
AuNPs (Figures 2 a—d). TiO2 shell with a thickness of 4-10 nm en-
ables embedding AuNPs inside of an oxide overlayer of 2-3 nm.

The APTMS functionalized AuNPs provides growth sites where
the TiOz thin shell is readily formed.

il o

Figure 2: TEM images of SiO,@Au@TiO, systems with increasing gold ra-
tio : (a) 0.25 wt%, (b) 0.5 wt%, (c) 1 wt% and (d) 1.5 wt%.

To go further on the microstructure investigations, HAADF-STEM
images and EDS chemical mapping on SiO2@Au@TiO2 with 0.5
wt% ratio were performed to obtain more information on the dis-
tribution of Si, O, Ti and Au elements (Figure 3). Despite the low
thickness of the TiO2 shell, Ti element uniformly distributed on the
surface could be observed. The obtained images confirmed the
core-shell structure. The highly dispersive Au element distribution
confirms isolated AuNPs on the surface of silica.

The LSPR properties of SiO2@TiO2@Au and SiO:2@Au@TiO2
nanocomposites systems with increasing Au loading was studied
by steady-state UV—visible diffuse reflectance spectroscopy within
the 400-800 nm wavelength range (Figure 4 a-b). Core-shell
nanostructures containing AuNPs exhibited LSPR in the visible
range. However, the gold—free samples (bare SiO2@TiOz) showed
no absorption in the visible region. TiOz in anatase form (Eq=3.2
eV) absorbs only in the UV region. AuNPs deposited at the SiO2
surface shows a broadband absorption with the maximum at 520
nm (data not shown). After the TiO2 thin shell was coated, the max-
imum wavelength of the LSPR band was red-shifted to 541 nm for
the lower Au/TiOz ratio. The LSPR wavelength maximum of
AuNPs is related to their shape, size and the dielectric constant (re-
fractive index) of the surrounding medium. The size distribution of
AuUNPs, as estimated from TEM images, indicates very small
changes of the AuNPs size distribution regardless of the loading.
Therefore, following up on our procedure, the small change of the
nanoparticle diameter could not explain the observed red-shift. In-
deed, tuning the size of AuNPs needs more sophisticated methods
such as the use of stabilizers** or complex growth method.*? The
AuNPs spatial separation is too large avoiding any strong near-field
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Figure 3 : (a-b) HAADF-STEM images and EDS elemental mapping of Si (K),
Ti (K), O (K) and Au (L) for the nanocomposite SiO,@Au@TiO, with 0.5wt%
ratio.

interaction that could rationalize the observed red-shift.!” This red-
shift arises due to an overall increase in the refractive index of the
dielectric environment surrounding the AuNPs. Comparing both
systems, in the case of supported sample (SiO2@TiO2@Au) the
AUNPs are surrounded on the one side by TiO2 with high refractive
index (nTio2=2.1%%) and from the other side by air (nair=1). In the
SiO2@Au@TiO2 system, the AuNPs are embedded between TiO2
and SiO2 (nsio2=1.4*4). For both systems, the LSPR maximum
wavelength is the same, even if the surrounding media are not,
probably because of the small difference between the air and SiO2
refractive indexes.

It is worth mentioning the change of the LSPR intensity in each
system. As the AuNPs loading increases, the LSPR intensity shows
an increase for SiO2@TiO2@Au system, following the AuNPs ra-
tio (Figure 4.a). The same observation was made when AuNPs are
embedded between SiO2 and TiO2, but the enhancement of the
LSPR absorption band is much higher. The enhancement is ~1.7
fold higher for 1%wt AuNPs ratio before it drastically decreases
(Figure 4.b). The decrease of the LSPR intensity is unexpected
since usually the collective oscillation of the electrons after excita-
tion usually tends to increase with the gradual increase of the
AuUNPs loading. However, no physical explanation could be iden-
tified for this unexpected result.

The photocatalytic efficiency of plasmonic core-shell materials was
investigated for hydrogen production from 1:3 v/v methanol/water
solution, under UV-visible light illumination (Mercury lamp 150

W) and shown in Figure 5. SiO2@TiO2 core-shell with no gold ex-
hibited very low activity for hydrogen production compared to
nanocomposite materials. Published studies* %5 report on the ben-
eficial effect of AuNPs supported on TiOz surface on hydrogen pro-
duction. In agreement with these studies, AuNPs supported
SiO2@TiO2 system improve the photocatalytic production of hy-
drogen compared to metal-free sample. Surprisingly, covering
AuNPs by TiOz2 drastically boost the production of hydrogen, and
it is much higher compared to conventional sample (AuNPs growth
on the core-shell surface).
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Figure 4: Experimental absorption spectra measured in the range of visible

range for core-shell nanocomposites for both systems and at variable AuNPs
weight ratio. As a control, SiO,@TiO, core-shell shows no absorption in the
400—800 nm wavelength range.

The Hz production was 6.7 and 10 times fold higher for 0.5 and 1
wt% of AuNPs ratio (Figure 5.b), respectively, compared to the
best photocatalyst of the SiIO.@TiO2@Au series (Figure 5.a). Un-
der UV-visible illumination, the rate of hydrogen generation was
significantly improved and reached 12 mmol.h=%.g* for 1wt% of Au
ratio. The photocatalytic efficiency was compared to Pt/TiO2P25 in
the same reaction conditions. The rate of Hz production was 13.6
mmol.h-t.g" using 1wt% of Pt and showed efficiency as good as
SiO2@Au@TiOzwith 1 wt%.

It appears that the photocatalytic performance of the plasmonic
SiO2@Au@TiO:2 core-shell photocatalyst rather follows the evolu-
tion of the LSPR intensity as opposed to the AuNPs ratio. In the
meantime, no such conclusion could be made for SiO2@TiO2@Au
system. Indeed, for the maximum rate of H: production
(SiO2@AuU@TiO2with 1wt% of AuNPs loading) the LSPR showed



the highest intensity. As the LSPR decreased, the photocatalytic ef-
ficiency of hydrogen production also decreased. This suggests that
the LSPR acts as a promoter of the Hz production since the reaction
has been performed under UV-visible illumination. Evidences of
the role played by AuNPs in enhancing the photocatalytic activity
of TiO2 photocatalyst has been reported under both UV-visible and
visible illumination for SiO.@Au@TiO2.17 Radiative (including
near-fields and scattering mechanism) and non-radiative phenom-
ena were suggested to describe the photocatalytic mechanism. 6
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Figure 5: Hydrogen production under UV-visible illumination for different
AuNPs loadings (0.25, 0.5, 1, and 1.5 wt %) for both core-shell systems: (a)
SiO,@TiO,@Au, (b) SIO,@AuU@TIiO, under UV-visible illumination, and (c)
hydrogen production under visible light illumination (x>420 nm)

The first mechanism involves the interaction of the LSPR of
AuUNPs with incident light resulting in local enhancement of elec-
tromagnetic near-fields at the immediate vicinity of the TiOz sur-
face. The radiative energy transfer mechanism in nanocomposite
system reaches its maximum when an overlap of the nanoparticles
LSPR band and the semiconductor electronic band gap is ob-
tained.'* Therefore, the radiative effect should bear a small impact
since the LSPR band (visible) is spectrally misaligned with the
TiO2 absorption (UV). Additionally, AuNPs are too small to con-
sider any light scattering of the electric field enhancement.'® Con-
sidering the core-shell configuration of our photocatalysts, mainly
the so-called “non-radiative” effect could mostly explain the en-
hancement of the photocatalytic performance. In the context of hy-
drogen production, the kinetics of the hydrogen ion reduction at the
surface of TiOz is very low due to its large band gap and fast re-
combination charge carriers. Under the UV-visible illumination,
AuNPs exhibit an LSPR, i.e. collective oscillations of free-elec-
trons, in response to the incident electromagnetic fields. Indeed, the
photocatalytic activity of the SMSI SiO2@Au@TiO2 (1wt%) per-
formed under visible illumination exhibited very good photoactivty
for the hydrogen production, as shown in Figure 5.c, while no hy-
drogen was detected either for SiO.@TiO2 or SiO,@TiO2@Au
(Awt%). The Hz produced after 5 hours of irradiation was 240
umol.g~* with a rate of 52 umol.h 1.g"*. The mechanism behind the
H2 production remains not clear, especially the holes generation
needed for the methanol dissociative adsorption. The later, likely
occurs at the interface Au/TiO, where holes were reported to be
positioned.*” The L SPR-excited energetic electrons (hot electrons)
either contributed to the reduction of hydrogen ions, or injected to
TiO» raising the H» formation photocatalytic rate. It has been shown
that hot electrons can hardly pass through an insulating barrier with
a thickness greater than 10 nm.** Hence, the H2 production rate in-
crease could be mediated by the hot electron transfer from AuNPs
to TiO2 considering the visible light illumination. Although the
nanocomposite core-shell system exhibits improved performance
compared to SiO2@TiO: photocatalyst, it is obvious that the SMSI
of AuNPs in the core-shell nanostructure leads to much higher pho-
tocatalytic efficiency for hydrogen production. Thus, the charge
transfer on both nanocomposite systems should be considered to
define the active site where the photocatalytic reaction occurs. As
it has been reported, the charge transfer of gold coupled to TiO2
junction is quite complex. Accordingly, tracking the charge carrier
dynamics as well as their lifetime under selective wavelength exci-
tation using TRMC tools will enable further understanding of the
difference between the two systems.

The TRMC, as a contactless technique, was used to evaluate the
AuNPs effect on the charge carriers density and dynamics for each
system at different AUNPs loading. The TRMC signal mainly arises
from photogenerated charge carriers produced or transferred at the
surface of TiO2 semiconductor. Furthermore, the TRMC signal is
mainly related to the electrons since holes are heavier. Thus, their
mobility is limited and holes are trapped in the bulk at the early
time range®® Therefore, the signal observed from the TRMC is
correlated to the electron density at the surface of TiOz shell after
the laser excitation in the early stage, and the decays of free electron
number is caused by recombination, trapping and capture by
AuNPs.*?7 Figure 6 shows the TRMC signal obtained from both
systems at different AuNPs loading, after 350 nm laser pulses ex-
citation (UV illumination). The signal to noise measured on our ex-
periment was about 3 to 1, which is regarding the thickness of the
TiO2 overlayer is reasonable. Core-shell SiO.@TiO2 nanospheres
were assumed to have the same signal after UV light excitation, and
therefore AuNPs would not affect the absorption of photons in the
UV range (no structural modification in TiO2). Gold-free
SiO2@TiO2 sample showed a low signal after UV light excitation,
which is due to the thin shell layer at the surface (4-10 nm) as



shown in Figure 6.a. Given the TRMC results, it seems obvious that
the photogenerated charge carriers density relies on the system. In-
deed, after UV light excitation the photogenerated charge carriers
density undoubtedly increases for SMSI SiO2@Au@TiO2 system
compared to AuNPs-free sample, while in the case of
SiO2@TiO2@Au system, the signal TRMC decreases dramatically.
At an early excitation stage, SMSI Au/TiOz in the core-shell system
collect the photogenerated electrons and inject them back at the
TiO2 surface leading to an increase in the TRMC signal. This com-
plex pathway explain how the quenching of the photogenerated
charge carriers is not observed for SMSI SiO2@Au@TiO2 system.
The transfer of hot electrons from AuNPs is a well-known process
compared to the opposite trajectory. Electrons obtained under UV
illumination by energy higher than the band gap energy of TiOz are
indeed able to surround the Schottky barrier (SB) and get trapped
by AuNPs. The SB in Au/TiOz system has been estimated to be
0.23 eV* and the energy of the conduction band of the TiO2 of -
0.16 eV.% Accordingly, knowing that the Fermi level for noble
metals is around 0 eV on the normal hydrogen electrode scale,35!
the irradiation of TiO2 with energy higher than 3.27 eV (consider-
ing anatase phase with a band gap of 3.2 eV°?) or wavelength lower
than 379 eV will produce electrons with enough energy to pass
through the SB and then be trapped by AuNPs.%2 This pathway was
observed for Au/TiOz system. As expected, under mixed UV-
visible light irradiation hot electrons injected from the AuNPs to
TiO2 under visible light irradiation surmount the SB, and flow back
into the TiO2. While in SiO2@TiO2@Au system, the signal TRMC
decreases dramatically. In SiO2@TiO2@Au system, the weak
TRMC signal (low charge carrier density) could be due to: 1) shield
effect caused by AuNPs, 2) surface recombination centers created
by the synthesis method, and 3) fast electron scavenge by the metal
(<10 ns).** The first two hypotheses could not explain the weak
TRMC signal for SiO@TiO2@Au compared to that of
SiO2@Au@TiO2. As we recently showed, AuNPs do not affect the
electric field after illumination regardless of where AuNPs are de-
posited, since their size is small.1” Therefore, the electrons are scav-
enged by AuNPs drastically reducing the charge carrier density at
the surface of TiO2,5 in agreement with the photocatalytic produc-
tion of hydrogen results.

The TRMC results enable to shed light on the effect of the locali-
zation of AuNPs on the photogenerated charge carriers’ dynamics,
which is correlated to the photocatalytic efficiency. The electron
transfer occurring in both systems follows different physical path-
way, leading to drastically variable photocatalytic efficiency. The
main consequence of modulating the core-shell system is that the
active sites where hydrogen ions reduction reactions occur are dif-
ferent. After trapping the photogenerated electrons from the con-
duction band of TiOz in SiO2@TiO2@Au system, AuNPs reduce
hydrogen ions to form Hz molecules. In this case, AUNPs as the
active sites are much less efficient for the reduction reaction com-
pared to the TiO2 active sites in SiO2@Au@TiO: system. In the
latter, AuNPs act as a promoter of the photogenerated electron life-
time via different mechanism. The electrons are transferred from
TiO2 to Au, and then are injected back to TiO2 overpassing the
Shottcky barrier, speeding up the kinetics of hydrogen production.
The electronic properties of the samples loaded with 1wt% of
AUuNPs were studied under 550 nm laser excitation, and the results
are shown in Figure 6.c. A small TRMC signal was observed for
the SMSI SiO@Au@TiO2 sample, whereas no signal for classical
system (as for SiO2@TiOz, results not shown), confirming the effi-
cient electron generation and their transfer in the conduction band
of TiO2 overlayer. This result does not exclude the generation of
free electrons at the surface of AuNPs in the classical system, but

only confirms the beneficial effect of the SMSI concept toward ef-
ficient electron transfer from AuNPs to TiO2 under visible light ex-
citation.

The mechanism of the charge transfer does not address the problem
of minority charge-carrier diffusion length encountered in both sys-
tems. The diffusion length could be considered as detrimental pa-
rameter, particularly when the energetic charge carriers are pro-
duced far from the active sites. The difference of the hydrogen pro-
duction rate in both systems cannot be restricted to the photonic
effect and/or to the charge transfer. In fact, the active sites cover
larger surface in SMSI SiO:@Au@TiO2 system than in
SiO2@TiO2@Au system (since AuNPs are the active sites in the
latter case). Furthermore, considering the electron diffusion length
as well as the distance between the adsorbed MeOH and the reduc-
tive species, the kinetic of dissociative adsorption of MeOH and the
reduction of H* over both systems should be addressed further un-
derstand the difference of photoefficiency. Schematically, the reac-
tion pathway of the photocatalytic methanol-water (25/75 v/v) de-
composition reaction for hydrogen production over nanocomposite
system is as follows'® <sup>1,55</sup>:

hv+Cat.
MeOH — > HCHO + H, @)
1
hv+Cat.
HCOH + H,0 —’k HCO,H + H, )
2
hv+Cat.
HCOZH—)k CO, + H, 3)

3

With the overall reaction being
hv+Cat.

1

The hydrogen production kinetics would then be related to the dis-
sociative adsorption of MeOH, since it would initiate the formation
of Hz2 molecules and the water splitting. The illumination induces a
dissociative adsorption of methanol followed by ethoxide for-
mation and hydrogen ion (H*) release, which would be adsorbed at
the TiOz surface.® The kinetics of adsorption/desorption of meth-
anol should determine the kinetics of the reaction "ki". DFT calcu-
lations were performed to further understand the difference in ad-
sorption energies resulting from the two core-shell systems; This
was performed by simulating the adsorption of single methanol
molecule on the surface of SiO:@TiO2@Au and SMSI
SiO2@Au@TiO2. Four initial adsorption sites were considered for
the former material because of the added complexity arising from
the presence of the gold cluster, while two initial configurations
were considered for the latter (supporting information Figure S1
and S2). Each of these adsorption scenarios were geometrically-
optimized at fixed lattice parameters to find the most stable com-
plex, and adsorption energies were compared to determine the most
stable site. For SiO2@TiO2@Au, methanol adsorbs on the five-co-
ordinated titanium (Tisc) on the surface near the gold cluster inter-
face as expected with an adsorption energy of —1.0788 eV (Figure
7.a), whereas in the SMSI SiO2@Au@TiO2 model, adsorption also
occurs on such a titanium site. However, with the absence of gold,
the adsorption energy is weaker at — 0.9479 eV (Figure 7.b).

The adsorption distance in both systems results is different by only
0.012 A, which is not enough to cause the relatively large differ-
ence in adsorption energies of 0.13 eV. This result demonstrates



that the rate of methanol adsorption/desorption at the surface of
SMSI SiO2@Au@TiO2 system would occur faster compared to
classical SiO@TiO@Au. With a stronger adsorption found in
SiO2@TiO2@AwW, it is speculated that this nanocomposite photo-
catalyst exhibits lower activity due to reduced desorption of meth-
anol from the surface, a crucial step in the hydrogen production
from methanol aqueous solution; This is in agreement with the pho-
tocatalytic data shown in Figure 5. Furthermore, the reduction of
hydrogen ions adsorbed at the TiO2 surface by AuNPs to Hz mole-
cules should also be considered. In order to achieve an efficient re-
action, the adsorption site of hydrogen atoms should most likely
occurs at the Au/TiOz interface.5 The mechanism of the hydrogen
reduction in SiO2@Au@TiO2 system is favorable since a TiO2
overlayer surrounded the AuNPs. Thus, the adsorbed H* ions are
reduced by the electrons available at the TiO2 surface (electrons are
injected back from AuNPs to TiO2) (Figure 7.d). The mechanism
is probably different in the case of SMSI SiO2@TiO@Au system
(Figure 7.c), which has a similar configuration than that reported
by Yang et al. %. In the latter configuration, the hydrogen reduction
reaction is limited by the distance between adsorption site and
AUNPs as well as the diffusion kinetic of these atoms from the TiO2
surface to reach AuNPs active sites (Figure 7.c). To reach an effi-
cient reduction of hydrogen ions, they have to migrate from the ad-
sorption site of methanol to the active site (AuNPs). However, if
the hydrogen atoms are not reduced (produced far from the active
site) they would migrate to the bulk. The diffusion of the hydrogen
atoms over the surface is unlikely since the migration in the bulk is
thermodynamically spontaneous process.>” This configuration sug-
gests the formation of Hz molecules in TiO2 bulk, from which the
desorption is kinetically difficult.

Conclusion

As a summary, a successful method was applied for a design of
tunable core-shell plasmonic nanostructure. The multistep synthe-
sis method enables a specific control of the nanostructure and
AuUNPs were deposited with a narrow size distribution, whatever
where the AuNPs were deposited. The LSPR intensity of AuNPs
was found very sensitive to the localization of the AuNPs and to
the surrounding media. Furthermore, the electronic properties as-
sessed by TRMC showed an enhancement of the photogenerated
charge carriers under UV illumination for SMSI SiO:@Au@TiO2
system and a scavenger role played by AuNPs in SiO.@TiO@Au
system. This result is in agreement with the photocatalytic effi-
ciency. The photocatalytic activity for Hz production was strongly
affected by the localization of AuNPs. Strong metal-support inter-
action between AuNPs and the titania shell showed better activity,
with optimal Au/TiO2 ratio about 1%wt. Finally, we found that the
rate of adsorption/desorption of methanol is a crucial step in the
hydrogen production.
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