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Abstract−We report the fabrication of a metal-decorated hybrid nanocomposite with TiO2 encapsulation (Metal/
SiO2@TiO2, Metal=Pt or Ru) using a simple surface-modification chemical process. Metal nanoparticles capped with
polyvinylpyrrolidone were successfully assembled on functionalized SiO2 via electrostatic interactions, after which a
thin layer of TiO2 was coated on the surface by the sol-gel process to avoid agglomeration of the coated silica spheres.
Transmission electron microscopy studies confirmed that the metal nanoparticles were uniformly distributed through-
out the surface of the SiO2 with a thin layer of TiO2. In addition, X-ray diffraction was employed to ensure the crystal
structure of the uniformly coated thin TiO2 layer. Even after calcination at 500 oC, the structure remained intact, con-
firming high thermal stability. The photocatalytic activity of the metal-decorated SiO2/TiO2 nanocomposites was evalu-
ated using the H2 evolution reaction. The Metal/SiO2@TiO2 catalysts show the photocatalytic water splitting efficiency
for H2 generation (i.e., 0.14% for Pt/SiO2@TiO2 and 0.12% for Ru/SiO2@TiO2), while there is no generation of H2 on
the Metal/SiO2 without a coating layer. These results indicate that the anatase crystalline coating layer has good ther-
mal and chemical stability and plays a significant role in photocatalytic H2 production.
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INTRODUCTION

Hydrogen is considered an important alternative fuel for the
future. To produce hydrogen from renewable resources, photocat-
alytic water splitting under solar light illumination has been stud-
ied as an ideal method [1-3]. The use of a semiconductor photo-
catalyst for water splitting is a promising technique with many
advantages [4,5]. In particular, titanium dioxide is preferred due to
its outstanding oxidation capability, non-toxicity, high abundance,
and convenient band gap (3.2eV) [6,7]. However, nanosized titania
powders with high surface area are not thermally stable [8], and could
easily lose their surface area at elevated temperatures through phase
transformation and crystallite growth. Therefore, titania is usually
coated onto an inert support, such as silica or carbon fibers [9,10].

Many efforts have been made to encapsulate silica with titania
to create more accessible photocatalytic sites. Several other studies
reported good photocatalytic performance of a titania coating on a
silica sphere by changing the physicochemical properties (e.g., crys-
tallinity, crystal size, specific surface area) [11-13]. Niphadkar et al.
reported that the TiO2 in SiO2/TiO2 composite materials showed
better photoactivity than pure TiO2 powders due to having a smaller
grain size and improved adsorption [14]. The most common syn-
thetic route for coating with TiO2 is the layer-by-layer (LBL) approach
[15,16]. Although the LBL technique shows good control of the
size, this process is laborious and time consuming. Alternatively, a

simple sol-gel method is more attractive [17,18]. However, the high
reactivity of titania precursors leads to several challenges in utiliz-
ing the sol-gel approach for titania shell deposition, such as the
ease of aggregation of the coated spheres, and the difficulty in form-
ing a regular shell layer with a controlled shell thickness of titania.
Liu et al. [19] and Kim et al. [20] controlled the hydrolysis rate of
titanium alkoxides to avoid agglomeration of the coated silica spheres
[21]; however it is still challenging to achieve a dense, uniform tita-
nia coating on the surface of silica spheres via the sol-gel method.
In this work, we fabricated silica nanospheres, which serve as an
excellent support for nanocrystalline titanium dioxide. We then
loaded metal (Pt or Ru) nanoparticles with uniform size on the
functionalized silica spheres using electrostatic adsorption. Subse-
quently, SiO2@TiO2 composites with a uniform coating layer were
prepared in an aqueous solution via surface modification and the
sol-gel process [22,23]. Even after calcination at 500 oC, the struc-
ture remained intact, confirming high thermal stability. Similar
designs of thermally stable hybrid catalysts composed of nanopar-
ticles with oxide shell or supports have been demonstrated [24,25].
These Metal/SiO2@TiO2 (Metal=Pt or Ru) showed enhanced pho-
tocatalytic hydrogen production efficiency, compared with pure
TiO2, because of the presence of anatase crystalline TiO2 metal nano-
particles as the co-catalyst under light irradiation.

EXPERIMENTAL

1. Preparation of Amine-functionalized Silica Nanoparticles
All reagents used were obtained from Sigma-Aldrich without

any further purification. Uniform silica with a particle size of 30-
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40 nm was prepared via a modified Stöber method [26]. In a typi-
cal synthesis, 1.55 ml ammonia (NH3·H2O, 27%) was mixed with
4 ml millipore water and 100 ml anhydrous ethanol solution, and
then tetraethyl orthosilicate (TEOS, ≥97%) was added. The resul-
tant mixture was stirred for 24 h at room temperature. The sus-
pension was centrifuged at 8,000 rpm and washed with ethanol
three times. To functionalize the silica surface with amino groups,
the SiO2 particles were transferred to 40 mL of isopropanol con-
taining (3-aminopropyl) triethoxysilane (APTES, 50μL) and heated
to 80 oC for 2 h [27].
2. Deposition of Metal (Pt and Ru) Nanoparticles on f-SiO2

To synthesize the 2.7 nm polyvinylpyrrolidone (PVP)-capped
Pt nanoparticles, we mixed H2PtCl6·xH2O and Pt(acac)2 as the pre-
cursor; poly(vinylpyrrolidone) and the precursor were added to
ethylene glycol in a 50 mL three-necked flask. The mixture was then
heated to 200 oC and maintained at this temperature for 10 min
under Ar gas. The solution was precipitated with excess acetone
and re-dispersed in ethanol [28]. The PVP-capped Ru nanoparti-
cles were prepared via the polyol method in ethylene glycol, as
reported previously [29,30]. Metal/f-SiO2 was synthesized by add-
ing excess PVP-capped nanoparticle colloid (10 ml) to 1.5 ml f-SiO2

in ethanol under sonication for 30 min. The resulting product was
centrifuged and washed three times with ethanol, and then finally
dispersed in ethanol (3 ml).
3. Preparation of SiO2@TiO2 Nanocomposites Decorated with
Metal Nanoparticles

To coat the thin-TiO2 shell on the Metal/f-SiO2, the sol-gel pro-
cess was used. The coating process was performed by hydrolysis of
an alkoxide precursor (titanium-butoxide (Ti(OBu)4) in absolute
ethanol [31,32]. Typically, 1.5 ml Metal/SiO2 colloid was dispersed
in 10 mL of the ethanol/titanium-butoxide solution by ultrasonic
treatment (30 min) and magnetic stirring (30 min), followed by
incubation at room temperature for 16 h. The homogeneity of the
oxide sol influences the shell thickness. Next, this solution was
condensed in ethanol (3 ml) and deionized water (3 ml), and then
magnetically stirred for 2 h at room temperature to remove any
excess titanium dioxide. The key parameters in homogeneous coat-
ing of the silica nanoparticles with TiO2 are the concentration of
Ti(OBu)4 and the amount of time for coating. The coating process
was repeated two times. Finally, the coated spheres were washed
with water and then ethanol several times, and dried at 80 oC over-
night. To obtain an anatase titania shell, the composite particles
were calcined at 500 oC for 2 h.
4. Characterization and Photocatalytic Hydrogen Evolution
Measurement

The structures and morphologies of the photocatalysts were
investigated using transmission electron microscopy (TEM, Tiatan
cubed G2 60-300). The crystal phase was studied using an X-ray
diffraction spectrometer (XRD, on a Bruker D8 GADDS diffrac-
tometer using Co Kα radiation (1.79 Ǻ)). The oxidation states and
chemical compositions were measured using a VG Scientific Sigma
Probe X-ray photoelectron spectroscopy (XPS) system equipped
with an Al Kα X-ray source (1,486.3 eV) under ultra-high vacuum
at 10−10 Torr. Elemental analyses using inductively coupled plasma
mass spectroscopy (PerkinElmer, DRC-e model) were conducted
to measure metal loading. The photocatalytic H2 production reac-

tions were performed in a Pyrex top, irradiation-type vessel con-
nected to a closed gas circulation system at room temperature. A
0.1 g sample was dispersed in an aqueous solution of 10 ml of
10 vol% methanol with 90 mL ultrapure water. The reactant solu-
tion was evacuated several times to ensure complete air removal,
followed by the introduction of back-filled argon (ca. 5 kPa) into
the system. The reaction was initiated by irradiation with a 150 W
solar simulator (1.5 AM, 1 sun). The reaction was carried out at a
power of 50 mW/cm2 with an irradiation area of 19.6 cm2. The
evolved gases were analyzed by online gas chromatography (DS
Science with a TCD detector and MS-5A column, argon carrier
gas). The photocatalytic H2 evolution activity was estimated from
the initial gas evolution rate.

RESULTS AND DISCUSSION

1. Synthesis of Hybrid Nanocatalysts
The detailed synthesis procedure for the Metal/SiO2@TiO2 core

shell nanocomposites is illustrated in Fig. 1. SiO2 colloids (30-35
nm in diameter) were functionalized with amine using APTES ((3-
aminopropyl)triethoxysilane).

The amine functional groups were necessary for anchoring the
metal nanoparticles. We used Pt and Ru nanoparticles capped with
PVP (avg. MW=55,000) with an average size of 2-3 nm. NH2-func-
tionalized SiO2 spheres were mixed with the metal colloid solu-
tion to fabricate the Metal/SiO2 hybrid photocatalyst. Herein, the
metal nanoparticles were anchored to the surface of the f-SiO2 by
electrostatic adsorption; the interactions between the NH2 group
of f-SiO2 and the metal nanoparticles are well known and reported
in the literature [33,34]. Finally, the oxide layer was coated onto
the Metal/SiO2 colloids. This process was accomplished by adding
the Metal/SiO2 solution to an alkoxide solution under incubation
and condensation. This facile synthesis strategy avoids various labo-
rious steps, making it highly reproducible and scalable.
2. Metal/SiO2@TiO2 Photocatalyst Characterization

Fig. 2(a) and (b) show TEM images of 2-3 nm Pt nanoparticles

Fig. 1. Schematic diagram of the preparation procedure for the metal/
SiO2@TiO2 hybrid nanocatalysts (Metal=Pt or Ru).
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and the silica nanospheres used as the core particles, respectively.
Fig. 2(c) also includes TEM images of the Pt/SiO2 showing that the
metal nanoparticles were finely distributed on the silica sphere (ca.
3 wt% of Pt in the catalyst).

It was also confirmed that the metal nanoparticles were spread
uniformly on the silica due to the amine groups on the functional-
ized silica that bind to the capped metal nanoparticles. After oxide
coating, the nanocatalysts did not present a considerable change in
morphology; a homogeneous and highly dispersed oxide shell is
clearly formed (Fig. 2(d)). Phase mapping images of Pt/SiO2@TiO2

show that the Pt is well distributed on the SiO2 support (Fig. 3(a))
and that the TiO2 layer is uniformly coated on the SiO2 surface (Fig.
3(b)). In addition, the EDS line spectra clearly demonstrate that
the Pt nanoparticles are exposed to the surface and not covered by
the oxide layer. To determine the crystalline structure, we per-
formed XRD studies on the titania-coated photocatalysts after cal-
cination at 500 oC for 2 h; the XRD patterns are shown in Fig. 4.
Before calcination, we did not observe any diffraction peaks, indi-
cating that the as-prepared titania shell was amorphous. In con-
trast, the calcined structure exhibited multiple diffraction peaks,
which can be indexed to the anatase phase of TiO2.

The dominant peaks at 2 theta of 25.2o, 37.9o, 48.3o, 53.8o, 55.0o,
and 62.7o (i.e., that represent the indices of the (101), (103), (200),
(105), (211), and (204) planes, respectively) correspond to the crys-
talline anatase TiO2 phase [35]. The presence of the Pt and Ru nano-
particles can be observed by a small diffraction peak at 2 theta of
39.8o and 44.0o, which corresponds to the index of crystalline Pt
(111) and Ru (101) planes, respectively [36]. However, the inten-
sity of the peak was quite weak because of the relatively low metal
content and high metal dispersion. Moreover, we used X-ray pho-
toelectron spectroscopy to study the influence of the oxidation
state of the metal on photocatalytic activity. Fig. 5 shows XPS peaks
of the metals; Pt and Ru are mainly present in their respective
metallic states. There is also a mixture of oxidized states (+2 and
+4 oxidation states) at low concentrations. Ti2p spectra of the Pt/
SiO2@TiO2 and Ru/SiO2@TiO2 catalysts are shown in Fig. 5(b) and
(d), respectively, which is characteristic of Ti2p3/2 at 458.85 eV and
Ti2p1/2 at 464.35 eV. These spectra could be deconvoluted into two
peaks of Ti4+/TiO2 and Ti3+/Ti2O3.
3. Photocatalytic Activity for Metal/SiO2@TiO2

To investigate the effect of the metal nanoparticles and the

Fig. 4. XRD pattern results of the as-synthesized Pt/SiO2@TiO2 and
Ru/SiO2@TiO2 hybrid catalysts.

Fig. 3. (a) And (b) phase mapping (Pt is shown in green, Si in red,
Ti in blue). (c) EDS line spectra of the Pt/SiO2@TiO2 photo-
catalysts.

Fig. 2. TEM images of (a) 2.4 nm Pt nanoparticles synthesized
through the polyol process, (b) silica spheres used as the core
particles, (c) Pt/SiO2, and (d) Pt/SiO2/TiO2.
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oxide shell, photocatalytic H2 production under simulated solar
light was carried out using a 10 volume% methanol solutions as
the sacrificial agent over the Metal/SiO2@TiO2 photocatalysts. Fig.
6(a) and (b) show the time-dependent photocatalytic activity and
a summary of the H2 generation, respectively. We did not observe
H2 production in the absence of the TiO2 coating, while the TiO2-
coated catalysts showed enhanced photocatalytic activity (i.e., Pt/
SiO2@TiO2=20.6μmol/g/h, Ru/SiO2@TiO2=18.2μmol/g/h). The
Metal/SiO2@TiO2 photocatalysts showed higher photocatalytic
activity than commercial TiO2-Degussa P25 (6.7μmol/g/h) [37].
The XRD results reveal that after calcination, the amorphous layer
turned into an anatase titania shell, which exhibited significant
photocatalytic activity [38].

In other words, the crystallized anatase phase facilitated rapid
transfer of photoelectrons from the bulk to the surface, which could
effectively inhibit recombination of the photo-generated electrons
and holes to improve the photocatalytic activity [39]. In addition,
the SiO2@TiO2 photocatalyst exhibited lower photocatalytic H2 gen-
eration activity (2.7μmol/g/h) than the Metal/SiO2@TiO2, which

demonstrated the role of the noble metal as a co-catalyst for H2

evolution. Pt nanoparticle deposition can lead to the formation of
a Schottky barrier at the interface between the various metals and
TiO2, which could serve as an electron trap to efficiently prevent the
electron/hole recombination process [37,40-42]. Especially, through
XPS experiments, we identified that the exposed Pt and Ru nano-
particles are mainly present in their metallic states. The presence
of a high percentage of metallic nanoparticles acts as a co-catalyst
for efficient charge transfer. Consequently, water splitting depends
on the physicochemical properties (e.g., crystal size, and dispersion
of the titania in the composite) of the catalyst as well as the co-cat-
alyst. The capability of synthesizing well-defined crystalline titania-
coated silica particles can open up new opportunities in many appli-
cations, including solar cells and photocatalytic decomposition of
pollutants.

CONCLUSION

We successfully synthesized Metal/SiO2@TiO2 (Metal=Pt or Ru)

Fig. 5. XPS results of as-synthesized Pt/SiO2@TiO2 and Ru/SiO2@TiO2 hybrid catalysts. Spectra for (a) Pt4f of Pt/SiO2@TiO2, (c) Ru 4f of Pt/
SiO2@TiO2, and corresponding spectra of Ti2p for (b), (d).

Fig. 6. (a) Time-dependent photocatalytic activity of H2 generation obtained on Pt/SiO2@TiO2 and Ru/SiO2@TiO2. (b) Summary of photocat-
alytic H2 generation.
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hybrid photocatalysts and demonstrated using different analytical
techniques (TEM, XRD, and XPS) that this novel catalyst design is
encapsulated with a uniform TiO2 layer. We investigated the role
of the crystalline oxide coating layer in photocatalytic water split-
ting efficiency to generate H2. The measured solar energy conver-
sion efficiencies are 0.14% for Pt/SiO2@TiO2 and 0.12% for Ru/
SiO2@TiO2, respectively, while there is no generation of H2 on Pt/
SiO2 without a coating layer. The enhanced photocatalytic activity
is attributed to the anatase crystallinity of the TiO2. The presence
of Pt at the surface results in the formation of a Schottky barrier at
the metal-oxide interface, which facilitates interfacial electron trans-
fer and subsequently encourages charge carrier separation. As a
result, the transfer of charge carriers is remarkably improved, which
in turn results in enhanced photocatalytic H2 generation.
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