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Ag-coated SiO2@TiO2 (Ag-SiO2@TiO2) core-shell nanocomposites were synthesized by a two-step method, which combined
hydrothermal process and photodeposition. The morphology, structure, composition, and optical properties of the Ag-coated
SiO2@TiO2 nanocomposites were extensively characterized by field-emission scanning microscopy (FE-SEM), transmission
electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and Fourier-transform infrared spectra (FT-IR spectra). The anatase TiO2 nanoparticles (5-10 nm) with
high surface area were loaded on SiO2 spheres (200-300 nm) in the form of SiO2@TiO2 core-shell nanoparticle with a porous
shell of controlled thickness (10–30 nm). Ag nanoparticles of different mass concentrations were photodeposited on SiO2@TiO2
core-shell structure with particle sizes of about 10-20 nm. The results showed that Ag nanoparticles increased the photocatalytic
activity of SiO2@TiO2 core-shell nanoparticle improved the degradation of phenol and methylene blue under UV irradiation.
The experimental results showed that Ag nanoparticles with mass concentrations of 6% had the highest photocatalytic activity
on SiO2@TiO2 core-shell nanoparticles.
1. Introduction

Titanium dioxide (TiO2), because of its high chemical stabil-
ity, easy availability, and nontoxicity, is one of the most
important semiconductor photocatalysts [1–3]. Using of
high surface area TiO2 as a photocatalyst for the degradation
of contaminants has attracted intense attention and has been
widely used [4–6]. However, the degradation efficiency of
TiO2 is restricted by the large bandgap (3.2 eV) and the high
recombination rate of photogenerated electron-hole pairs
tend to reduce the full use of UV and solar energy [7–9].
Besides, it is difficult to recycle the TiO2 particles from solu-
tion after photodegradation. In order to eliminate these
obstacles, larger SiO2 particles were chosen as the carrier
for the dispersion of TiO2 nanoparticles due to its thermal
stability, high chemical inertia, large specific surface area,
and high adsorption, which are beneficial to the interfacial
reaction of the composite material [10–12]. Compared with
TiO2 catalyst, SiO2@TiO2 core-shell nanoparticles have good
photocatalytic activity as photocatalyst [13, 14].

Noble metals such as Ag, Au, and Pt were deposited on
the surface of TiO2 nanoparticles, thereby suppressing the
recombination of electron-hole pairs, prolonging the lifetime
of the electron-hole pairs and improving its degradation effi-
ciency [15–19]. Among noble metals, Ag has been proved as
an effective doping metal on the surface of TiO2 nanoparti-
cles to improve photocatalytic efficiency due to its high work
function and its ability to generated surface plasmons at
desired wavelengths [20]. In addition, Ag is not only easy to
attach to the surface of SiO2@TiO2 spheres but also stable
and easily available [21–25].

Previous studies on Ag-TiO2-SiO2 photocatalysts mostly
deposited Ag nanoparticles on agglomerated SiO2/TiO2
nanocomposites with irregular shape and size [26–28], ignor-
ing Ag-TiO2-SiO2 nanoparticles with uniform shape and size
[29–31]. Besides, few studies focused on the degradation
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Figure 1: SEM images of (a) SiO2, (b) SiO2@TiO2 core-shell particles, and (c, d) 6wt.% Ag-coated SiO2@TiO2.
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substrates towards both colorless organic matters (such as
phenol) and colored organic dyes (such as methylene blue)
with higher photocatalytic efficiency.

Here, the TiO2 nanoparticles were coated on the SiO2
spheres by hydrothermal method using SiO2 as core to
increase the surface area. Further, Ag-coated SiO2@TiO2
nanocomposites were synthesized by photodeposited Ag
nanoparticles on the SiO2@TiO2 composite spheres with uni-
formity in size and shape. The surface morphology of the Ag-
coated SiO2@TiO2 nanocomposite was investigated by trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM). The photocatalytic activity toward the
degradation of phenol and methylene blue under UV light
was tested.

2. Experimental

2.1. Chemicals. In this study, analytical-grade chemicals were
used without further purification. Tetraethyl orthosilicate
(TEOS; 99.9%) was purchased from XiYa Reagent company,
titanium (IV) isopropoxide (TTIP; 95%) was obtained from
Sigma-Aldrich, silver nitrate (AgNO3·6H2O; 99%), isopropa-
nol, ethanol, NH4OH (25%), sodium bromide, phenol, and
methylene blue (MB) were manufactured by Sinopharm
Chemical Reagent company.
2.2. Synthesis of SiO2 Spheres. The SiO2 spheres were pre-
pared according to the literature [30]. Typically, 15mL
H2O and 4mL NH4OH (25%) were added to 100mL ethanol
in a Teflon reactor and left under magnetic stirring for
30min. Then, 3.0mL of TEOS was quickly added to the
above mixture and stirred at room temperature (25 ± 2°C)
for 3 h. Then, the mixture was neutralized with 5mol L−1

HCl and centrifuged at 4000 rpm for 10min. The SiO2
spheres were separated by centrifugation and washed four
times with ethanol and distilled water. The resulting precipi-
tate was dried at 70°C for at least 20 h to obtain SiO2 spheres.

2.3. Synthesis of SiO2@TiO2 Core-Shell Nanoparticles. The
SiO2@TiO2 core-shell nanoparticles were also fabricated
according to the literatures with minor modifications [30].
The synthesis process is as follows: 1.0 g SiO2 powder was
dried at 110°C for 1 h and then sonicated in 80mL isopropa-
nol for 1 h. Then, 1.0mL titanium isopropoxide (TTIP) was
quickly added and kept under magnetic stirring for 24h. Sub-
sequently, 15mL water–alcohol mixture (5mL H2O : 10mL
isopropanol) was slowly added (2mLmin−1) and magneti-
cally stirred for 3 h. The resulting precipitate was washed
once with isopropanol and subsequently twice with deion-
ized water at 8000 rpm. The amorphous TiO2 shell was
crystallized by hydrothermal treatment. The resulting
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Figure 2: TEM images of (a) SiO2, (b) SiO2@TiO2 core-shell particles, (c) 1wt.% Ag-coated SiO2@TiO2 photocatalysts, (d) 3 wt.% Ag-coated
SiO2@TiO2 photocatalysts, (e) 6wt.% Ag-coated SiO2@TiO2 photocatalysts, and (f) 9 wt.% Ag-coated SiO2@TiO2 photocatalysts.
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amorphous SiO2@TiO2 core-shell nanoparticles were sus-
pended in 50mL H2O, treated at 105°C for 24 h, and then
centrifuged again at 8000 rpm for 10min. The obtained pre-
cipitate was dried at 70°C for 20 h, and finally calcined at
450°C for 2 h. The unsupported TiO2 was also prepared using
3mL of TTIP by the same procedure used for the preparation
of SiO2@TiO2 core-shell nanoparticles but in the absence of
SiO2 in the reaction mixture.

2.4. Synthesis Ag-Coated SiO2@TiO2 Core-Shell
Nanoparticles. Different concentrations of Ag particles were
deposited on SiO2@TiO2 core-shell nanoparticles by photo-
deposition. 0.2 g SiO2@TiO2 composite spheres were dis-
persed by ultrasonication in 80mL ethanol for 1 h. 0.340 g
silver nitrate was dissolved in 50mL deionized water with
the concentration of 2mM. The various amounts of silver
nitrate were then added into the suspension of SiO2@TiO2
core-shell nanoparticles such that the Ag+ concentration
was maintained at 1, 3, 6, and 9wt.% relative to the SiO2@-
TiO2. The above solution mixtures were then placed under
a high-pressure Hg UV lamp for 60min to deposit Ag+ light
on the SiO2@TiO2 composite spheres. The precipitate was
obtained by centrifugation, and then sodium bromide was
added to the supernatant to detect the presence of silver bro-
mide to determine whether or not free “Ag” ions were pres-
ent. The results confirmed that silver ions were deposited
on the surface of SiO2@TiO2 core-shell nanoparticles.
Finally, the resulting precipitate was washed with ethanol
and dried at 70°C for 24 h.

2.5. Materials Characterization. The crystal phase of the as-
prepared samples was determined by X-ray diffraction
(XRD) using Cu-Kα radiation (λ = 1:5418°A). Fourier-
transform infrared (FT-IR) spectra of the samples were eval-
uated by an IR Prestige-21 FT-IR spectrometer (Shimadzu,
Japan) using the conventional KBr pellet method. A PHI-
5702 multifunctional X-ray photoelectron spectroscope
(XPS) was used to analyze the chemical state of Ag on the
TiO2 surface, using Mg Ka radiation as the excitation source
and the binding energy of contaminated carbon (C1s:
285 eV) as the reference. The surface morphology was exam-
ined by SEM (JSM-6701F, Japan) and TEM (Tecnai G2,
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Figure 3: EDS spectrum of (a) SiO2@TiO2 core-shell particles and (b) 6 wt.% Ag-SiO2@TiO2 nanocomposite spheres.
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Figure 4: XRD patterns of (a) TiO2, (b) SiO2, (c) SiO2@TiO2 core-
shell particles, (d) 1 wt.% Ag-coated SiO2@TiO2 photocatalysts, (e)
3 wt.% Ag-coated SiO2@TiO2 photocatalysts, (f) 6 wt.% Ag-coated
SiO2@TiO2 photocatalysts, and (g) 9 wt.% Ag-coated SiO2@TiO2
photocatalysts.
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American). The degradation of phenol and MB was moni-
tored by a 3100 UV spectrophotometer.

2.6. Photodegradation Experiments. The photocatalytic activ-
ity of the samples were evaluated by the photodegradation of
phenol and MB in a reactor using a 500W high-pressure
mercury lamp. In each experiment, 75mg of prepared photo-
catalysts and 300mL of an aqueous solution of phenol or MB
having an initial concentration of 20mg/L were dispersed in
the substrate solution. In order to ensure the adsorption and
desorption equilibrium between the photocatalyst and sub-
strates, the reaction solutions were carried out under UV
light after stirring for 30 minutes in the dark. 4mL of the sus-
pension was collected from the reactor at different irradiation
time intervals and centrifuged to remove the photocatalyst
completely. The concentration changes of MB were analyzed
by recording the maximum absorbance of MB at 664nm, and
the phenol was analyzed by colorimetric method of 4-
aminoantipyrine at 510nm.

3. Results and Discussion

3.1. Synthesis and Morphological Characterization. The mor-
phology and structure of Ag-coated SiO2@TiO2 photocata-
lysts were characterized by SEM and TEM. As shown in
Figure 1(a), the SiO2 core was a smooth spherical particle
of about 200-300 nm. As shown in Figure 1(b), the SiO2@-
TiO2 core-shell particles still kept spherical structure com-
pared with SiO2 spheres, but the surface appears rough and
textured due to the amount of TiO2 nanoparticles deposited
on the SiO2 spheres. The average SiO2@TiO2 core-shell par-
ticles size was 210-330 nm, and the coating small TiO2 parti-
cles with the size of about 5~10 nm aggregated on the surface
of SiO2 spheres after annealing at 450

°C for 2 h. Figures 1(c)
and 1(d) show the SEM images of 6wt.% Ag-coated SiO2@-
TiO2 photocatalysts; it was difficult to distinguish the photo-
deposited Ag nanoparticles on SiO2@TiO2 composite
spheres for aggregating together with TiO2 nanoparticles.

The TEM images of SiO2 core spheres and SiO2@TiO2-
core-shell particles in Figures 2(a) and 2(b) showed the same
morphology and structure with the SEM images.
Figures 2(c)–2(f) show TEM images of the 1, 3, 6, and
9wt.% (initial concentration) Ag nanoparticles photodepos-
ited on SiO2@TiO2 composite spheres and also show the
morphology of photodeposited Ag nanoparticles. The size
and density of the Ag nanoparticles increased as the initial
concentration of AgNO3 increased.

The EDS spectrum of the SiO2@TiO2 composite spheres
and the 6wt.% Ag-coated SiO2@TiO2 nanocomposites are
shown in Figures 3(a) and 3(b). At the same time, the EDS
analysis also confirmed that Si and Ti and O peaks were pres-
ent in the SiO2@TiO2 composite spheres (Figure 3(a)). The
presence of Ag nanoparticles was confirmed by EDS in Ag-
coated SiO2@TiO2 photocatalysts as shown in Figure 3(b).
3.2. XRD Analysis. The XRD patterns of the synthesized
TiO2, SiO2, SiO2@TiO2, and Ag-coated SiO2@TiO2 photoca-
talysts are shown in Figure 4. As shown in Figure 4(a), the
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Figure 5: XPS spectra of 6 wt.% Ag-coated SiO2@TiO2 photocatalysts: survey (a), high-resolution Si 2p (b), Ti 2p (c), and Ag 3d (d).
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Figure 6: FT-IR spectra of (a) SiO2, (b) TiO2, (c) SiO2@TiO2, and
(d) 6wt.% Ag-coated SiO2@TiO2.
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obvious diffraction peaks at 2θ = 25:3°, 37.8°, 48.2°, 54°, and
62.9° corresponded to (101), (004), (200), (211), and (204)
crystal planes of anatase TiO2, respectively [27]. The wide
diffraction peak at 2θ = 23° was ascribed to the amorphous
SiO2 in Figure 4(b). No characteristic anatase TiO2 diffrac-
tion peaks occurred in the SiO2@TiO2 precursor spheres
after the deposition of TiO2 because of more SiO2 amorphous
structure in Figure 4(c). After photodeposition of Ag on
SiO2@TiO2, new peaks appeared at 38°, 44.1°, 64.6°, and 77°

that corresponded to the (111), (200), (220), and (311) dif-
fraction planes of face-centered cubic Ag crystal (PDF#65-
2871), respectively [32]. Meanwhile, the peak intensity of
Ag significantly enhanced because the Ag weight increased
as shown in Figures 4(d)–4(g).

3.3. XPS Analysis. X-ray photoelectron spectroscopy (XPS)
was used to analyze the surface compositions and chemical
states of the Si, Ti, and Ag elements in the 6wt.% Ag-
coated SiO2@TiO2 nanocomposites as shown in Figure 5.
As shown in Figure 5(a), four elements of Ag, O, Si, and Ti
appeared in the measured spectrum, indicating that Ag suc-
cessfully adhered to the surface of SiO2@TiO2. The binding
energy peaks of Si, Ti, and Ag are shown in Figures 5(b)–
5(d), respectively. The binding energy of Si 2p XPS spectrum
(Figure 5(b)) at 103.7 eV indicated the formation of a Si-O-Si
bond. The binding energy of Ti 2p XPS spectrum
(Figure 5(c)) showed at 464.7 and 459.0 eV corresponds to
Ti 2p1/2 and Ti 2p3/2, respectively. This result confirmed the
formation of pure anatase TiO2. The binding energy of Ag
3d appeared at 368.1 eV and 374.1 eV which corresponded
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Figure 7: Photodegradation of phenol (a) and methylene blue (b) under UV light: SiO2, SiO2@TiO2, and Ag-coated SiO2@TiO2.
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to the Ag 3d5/2 and Ag 3d3/2 orbits, respectively, as shown in
Figure 2(b), and the splitting of the 3d doublet was 6.0 eV.
The results indicated that Ag presented in the composites
in the form of metallic Ag. This result was in good agreement
as well with standard binding energy value of metallic silver
(Ag0) present in the SiO2@TiO2 composite spheres [32–34].
According to the results of XRD patterns, it can be concluded
that Ag particles were not oxidized in the process of prepara-
tion under UV irradiation.

3.4. FT-IR Spectra Analysis. FT-IR spectra were performed to
analyze the composition of SiO2, TiO2, SiO2@TiO2, and
6wt.% Ag-coated SiO2@TiO2. As shown in Figure 6, the
bands at 800 cm−1 were ascribed to the symmetric stretching
vibration of Si-O-Si (Figure 6(a)) [35]; the peaks around
470 cm−1 were attributed to the Ti-O-Ti vibration in TiO2
(Figure 6(b)). For SiO2@TiO2 and Ag-coated SiO2@TiO2,
the peaks at 955 cm−1 and 1053 cm−1 were assigned to the
asymmetric vibration of Ti-O-Si (Figures 6(a)–6(d)) [36].

3.5. Photocatalytic Activity. Figure 7 shows the photocatalytic
activity of phenol (Figure 7(a)) and MB (Figure 7(b)) in the
presence of SiO2, SiO2@TiO2, and Ag-coated SiO2@TiO2,
respectively. As shown in Figure 7(a), SiO2 had only 8.78%
photocatalytic efficiency after 120min photodegration of
phenol which was attributed to the adsorption of SiO2. It
can be clearly seen that the photocatalytic efficiency of Ag-
coated SiO2@TiO2 showed more excellent activity than
SiO2@TiO2 microspheres. The results indicated that among
the different weights of Ag-coated SiO2@TiO2 photocata-
lysts, 6wt.% Ag-coated SiO2@TiO2 photocatalysts showed
the highest photocatalytic efficiency of 92.9%. From
Figure 7(b), the photocatalytic efficiency of SiO2, SiO2@TiO2,
and Ag-coated SiO2@TiO2 towards MB at the wavelength of
664 nm showed the same photocatalytic regulation of photo-
degration of phenol under UV irradiation. SiO2 showed more
photocatalytic efficiency of 26.5% after 120min photodegra-
tion of MB than the photodegration of phenol which indi-
cated that SiO2 had more adsorption efficiency towards
colored dye than colorless organic matters on the surface or
inside of the SiO2 spheres. The results also showed that Ag-
coated SiO2@TiO2 exhibited higher photocatalytic efficiency
than SiO2 and SiO2@TiO2, and 6wt.% Ag-coated SiO2@TiO2
photocatalysts presented the highest photocatalytic efficiency
of 83.5%. The more excellent photocatalytic activity of Ag-
coated SiO2@TiO2 may be caused by the smaller particle size
and the higher concentration of catalytically active centers of
the anatase nanocrystals in the calcined TiO2 shell than in the
calcined solid TiO2 sphere [37, 38]. Besides, the Ag nanopar-
ticles helped suppress the regeneration of the electron-hole
recombination of the semiconductor (TiO2). Obviously, in
the Ag-coated SiO2@TiO2 photocatalytic system, SiO2 acted
as the adsorbent, while TiO2 acted as the photoactive center,
and Ag acted as an electron trapping agent [37].

4. Conclusions

Ag-coated SiO2@TiO2 core-shell nanocomposites were syn-
thesized by a two-step hydrothermal and photodeposition
method. The samples were characterized by TEM and other
methods. The results showed that Ag nanoparticles were
deposited on the SiO2@TiO2 composite spheres with good
dispersibility and no aggregation. The XRD profiles showed
the presence of anatase phase in TiO2 and the XPS results
indicated that Ag existed in the form of metallic Ag in the
Ag-coated SiO2@TiO2 composite sphere. FT-IR spectra
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results showed that the asymmetric vibration of Ti-O-Si pre-
sented in the Ag-coated SiO2@TiO2 composite sphere. Com-
pared with the SiO2@TiO2 composite spherical
photocatalyst, the Ag-coated SiO2@TiO2 composite sphere
had better catalytic activity for the degradation of phenol
and MB under UV light irradiation.
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