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Abstract In this study, we report a simple synthesis of mul-
tiple Au nanodots core-silica shell nanoparticles (multi-
Au@SiO2 NPs). The Au@SiO2 hybrid nanoparticles were
synthesized in a water-in-oil microemulsion with a composi-
tion of polyoxyethylene(10) tertoctylphenyl ether (Triton
X-100)/1-hexanol/cyclohexane/H2O and have been fully
characterized by transmission electron microscopy (TEM),
high-resolution TEM (HR-TEM) observations, X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared (FTIR), UV-vis measurements, and ther-
mogravimetric analysis (TGA). The morphologies of the hy-
brid nanoparticles of Au@SiO2 can be easily tuned by the
molar ratio of HAuCl4 to NaBH4 and the volume ratio of
HAuCl4 aqueous solution to TEOS. As the morphologies of
Au@SiO2 nanoparticles varied, the optical properties also
changed as revealed by UV absorption spectrum. These
Au@SiO2 hybrid nanoparticles which possess these proper-
ties make them fascinating candidates for a variety of applica-
tions such as catalysis and life science.
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Introduction

In recent years, the study of synthesis and assembly of nano-
particles with controlled sizes and shapes received great atten-
tion, because the properties of such materials and their poten-
tial applications are highly dependent on their structural fea-
tures [1–4]. For example, gold nanoparticles (Au NP) have
receivedmuch attention in recent decades due to their physical
properties, including electrochemical, catalytic, electromag-
netic and colorimetric properties, which are quite distinct from
bulk and atomic gold [5, 6]. It is generally accepted that as the
size of a material becomes smaller, a variety of new properties
will occur.

In order to get gold nanoparticles, hybrid nanomaterials
where gold nanoparticles are protected by the outer and/or
surrounding media have drawn considerable attention
[7–10]. One useful technique for assembling Au nanoparticles
is to surround them with a material such as silica (SiO2) [11].
First of all, SiO2 is hydrophilic and negatively charged, which
can prevent the aggregation of the colloidal particles.
Additionally, the surface of the silica layer, which is known
to be porous, biocompatible, and nontoxic, can be easily mod-
ified using simple techniques, allowing nanoparticles with
modified silica shells to be used in various bioapplications
[12]. Thus, SiO2 is considered as an ideal and low-cost mate-
rial that has already been used for not only coating on Au
nanoparticles but also on metal colloids (e.g., Ag) [13], mag-
netic particles (e.g., Fe3O4) [14], semiconductor nanocrystals
(e.g., CdTe) [15], and polymers (e.g., polystyrene) [16, 17].

Extensive studies have been performed on the homoge-
neous coating of metal nanoparticles with silica shells (core–
shell particles) [18–24]. Liz-Marzán, Mulvaney, and co-
workers have extensively studied metal–silica core–shell par-
ticles prepared by a liquid-phase procedure in which the use of
a surface primer (a silane coupling agent) was necessary to
provide the surface with silanol anchor groups [18–20]. Xia
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and co-workers, for instance, prepared silica-coated gold
nanospheres [21] and silver nanowires [22] through hydroly-
sis and condensation of tetraethyl or thosilicate (TEOS) in
ethanol. More recently, Graf et al. [23] used poly(vinylpyrrol-
idone) as a stabilizer to transfer gold and other nanoparticles
into ethanol and perform a direct coating with TEOS.

However, an alternative route for coating silica onto Au
nanoparticles involves the use of a reverse microemulsion (a
water-in-oil (W/O) micellar solution) that allows for the silica
coating of small Au nanoparticles (<20 nm) (Scheme 1). The
microemulsion method has many advantages such as simplic-
ity of operation, facile controlling of the properties of the
hybrid nanoparticles by experimental conditions including
the number and size of encapsulated nanocrystals, the core
size and shell thickness [25]. Thus, in the present paper, we
report a detailed study of Au@SiO2 hybrid nanoparticles syn-
thesized in a water-in-oil microemulsion with a composition
of polyoxyethylene(10) tertoctylphenyl ether (Triton X-100)/
1-hexanol/cyclohexane/H2O. The nanoparticles have been
fully characterized by a variety of techniques including trans-
mission electron microscopy (TEM), high-resolution TEM
(HR-TEM) observations, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared
(FTIR), and UV-vis measurements, as well as thermogravi-
metric analysis (TGA). It can be indicated that this preparation
method can be expanded to a wide range of metals and coating
oxides.

Experimental section

Materials

Triton X-100 was purchased from Alfa Aesar, which was
treated by a rotary evaporator to remove trace water before
use. Tetraethylorthosilicate (TEOS) were obtained from
Sigma-Aldrich. Cyclohexane, chlorauric acid (HAuCl4), sodi-
um borohydride (NaBH4), ammonium hydroxide (NH3·H2O)

solution (25 wt% in water), and 1-hexanol are from
Sinopharm Chemicals. Triple-distilled water was used in all
experiments.

Preparation of Au3+-containing water-in-oil microemulsion

In the preparation of Au3+-containing water-in-oil
microemulsion, cyclohexane was used as the continuous
phase. Pure water or HAuCl4 aqueous solution with a
concentration of 0.2 mol L−1 was used as the discrete
phase. Triton X-100 and 1-hexanol were used as surfac-
tant and co-surfactant, respectively. Typically, 1.25 g
Triton X-100 and 0.31 g 1-hexanol were added to
2.35 g cyclohexane to form a stock solution, to which
the desired amount of HAuCl4 aqueous solution was
added under mechanical stirring (~500 rpm).

Synthesis of Au@SiO2 nanoparticles

In a typical experiment, to the microemulsion mentioned
above was added 340-μL aqueous solution of NaBH4 (typi-
cally 0.2 mol L−1) under stirring. Stirring was continued while
the sample was kept at 26 °C for 0.5 h. Then, 170 μL of
diluted NH3·H2O (14.2 wt%, cal. 3.83 mol L−1) was added
under stirring, followed by dropwise addition of 170 μL
TEOS 5min later. The mixture was stirred at 26 °C for another
24 h. After preparation, the as-obtained Au@SiO2 nanoparti-
cles were collected by ultracentrifugation, washed three times
by ethanol, and redispersed in ethanol or water under
ultrasonication for subsequent characterizations. To tune the
final morphology of Au@SiO2 nanoparticles, n(HAuCl4/NaBH4)
and V(HAuCl4/TEOS) have been changed by varying the concen-
tration of BH4

- in the NaBH4 stock solution and the addition
volume of HAuCl4 stock solution, respectively. For
comparison, we have also prepared SiO2 nanoparticles.
The procedure is the same, but the microemulsion used
is without Au3+.

Scheme 1 Synthetic route of Au@SiO2 NPs in a reverse microemulsion
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Characterizations

TEM observations were carried out on a JEM 100-CXII with
an accelerating voltage of 80 kV. HR-TEM observations were
performed on a JEOL-2010 with an accelerating voltage of
200 kV. XRD patterns were collected on a Rigaku D/Max
2200PC diffractometer with a graphite monochrometer and
Cu-Kα radiation (λ=0.15418 nm). TGA data were collected
using a Universal V3.6 TAThermal Analysis Q5000 system.
The sample was placed in a platinum crucible and heated
under a flow of N2 from ~50 °C to 800 °C at a heating rate
of 10 °C min−1. For UV-vis measurements, the nanoparticles
were dispersed in ethanol and the spectra were collected on a
UV-vis spectrophotometer (Lambda-35, Perkin-Elmer). The
powders of Au@SiO2 nanoparticles were measured on a
VERTEX-70/70v FTIR spectrometer (Bruker Optics,
Germany).

XPS measurements were performed using a VG Scientific
photoelectron spectrometer of ESCALAB-210 using an
unmonochromated Al Kα radiation (1486.6 eV) operated at
15 kV, 20 mA under a pressure below 10−9 Pa. Survey spectra
were recorded in the energy range of 0~1100 eVwith a step of
0.4 eV. High-resolution spectra were recorded with a step of
0.1 eV, a dwell time of 100 ms, and a pass energy of 20 eV. A
take-off angle of 90° was used in all measurements. The fit-
tings was performed using the AVANTAGE software provid-
ed by Thermo Electron at a constant G/L ratio of 0.3±0.05,
which describes each component of the complex envelope as a
Gaussian-Lorentzian sum function. The background was
fitted using a nonlinear Shirley model. Scofield sensitivity
factors and measured transmission function were used for
quantification. Aromatic carbon C 1 s peak at 284.6 eV was
used as reference of binding energy (BE).

Results and discussion

The morphology of Au@SiO2 nanoparticles
with the variations of the volume of HAuCl4

In our experiment, Au@SiO2 NPs were synthesized through
the reduction of Au3+ ions (from HAuCl4) during the forma-
tion of silica nanoparticles in the reverse microemulsion,
which was generated using TX-100 as the surfactant.
Figure 1a is the TEM images of pure SiO2 nanoparticles syn-
thesized in Triton X-100/1-hexanol/cyclohexane/H2O
microemulsion. It can be seen that the SiO2 particles are uni-
form and monodisperse. The images clearly show that the
reverse microemulsion containing TX-100 led to the effective
formation of spherical silica nanoparticles.

Figure 1b, c show the TEM images of the typical samples
of the core–shell particles prepared at n(HAuCl4/NaBH4)=1 using
0.2 M HAuCl4(aq.), and the volume of HAuCl4 is varied. It is

found that with the increase of the amount of HAuCl4, the
number of Au points in the core increase gradually.

The analysis of XRD and FTIR results

The wide-angle XRD patterns of nanoparticles with different
chemical compositions and structures are summarized in
Fig. 2a. The pure SiO2 nanoparticles only display a halo cen-
tered at 2θ=25° (Fig. 2a (a)), indicating the amorphous feature
of the particles [26, 27]. For the Au@SiO2 hybrid nanoparti-
cles (Fig. 2a (c–e)), the obvious diffraction peaks of the Au
nanocrystals locate at 38.25°, 44.46°, and 64.69°, respectively,
which corresponds to the (111), (200), and (220) planes of
metallic Au with a face-centered cubic (fcc) structure
(JCPDS no. 65-8601) [28]. It should be noted that the diffrac-
tion peak corresponding to the (111) plane is the dominant
facet of the Au nanocrystal. XRD result of the bare Au
nanocrystals obtained after removal the outer SiO2 layer of
the Au@SiO2 hybrid nanoparticles by NaOH etching is
shown in Fig. 2a (b). It can be seen that after the removal of
the SiO2 layer by NaOH etching, XRD result only remains the
patterns of Au nanocrystal and the (111) plane is still the
strongest.

For both the pure SiO2 and Au@SiO2 nanoparticles, there
are two peaks at 1085 and 946 cm−1, which are respectively
assigned to the asymmetric stretching vibrations of the Si–O–
Si and Si–O(H) bonds form the silica-coating layer [29], and
those at 796 and 465 cm−1 can be ascribed to the symmetric
stretching and bending vibrations of the Si–O–Si bond.
Moreover, after removing the outer SiO2 layer by NaOH etch-
ing, the peaks of the asymmetric stretching vibrations of the
Si–O–Si and Si–O(H) bonds nearly disappeare and those at
3450 cm−1, which corresponds to the free Si–OH left on the
bare Au surfaces, are relatively strong [25]. All of these indi-
cate that the hydrolysis, nucleation, and polycondensation of
TEOS occurred successfully, leading to the formation of the
SiO2 networks on the surface of Au nanoparticles.

The analysis of ultraviolet spectrum and thermal stability

It is generally recognized that Au nanoparticles with an aver-
age diameter of about 5 nm exhibit surface plasmon reso-
nances (SPRs) in aqueous solution at wavelengths of approx-
imately 520 nm [30–32]. Thus, we attempted to measure the
SPRs of the multiple Au nanodots that were encapsulated
within the silica nanoparticles. While FTIR preferentially
probes the properties of the outer SiO2 layer, UV measure-
ments mainly detect the optical characteristics of the inner Au
nanocrystals. Figure 3 summarizes the absorptions of pure
SiO2 and Au nanocrystals with or without the outer protecting
SiO2 layer. Pure SiO2 nanoparticles display a continuous in-
crease in the absorption with decreasing wavelength, but no
obvious peak could be detected within the investigated
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wavelength range.With Au nanocrystals inside, the Au@SiO2

hybrid nanoparticles exhibit a well-defined absorption peak
between 480 and 600 nm. When the volume of HAuCl4 is
50 μL, it produces a plasmon resonance peak (λmax) at
530 nm. With the increase of the addition amount of
HAuCl4 (100 μL), the plasmon resonance band broadens,
displays a red shift (λmax=535 nm), and decreases in intensity,
indicating the formation of gold nanoparticle dimmers as can
be observed in the TEM images. When 270 μL HAuCl4 is
added to the microemulsion, the UV absorption curve be-
comes very broad and the maximum shifts to 549 nm with a
very low intensity. That is caused by the formation of larger
gold nanoparticle assemblies [33].

In addition, to investigate the thermal stability of the parti-
cles for other potential applications such as catalyst supports,
TGA of Au@SiO2 nanoparticles was carried out in

comparison to pure SiO2 nanoparticles (Fig. 3b). It is found
that the weight loss of pure SiO2 nanoparticles is only 6.3 %,
and the weight losses of Au@SiO2 nanoparticles at 100 and
200 μL HAuCl4 are 12.4 and 13.8 % up to 800 °C, respec-
tively, demonstrating excellent thermal stability of the
Au@SiO2 hybrid nanoparticles due to the coated SiO2

protecting layer.

Detailed characterization of Au@SiO2 hybrid nanoparticles

Figure 4 gives a typical result of Au@SiO2 hybrid nanoparti-
cles synthesized at n(HAuCl4/NaBH4)=1, and the volume of
HAuCl4 is 200 μL. It can be seen that the average diameter
of the Au nanodots within the silica matrix was 4.84±0.62 nm
(more than 100 silica NPs were evaluated) as shown in
Fig. 4a. HR-TEM images show that each individual Au
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Fig. 1 TEM images of Au@SiO2

NPs that were synthesized using
0.2 M HAuCl4(aq.) obtained at
n(HAuCl4/NaBH4)=1 and the
variations of the volume of
HAuCl4 are a 0 μL, b 100 μL,
and c 200 μL and using 0.2 M
HAuCl4(aq.) obtained at 200 μL,
and the variations of n(HAuCl4/
NaBH4) are d 2:1, e 1:5, and f 1:10
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nanodot is a single crystal, and the observed lattice-fringe
distances of 0.235 nm are assigned to the spacings between
the (111) lattice planes in the crystalline fcc structures of gold
(Fig. 4b) [4]. Figure 4c is the selected area electron diffraction
(SAED) pattern of Au nanodots. Elemental analysis by
energy-dispersive X-ray spectroscopy (EDX) analysis prove
that nanoparticles with an Au component are present within
the silica (SiO2) matrix (Fig. 4d).

A classical XPS characterization was conducted to
corroborate the previous TEM observations and to de-
termine the chemical environments in the Au@SiO2

structure. Figure 5 shows the XPS survey spectrum of
Au@SiO2 hybrid nanoparticles synthesized at n(HAuCl4/

NaBH4)=1, and the volume of HAuCl4 is 200 μL. Signals from
Au 4f, Si 2p, and O 1 s can be clearly observed (Fig. 5a),

indicating the chemical composition of the Au@SiO2 hybrid
nanoparticle. From the magnified spectrum, it can be seen that
the Au 4f signal consists of two adjacent peaks assigned to be
Au 4f 5/2 (BE=85.1 eV) and Au 4f 7/2 (BE=88.2 eV), re-
spectively (Fig. 5b) [34] and peaks representing Au 4d locates
at BE=364.8 eV [35]. Peaks representing Si 2p and O 1 s
locate at BE=103.6 eV (Fig. 5c) and 528.0 eV (Fig. 5d),
respectively.

In view of these results, although the silica shell was
considered to be mesoporously structured [36], its thick-
ness was definitively more than the XPS sampling depth
(TEM showed a 20-nm-thick SiO2 layer around Au/
core). These XPS results point out the limitations of
XPS spectroscopy for the analysis of such core–shell
nanoparticles [34].

A BFig. 3 UVabsorption of SiO2

nanoparticles and Au@SiO2

hybrid nanoparticles synthesized
using 0.2 M HAuCl4(aq.)
obtained at n(HAuCl4/NaBH4)=1 and
different volumes of HAuCl4.
TGA curves of pure SiO2

nanoparticles and different
structures of Au@SiO2

nanoparticles synthesized using
0.2 M HAuCl4(aq.) obtained at
n(HAuCl4/NaBH4)=1 and different
volumes of HAuCl4

A B

Fig. 2 a XRD patterns of SiO2 nanoparticles (a) and XRD results (b) of
the bare Au nanocrystals obtained after removal the outer SiO2 layer of
the Au@SiO2 hybrid nanoparticles by NaOH etching. XRD patterns of
Au@SiO2 hybrid nanoparticles synthesized using 0.2 M HAuCl4(aq.)
obtained at n(HAuCl4/NaBH4)=1 and the variations of the volume of
HAuCl4 are 100 μL (c), 200 μL (d), and 270 μL (e). b FTIR spectra of

(a) SiO2 nanoparticles and Au@SiO2 hybrid nanoparticles synthesized at
synthesized using 0.2 M HAuCl4(aq.) obtained at n(HAuCl4/NaBH4)=1 and
the variations of the volume of HAuCl4 are 100 μL (b), 200 μL (c),
270 μL (d), and bare (e) Au nanocrystals after removal the outer SiO2

layer of the Au@SiO2 hybrid nanoparticles by NaOH etching,
respectively
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Fig. 4 TEM (a, amplification of
Fig. 1c) and HR-TEM (b) images
of Au@SiO2 hybrid nanoparticles
synthesized at n(HAuCl4/NaBH4)=1
and the volume of HAuCl4 is
200 μL. c The selected area
electron diffraction (SAED)
pattern and d the EDS result
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The morphology of Au@SiO2 nanoparticles
with the variations of n(HAuCl4/NaBH4)

Besides considering the variations of the volume of HAuCl4
on the influence of the morphology of Au@SiO2 nanoparti-
cles, we also investigated the variations of n(HAuCl4/NaBH4) on
the morphology of them. TEM images of Au@SiO2 NPs that
were synthesized using 0.2 M HAuCl4(aq.) obtained at
200 μL with the variations of n(HAuCl4/NaBH4) are shown in
Fig. 6. It can be seen that when n(HAuCl4/NaBH4)=2 (Fig. 1d),
the Au nanodots in the core are individual, but with the de-
crease of n(HAuCl4/NaBH4), the Au nanodots in the core–shell
structure become scattered (Fig. 1c, e). When n(HAuCl4/

NaBH4)=0.1, the Au nanodots again aggregate into a single
solid (Fig. 1f). Moreover, with the decrease of n(HAuCl4/
NaBH4), the cavities in the core–shell structure increase
and become larger and when n(HAuCl4/NaBH4)=0.1, the
hollow cavities become smaller again. It is speculated
that when n(HAuCl4/NaBH4) is small which is at 2, the
reduction reaction occurs slowly and it releases less
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Fig. 6 UV-vis absorption of Au@SiO2 NPs that were synthesized
using 0.2 M HAuCl4(aq.) obtained at 200 μL with the variations
of n(HAuCl4/NaBH4)

Scheme 2 Schematic illustration of the formation mechanism of Au@SiO2 hybrid nanoparticles with the variations of the volume of 0.2 M HAuCl4 in
the Triton X-100/1-hexanol/cyclohexane/H2O water-in-oil microemulsions
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gas, the restored gold can be aggregated into small solid
nanodots in the mild environment. When n(HAuCl4/NaBH4) de-
creases form 1 to 0.5, the reduction reaction becomes more
intense and it releases more gas quickly and they wrap in SiO2

shell to slowly spread which can induce the formation of larg-
er cavities (inset of Fig. 1e). However, it is also because of the
quick reaction, the restored gold has no time to polymerized
into a solid sphere but only exists in small dots. When
n(HAuCl4/NaBH4) further decrease to 0.1, the reaction is
too intense and the release of the gas basically escaped
in one moment before SiO2 starting to form the shell;
thus, there are less cavities or no cavity in the SiO2

shell. After the escape of gas, the reduced gold can
gradually aggregate into a larger solid center in a rela-
tively calm environment.

Figure 6 shows the UV-vis absorption of Au@SiO2 NPs
that were synthesized using 0.2 M HAuCl4(aq.) obtained at
200 μL with the variations of n(HAuCl4/NaBH4). It can be seen
that with the decrease of n(HAuCl4/NaBH4), the plasmon reso-
nance band becomes more and more narrow and displays a
blue shift (from λmax=587 nm at n(HAuCl4/NaBH4)=2 to λmax=
526 nm at n(HAuCl4/NaBH4)=0.1), indicating the formation of
more and more monodispersed gold nanoparticles as can be
observed in the TEM images.

Formation mechanism of Au@SiO2 hybrid nanoparticles

According to the experimental results above, the plausible
mechanism of the formation of Au@SiO2 hybrid nano-
particles with the variations of the volume of HAuCl4 is
schematically shown in Scheme 2. It can be seen that
both the size of Au@SiO2 hybrid nanoparticles and the
number of Au nanodots encapsulated in the SiO2 shell
could be successfully controlled by varying the volume
of HAuCl4. That is to say that the number of Au
nanodots encapsulated within the silica shell could be
effectively controlled by changing the addition amount
of HAuCl4 and the water to surfactant ratio.

Conclusions

Different structures of Au@SiO2 hybrid nanoparticles have
been successfully synthesized using a Triton X-100/1-
hexanol/cyclohexane/H2O water-in-oil microemulsion as a
soft template. Typically, the nanoparticle has a SiO2 protecting
layer containing Au nanocrystals inside. By changing
the volume of HAuCl4 and n(HAuCl4/NaBH4), we can get
single solid Au core or multiple Au nanodots in the
SiO2 shell. Cavities induced by H2 gas production dur-
ing Au3+ reduction could be observed if the reduction
reaction becomes so intense which releases the H2 gas
quickly and induces H2 gas wrapped in SiO2 shell to

slowly spread. It is believed that the unique properties
exhibited by the nanoparticles comprising single and
multiple Au nanodots together with cavities can be fur-
ther tuned and expanded their applications to various
areas, including catalysis, surface-enhanced Raman scat-
tering (SERS) detection, biology, and medicine.
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