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Sensing technologies based on metallic nanoparticles, known as Ag, Au, and so on, have raised enormous
interest for their extraordinary sensing resolution and sensitivity to analytes of chemical or biological importance
under optical detection have received wide attention in recent decades. Currently, a discrete nanoparticle in
a free-standing form, either being organically or biologically modified on the nanoparticle surface, on a given
substrate surface region has been employed for photosensing purpose. However, metallic nanoparticles suffering
from physical and chemical instability such as oxidation, interparticle coupling, agglomeration, and so on
during the processing stages may render undesirable outcomes, which further results in poorer performance
than the theoretical expectation. Here we propose a facile and elegant concept to prepare an Ag-decorated
silica nanoparticle (hereinafter termed core—shell SiO,@ Ag nanosphere) based on the modified Stober method.
The Ag nanoparticles with an average size controlled at about 1, 3, and 5 nm deposited over the surface of
the silica nanocarrier were well separated, making the resulting SiO,@Ag nanospheres. The nanospheres
showed physically and optically stable surface plasmon resonance spectra and also demonstrated a relatively
high Ag-sized dependent sensitivity to ppb level for the detection of analyte molecule, that is, melamine.
Theoretical model fitting has been well managed to correlate the optical behavior of the nanosensors, and the
outcomes strongly indicated a promising potential of the Ag-decorated SiO, core—shell nanospheres for sensory

applications.

1. Introduction

The design of core—shell nanoparticles with various func-
tionalities for advanced applications has become one of the most
exciting movements in the development of cross-disciplinary
nanotechnology. The core—shell nanoobjects represent one of
the most interesting areas of material science because of their
tailored properties that can be optimized with respect to
constituting merits. Among those disciplines, utilization for
sensing analytes of chemical or biological nature has become a
major advance in the field."”> Nanosized noble metal shell
deposited on nanoparticle core has shown outstanding surface
plasmon resonance in the visible range. The surface plasmon
resonance (SPR) peak also appears if such a metal is deposited
onto dielectric particle such as silica either as a thin shell or
particle assembly. Peak position of the plasmon resonance
depends on thr core-to-shell ratio and is also sensitive to the
surrounding medium.>* In the meantime, it was also observed
that the peak wavelength showed a dependence on particle size,
particle shape, and interparticle coupling.>~’

Silica has long been employed as a promising candidate to
prepare core—shell nanoobjects, either as shell or core materials.
For instance, Liz-Marzan et al.® prepared metal—silica core—shell
nanoparticles by using a silane coupling agent to form silanol
groups anchored on the metal surface to give a chemical link
with the silica surface. They showed that through the silanol
bonds, th esilica shell has enhanced colloidal and chemical
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stability of resulting core—shell nanoparticles in a given
medium; it also controlled the distance between core particles
within assemblies through shell thickness. Kobayashi et al.!
reported in a recent report silica coating onto silver nanoparticles
via a modified Stober method using dimethylamine as a catalyst
to obtain silica coating. Yin et al. successfully prepared silica-
coated silver coaxial nanocable simply through hydrolysis and
condensation of tetraethylorthosilicate (TEOS) in ethanol. The
resulting silver/silica nanocables showed a well-controlled sheath
thickness in the range of 2—100 nm. The lengths of these
nanocables could be up to 50 um. Direct coating of PVP-
stabilized metal nanoparticles using TEOS has also demon-
strated.® From those reports, a resulting change in conductivity
and optical properties has been experimentally verified when
the core particles were covered with a thin silica shell. Besides,
silica NPs have emerged as a suitable matrix rather than a
coating medium because of their surface functionality, following
bioconjugation with a number of active molecules for such as
monitoring and biomarking in biomedical sectors. Oxide—metal
core—shell structures with gold or silver nanoparticle shells on
a silica or titania core have received increasing attention over
the years for advanced applications,*® including chemical
sensors, biosensors, labeling, and so on. However, the metallic
shells were virtually constructed by a dense and close packing
of either silver or gold nanoparticles; although a fairly powerful
sensing resolution can be achieved, a strong interparticle
coupling effect may arise, which further reduces sensing
resolution and sensitivity.

Therefore, when developing a nanoparticle-based sensing
device, it may be an ideal design if the surface area of a given
nanoparticle and its surface-anchored bioactive molecules can
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be fully available for analyte detection. This requires a design
to which sensing nanoparticles should be stably separated in a
given medium or onto a substrate. Although functionalized
nanoparticles including silver, gold, quantum dots, Eu,03, and
so on have been extensively employed to enhance sensory power
because of surface-enhanced plasmon resonance, a potential of
forming aggregates or a reduction of exposed surface of a given
nanoparticle-based sensor, either in a solution type or aggregated
onto a substrate, was virtually inevitable because of interparticle
interactions that reduce or alter the resolution or precision of
SPR spectrum as a result of coupling. To this point, a risk of
unexpected measuring errors may surely develop, giving rise
to unreliable data interpretation. The SPR-induced optical
absorption peaks observed in metallic nanoparticles, especially
in the noble metals, is of great interest for both fundamental
and practical reasons.””!? The spectral position, half width, and
intensity of the optical absorption of the metallic nanoparticles
are the comprehensive results of intrinsic properties, for
example, composition, size, morphology, and aggregated ge-
ometry of the nanoparticles and also extrinsic influence from
the surrounding medium as well as the carrier or substrate
materials. Different models can be used to describe these optical
dependencies.

Here we employed a nanosized silica as a core substrate and
particularly as a spacer via a modified Stober process without
using any coupling agents following a complexation of silver
ions with the presence of ammonia in water/ethanol solutions
to synthesize silver-coated silica nanospheres. The population
and size of the silver nanoparticle on the silica nanomatrix were
precisely controlled for spectral analysis, whereas an organic
molecule, melamine, was employed as a model analyte adsorbed
onto the silver surface. Recently, melamine detection became
an important issue because of its illegal existence in many food
productions. Well-dispersed Au and Ag nanoparticles (generally
>10 nm) with or without surface modification have been applied
to detect melamine concentration with colorimetric analyses.
These methods are all based on the principle that the interspacing
between nanoparticles is rather sensitive to the melamine
concentration and thus change the absorption ratio of two
specific wavelengths in the SPR spectra.’*~!5 In contrast with
the above proposed methods using varying nanoparticle spacing,
we newly designed sensors with a constant nanoparticle spacing
by depositing extremely small Ag nanoparticles on SiO,
nanocarriers, that is, SiO,@Ag.

It is expected that the sparingly distributed silver nanoparticles
on the silica matrix permit a stable and improved resolution/
precision of the emitting spectrum for sensing small organic
molecules over prolonged durations. In the meantime, the
formed silver nanoparticles allow us to keep from undesirable
aggregation because they were well anchored and separated with
the silica spacer between the nanospheres. To illustrate further
the advantage of employing a silica spacer, a liquid-type sensing
prototype was employed, that is, in a form of liquid suspension,
where the surface area of the anchored nanosilver particles can
be fully utilized for the purpose, except for the small regions
contacted with the underlying silica nanomatrix. It is expected
that such a nanoparticulate core—shell design provides great
advantages of sensing stability, accuracy, and sensitivity.

2. Experimental Method

2.1. Preparation of the Core—Shell Nanoparticles. All
chemicals used were Aldrich grade, including TEOS (98%),
silver nitrate (AgNOs), ethanol (C,HsOH, 98%), ammonia, and
sodium hydroxide (NaOH) (Sigma-Aldrich, St. Louis, MO).
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Figure 1. Flowchart of the experimental procedure.

Deionized (DI) water was used in all experiments. All chemicals
were used as purchased without any purification.

The method used to prepare the silver shell—silica core
nanospheres is based on a Stober synthesis method modified
with the addition of colloidal silver nanoparticles. In a single
reaction vessel, initially, we added the follow reagents: 2 mL
of TEOS for synthesis, 100 mL of absolute ethanol, 8 mL of
ammonia 14%, and 10 mL of DI water; all reactants were mixed
by stirring at 300 rpm with a magnetic stir bar at different
temperatures from 25 to 75 °C. Then, the solution pH was
controlled in the range of 10.5 to 11.2. Then, 0.892 g NaOH,
30 mL of ethanol, 30 mL of silver nitrate, and 100 mL of DI
water were added to form a final solution at a pH controlled
over a range of 9.2 to 10. The flowchart of the core—shell
nanoparticle preparation is shown in Figure 1. The morphology
and particle size of the silica and silver were analyzed using a
JEOL JEM-2100F field emission transmission electron micros-
copy (FE-TEM) operated at 200 kV. The UV —vis absorption
spectra were performed on a Thermo Scientific Evolution 600
spectrometer.

2.2. Sensing Measurement. The prepared SiO, @ Ag core—shell
nanoparticles were suspended in DI water—ethanol solution,
followed by the use of UV—vis absorption spectroscopy
(Evolution 600, Thermo Scientific) for sensing measurement.
The targeted analyte of melamine (Aldrich, 99%) was dissolved
in DI water, and standard aqueous solutions with concentration
of 0.1, 1, 10, 100, and 1000 ppm were first characterized to
establish a calibration profile for a subsequent sensing measure-
ment. For optical characterization, the UV—vis absorption
spectra ranging from 300 to 1100 nm were repeatedly recorded
after 120 uL of the 1 nm SiO,@Ag, or 40 uL of the 3 and 5
nm SiO,@Ag colloidal suspension was added to 1 mL of
melamine solutions.
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Figure 2. TEM images showing nearly 20 nm bare silica particles.
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Figure 3. Average particle size of silica depends on the synthesis
temperature.

3. Results and Discussion

3.1. Silica Nanoparticle Formation. Figure 2 shows the
TEM images of bare silica nanoparticles, where a near spherical
appearance with dense surface and relatively homogeneous
distribution was observed. The nanoparticle size decreased from
120 nm to ~15 nm as the synthesis temperature increased from
25 to 75 °C. This temperature-dependent size reduction should
be stemming from a higher nucleation rate of the silica in the
solution when solution temperature was increased. As a result,
more nuclei evolved, leading to smaller crystal development.
In the meantime, a corresponding change of nanoparticle
geometry from sphere to polygon was also detected (Figure 3).
The evolution of polygonal geometry of the silica nanoparticles
may be a result of unmatured crystal development upon rapid
nucleation—growth forming kinetics at higher temperatures.
However, in comparison with those silica—metal core—shell
nanoparticles reported in literature, the size of the silica
nanoparticles (or termed carrier) of the present work is much
smaller, by about 10 times, than that of those silica particles
previously reported, which were typically on the order of 200
nm in diameter.”!¢ One advantage for the present smaller silica
carriers is the ability to carry more silver nanoparticles in a given
unit volume of the carriers. To this point, even a lower
concentration of the resulting silica—silver nanospheres is then
capable of providing higher surface availability of the deposited
silver nanoparticles exposed to the environment for a reliable
detection of organic molecules with higher sensitivity, stability,
and accuracy.

3.2. Silver-Decorated Silica Core—Shell Nanoparticle. The
structural morphology of the silver-decorated silica (SiO,@Ag)
core—shell nanospheres is representatively illustrated in Figure
4. The silica carrier has an average size of 20 nm in diameter,
and those silver nanoparticles deposited on the silica surface
have an average size of 3 nm in size. An average distance
between adjacent silver nanoparticles has a separation of 6.8
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Figure 4. One representative TEM image showing nanoshells of ~3
nm silver nanoparticles on silica carriers.

nm, about 2.3 times the silver particle size. This separation
ensures minimal interparticle coupling that may arise to interfer-
ing measured accuracy a spectral variation due to adsorption
of organic analytes onto the silver nanodetectors.

Upon silver nanoparticle synthesis, the particle size and the
population of the silver on the silica carriers can be varied
depending on the synthesis conditions. For the former, a decrease
in size of the silver was observed from an average of 5 to ~1
nm when the solution pH was finely tuned from 9.2 to 10 by
increasing addition of sodium hydroxide. Such a variation in
silver particle size may be resulting from an accelerated
precipitation of the silver ions when it was approaching the
increasingly negatively charged silica carriers as solution pH
was increased. According to the synthesis scheme, the OH™ ions
were adsorbed on the silica surface and the density of the OH™
adsorption may increase with increasing solution pH, that is,
with increasing NaOH addition. The AgNO; added to the
solution elaborated a redox reaction at the sites of OH™ on the
silica surface to form Ag metal. The overall reactions can be
grossly described by following eqs 1 and 2

Si0, + H,0 + NaOH — SiO,(OH)~ + H,0 + Na*
(1)

Ag" + (NO3)™ + SiO,(OH)” + H,0 + Na" —
Ag+++Si0, + 2H,0 + Na(NO,)
(2)

In eq 1, the presence of hydroxyl groups promotes a
subsequent adsorption toward the silica surface, making the
silica nanocarriers more negatively charged, and in consequence,
the positively charged silver ions allow chemical attachment to
the silica surface (eq 2), where the notation of Ag+++SiO; in eq
2 represents the resulting Ag nanoparticles formation and
deposits in situ on the surface of the silica carriers. The
adsorption of OH™ ions on the surface takes place through
electrostatic interaction with the negatively charged silica
surface, as schematically shown in Figure 5. Once the particle
surface was chemically modified, the addition of a silver salt
lead to a selective redox reaction on the silica surface, forming
metallic Ag nanoparticles. The formation of metallic silver upon
the addition of Ag ions was also reflected in a color change to
dark yellow. It is reasonably to believe that pH increase
gradually caused an increase in the amount of OH™ ions, leading
to more Ag nanoparticles to nucleate and grow in a given surface
area. The decrease in size of the silver nanoparticles was
observed from an average of 5 to ~1 nm when the solution pH
was increased, which further implied that OH™ ions adsorbed
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Figure 5. Sketch of surface reactions produced during the formation
of silver nanoparticles on the silica carriers.
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Figure 6. Quantity of silver nanoparticles deposited on the silica
carriers at various synthesis temperatures.

on the silica surface were acting as nucleation sites. The more
the OH™ anchored to the silica surface, the smaller the size of
the Ag nanoparticles evolved.

The quantity of the silver nanoparticle deposited onto the
silica carriers was found to increase linearly with synthesis
temperature, from 50, 65, to 75 °C, as shown in Figure 6,
corresponding to an average of ca.~10, ~32, and ~50 silver
nanoparticles per silica carrier, respectively. Figure 7a,b shows
the ones with ca.~10 and ~50 silver nanoparticles on the silica
carriers at a synthesis temperature of 50 and 75 °C, respectively,
where the particle size of the silver is ~3 nm on average. The
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Figure 7. Silver nanoparticles formed and deposited in situ on the
silica carriers with a population of ca. (a) ~10 and (b) ~50 silver
nanoparticles prepared at a synthesis temperature of 50 and 75 °C,
respectively.

size of silver nanoparticles is closely resembled to that
aforementioned, which is solution pH-dependent but less
dependent on the synthesis temperature. This finding suggests
a fine-tune of the size and population of the silver nanoparticles
onto a given silica nanocarrier that can be easily achievable
under the current experimental protocol.

3.3. Optical Properties of SiO,@Ag Core—Shell Nano-
particles. Figure 8 shows the experimental UV —vis absorption
spectra of 1, 3, and 5 nm Ag nanoparticles on SiO, nanocarriers
and corresponding numerical calculations. The only broad
absorption peaks observed around 425 nm for these three
SiO,@Ag nanocarriers are very similar to the SPR of well-
suspended Ag nanoparticles in liquid or embedded in silica, as
reported elsewhere.!” As the size of the Ag nanoparticles
decreased, the increased surface-to-volume ratio gave rise to
electron scattering and broadened the SPR.

According to the TEM images shown in Figure 4, the discrete
Ag nanoparticles deposited on SiO, nanocarriers display spheri-
cal morphology, and the spacing between neighboring nano-
particles is larger than at least one diameter in average.
Pellegrini’s simulation clearly indicated the less difference in
SPR between an isolated Ag nanoparticle and its dimers with
an interparticle spacing larger than one diameter.'® It is thus
reasonable to ignore the interaction effects between Ag nano-
particles on SPR for the following simulation work.

First, we simply treated the SiO,@Ag core—shell nanopar-
ticles as isolated Ag nanoparticles without SiO, nanocarriers
for the model construction because the UV—vis absorption
spectrum of SiO, seems featureless, as can be seen in Figure 8.
Therefore, the optical absorption spectra can be calculated using
the classic Mie theory, which is virtually valid only for isolated
spherical particles.!® Because the present Ag nanoparticle size
is much smaller than the mean free path of conduction electrons
in the Ag bulk (39 nm),? the complex dielectric function of
Ag bulk used for Mie calculation should be modified with the
Drude model for Ag nanoparticles.”’’ Some other optical
constants needed were taken from the literature.?? The calculated
spectra (not shown here) fit the experimental spectra well,
excluding a slight departure at the very beginning around 300
nm, which should arise from the presumed absence of SiO,
nanocarriers in our simplified model.

To treat the Ag nanoparticles together with SiO, nanocarriers,
some theoretical approaches have been developed under the
framework of generalized multiparticle Mie theory (GMM), '8
discrete dipole approximation (DDA),? or effective medium
theory (EMT).?* For these calculations, structural parameters
such as size/thickness, relative position, and volume fraction
are required to construct an ideal theoretical model and are input
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Figure 8. Comparison between the experimental (solid line) and
simulated (dashed line) extinction spectra for (a) 1, (b) 3, and (c) 5 nm
Ag nanoparticles on the SiO, supporters. Experimental absorption
spectrum of water with dispersed SiO, nanocarriers is comparatively
displayed (dot line).

as constants. However, for a real specimen, the experimental
spectra usually cannot be well described with a single simple
model because these structural parameters normally show
various distributions instead of single values. According to the
variation of numbers and positions of Ag nanoparticles on SiO,
nanocarriers shown in Figures 4 and 7 and the higher experi-
mental absorption around 300 nm as mentioned above, it is
reasonable to consider the present SiO,@Ag core—shell nano-
particles as a mixture of spherical Ag and SiO, nanoparticles.
Then, the experimental spectrum of SiO,@Ag can thus be fitted
with the summation of the individual spectrum of Ag nanopar-
ticles (calculated) and SiO, nanocarriers (experimental) with
various fractions. The experimental spectrum of SiO, nanopar-
ticles was directly used for the above fitting to reduce structural
distribution errors that might occur in the theoretical SiO, model.
As can be seen in Figure 9, the calculated spectra were consistent
with the experimental spectra, indicating that this approach is
applicable to the present system. The nanoparticle diameter
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Figure 9. (a) Melamine-concentration-dependent SPR peak shifts
for the three Ag nanoparticle sizes. (b) Differential plots derived
from part a.

retrieved from the calculation for specimens of 1, 3, and 5 nm
(TEM) Ag nanoparticle is 1.32, 1.92, and 1.96 nm, respectively.
This mismatch in particle diameter between TEM images and
UV —vis spectra may result from various structural distributions
such as size, shape, relative fraction, and position of Ag and
SiO; in the present specimens.

A great number of theoretical and experimental studies have
demonstrated that one or more capping layers consisting of
different dielectric materials with various thickness would
greatly change the SPR of the core materials in terms of peak
position and fwhm. These capping-layer dependencies of the
core SPR may be used to characterize the nature and layer
thickness of the capping materials. In this sense, melamine was
selected to be the target analyte for the liquid-type SiO,@Ag
core—shell nanoparticulate sensor for demonstration. Because
the aqueous solution of melamine has almost no absorption in
the range of 300—1100 nm, the absorption spectra for the
melamine-capped SiO,@Ag nanosensors are quite similar to
that for pure SiO,@Ag nanoparticles. A series of precise
quantitative analyses of the Ag SPR peaks was then carried out
for characterization of melamine response.

When the melamine solution was added to the cuvette, a clear
red shift in the Ag SPR peak was observed. The plasmon shift
as a function of melamine concentration is shown in Figure 9a.
It is clearly evident that the change is quick for small
concentrations of melamine and is increased with increasing
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concentration of melamine. The mechanism underlying the
sensing mechanism for Ag nanocrystal dispersions is intriguing.
The large number of amine groups of melamine facilitates the
covering of Ag nanoparticles. This may plausibly explain the
role of melamine as a capping agent of the Ag nanoparticle
dispersion, which can interact with amine groups of the
melamine, forming Ag-NH,. The SPR peak shift may then
be a result of bond establishment between the silver and
melamine. Simultaneously, it is clear that the larger silver
nanoparticles exhibit a higher peak shift, as shown in Figure
9a, which further evidences more Ag-NH, bond formation.

The nonlinear tendencies for these three melamine capped
SiO,@Ag samples are very similar and seem to follow the
Langmuir equation, which has become popular for describing
solution—solid adsorption data and estimating adsorption equi-
librium constants.?> The Langmuir equation for nanoparticle
system can be expressed as

NITIaX.KCE
N=-—""—H
1 + KC,,

where N represents the equilibrium sites of Ag nanoparticles
capped by melamine and N, is the maximum available sites
of Ag nanoparticles for melamine. K is the adsorption equilib-
rium constant and Cq is the equilibrium analyte concentration.
For present experiments, N and N« should be, respectively,
transferred toAA andAA,, for numerical analysis. Here we
simply assume that N is proportional toAA and the C.q can be
replaced with the initial melamine concentration C, because of
the relatively low concentration of Ag sites compared with the
melamine concentration Cy. Then, the modified equation, which
describes the SiO,@ Ag nanosensor response (AA) as a function
of the melamine concentration, was directly applied to fit the
experimental data. To obtain good mathematical fittings, as
shown in Figure 10a, an extra constant term of 1.12, 1.92, and
1.72 nm was introduced for 1, 3, and 5 nm Ag specimen,
respectively. The adsorption equilibrium constant K for 1, 3,
and 5 nm Ag is 4.4 x 10% 2.4 x 10% and 8.8 x 10° M,
respectively.

The sensitivity n of the present Ag SPR sensors can be
defined as

_ AL
"= AC

where A4 and AC represent the SPR shift and the concentration
change of melamine, respectively. The sensitivity derived from
the differential plot of Figure 9a is given in Figure 9b, where a
strong melamine concentration dependence of sensitivity can
be clearly found for these three SiO,@Ag nanosensors. The
derivative peak intensity moves toward a lower value, whereas
the size of Ag nanoparticles decreases along with the nanosen-
sors. For the nanosensors with larger Ag nanoparticles distrib-
uted along the silica surface, the sensitivity can be as high as
10 ppb. The particle-size-dependent sensitivity is the same as
the theoretical calculation from Slistan-Grijalva et al.?’ In
addition, the peak position also suggests a suitable concentration
range that can be well differentiated with the best resolution
toward the melamine molecule. Although Rolddn demonstrated
excellent sensing properties of Ag nanoparticles that the
FWHMs of Ag SPR greatly depend on the relative size of amine
layer and the Ag core,” according to our experimental observa-
tions, the SPR peak shift shows better sensing features than
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Figure 10. (a) Absorption spectra for the liquid-type 5 nm SiO,@Ag
nanocarriers and the solid-state 5 nm SiO,@Ag nanosensor film on
the optical glass substrate. (b) Absorption spectra for the solid-type
film immerged in various concentrations of melamine.

FWHMs. Surely, for sensing characterization, the changes of
SPR peak position and fwhm are correlated but the fwhm seems
to be more easily affected by the size distribution of sensing
nanoparticles, that is, Ag.

Spectral Behavior between Liquid-Type and Solid-Type
Si0,@Ag Nanosensors. However, because one alternative role
of the SiO, matrix is acting as a spacer to separate effectively
the deposited fine Ag nanoparticles from undesirable ag-
glomeration as a result of attraction interactions, it is then more
desirable to compare the Si0,@ Ag nanosensors either employed
as a liquid-type sensor as illustrated in Figure 9 or employed
as a solid-type sensor by forming a thin-film structure. Figure
10a demonstrates the resulting difference between the absorption
spectra of the liquid-type 5 nm SiO,@ Ag nanosensors and the
solid-type 5 nm SiO,@Ag film on the optical glass substrate.
The absorption band for the liquid- and solid-type nanosensors
has been subtracted from the as-measured data. The SPR peak
position for the SiO,@Ag nanoparticle film shows a blue shift
with an increase in fwhm compared with the liquid-based one.
Similar tendency was visible for 1 and 3 nm. When SiO,@Ag
nanocarriers were deposited onto glass substrate to form a
nanoparticle film, the local concentration of Ag nanoparticles
may increase because of the dense packing of SiO,@Ag
nanocarriers. If the Ag nanoparticles are close enough to each
other, then the coupling effect of the neighboring Ag nanopar-
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ticles should play a dominant role in the resulting spectrum,
although this is not the present case because of the very low
Ag filling ratio. The only slight blue shift of SPR shown in
Figure 10a suggests that the SiO, nanomatrix indeed played an
important role as a spacer in well separating the ultrafine Ag
nanoparticles from undesirable agglomeration, even when
consolidating into a solid-type film, as a compared with that in
suspension state. Besides, an extra test for a long-term storage
(for 6 months at ambient environment) of the liquid-type
nanosensor showed almost the same SPR spectra as those from
initially prepared (not shown here), which further confirmed
the role of SiO, spacer in stabilizing the Ag nanoparticles. (The
influence of Ag oxidation has been considered but showed a
negligible effect on the resulting spectral structure.)

It is expected that the spectral variation due to the interaction
of melamine molecule on the SiO,@Ag nanoparticle films is
quite similar to that with a liquid-type sensor, as shown in Figure
10b, because the SiO, nanoparticles offer a nice separation for
the extremely fine Ag nanoparticles, rendering a relatively stable
spectral response in either form of entity. However, the
sensitivity for melamine measurement is greatly enhanced, that
is, the red shift is 18 nm for 10 ppm melamine in solid films
compared with 7 nm in liquid-type sensor. A significant red
shift for 1000 ppm is also detected in contrast with the liquid
case. Although such a great shift and broadening may arise from
not only the result of a simple melamine absorption on Ag
nanoparticles but also the possible effect of a dense and thick
rest melamine layers coated on films, this feature is still distinct
enough for the present SiO,@Ag nanocarriers for sensory
applications.

4. Conclusions

Silver-decorated silica core—shell nanoparticles (namely,
SiO,@Ag nanospheres) were successfully synthesized by a
facile and one-step process based on the modified Stober
method, with a silica core ~20 nm in diameter and a silver
nanoparticles ranging from 1 to 5 nm in diameter. The sizes of
silica and silver nanoparticles were well-controlled by fine-
tuning of the pH value and reaction temperature of the diluting
aqueous medium. The resulting SiO,@Ag nanospheres were
nicely employed as an optical sensor for melamine detection
with an attainable resolution on the order of 10 ppb, and the
sensitivity reached a maximal, which is silver-size-dependent,
ranging from 0.1 to 1000 ppm, and the use of 5 nm silver
nanoparticles appeared to show the best optical-responsive
behavior toward the melamine molecules. The firmly attached,
well-separated silver nanoparticles on the silica surface ensure
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an excellent optical stability and sensitivity and measuring
reliability over the resulting optical behavior of the SiO,@Ag
nanospheres either in a liquid-type (as a suspension) or solid-
type (as a thin film) structural configuration. The role of silica
nanoparticles can then be well-defined as a colloidal stabilizer
and a spacer for the spatial stabilization of the silver nanopar-
ticles, ensuring a well-defined separation between the silver
nanoparticles, either in the fluid form or consolidated form, with
promising sensing capability.
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