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Abstract A facile synthetic method to decorate

amine-functionalized silica spheres (SiO2) by silver

nanoparticles (Ag NPs) is reported. The transmission

electron microscopic (TEM) images showed that

spherical Ag NPs with an average particle size of

14 nm were deposited on 250 nm-sized SiO2 spheres

(SiO2/Ag NPs). The spectral and colorimetric detec-

tion of Hg(II) ions were carried out using the

synthesized SiO2/Ag NPs with an experimental detec-

tion limit of 5 lM. It was found that the addition of

Hg(II) ions (150 lM) into the solution of SiO2/Ag NPs

completely quenched the SPR band of the Ag NPs due

to the formation of anisotropic Ag amalgam crystals

(AgHg). The selective detection of Hg(II) ions by

SiO2/Ag NPs in the presence of other environmentally

relevant metal ions was also demonstrated using

spectral and colorimetric methods.
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Introduction

The metal nanoparticles (NPs) embedded in silicate

sol–gel (SSG) find various applications in the field of

catalysis and sensors and hence, the designing of

various synthetic methods to prepare metal NPs

embedded in silica sol–gel has attracted much atten-

tion toward the preparation of catalytic and sensor

materials (Maduraiveeran and Ramaraj 2009; Bhara-

thi et al. 1999; Manivannan and Ramaraj 2011; Lev

et al. 1997; Pandikumar et al. 2010). Silica (SiO2)

spheres are widely used as a supporting material

because of their inert character and moreover, they

provide higher active surface area by accommodating

more number of metal NPs on their surface for

catalytic and sensing applications (Zanella et al.

2006). The SiO2 spheres qualify as hard substrates

for many reasons (Pol et al. 2002). The SiO2/metal

NPs (Ag or Au) structures have received much

attention over the years because of their potential

applications (Jean et al. 2010; Serra et al. 2009; Lee

and El-Sayed 2006; Xu et al. 2009). The metal NPs,

especially silver (Ag) NPs, are very sensitive to

analytes and the position of surface plasmon reso-

nance (SPR) band of the Ag NPs is highly influenced

by the local environment (Manivannan and Ramaraj

2012; Maduraiveeran and Ramaraj 2011; Prasad et al.

2008).

Heavy metal contamination arising from various

polluting sources causes serious health and environ-

mental hazards (Clarkson et al. 2003; Campbell et al.
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2003; Harris et al. 2003). Among the heavy metals,

mercury (Hg(II) ions) is one of the most toxic metals

which has drawn much attention due to its toxic impact

on environment and also on human health. As the

Hg(II) ion possesses a high enough electrochemical

potential to oxidize Ag to Ag?, it can alter the

absorption band of the Ag NPs and, therefore, Ag NPs

could be used for the detection of Hg(II) ions (Li et al.

2010). The nanomaterials used for the detection of

Hg(II) ions usually carry functional ligands as major

binding sites for the Hg(II) ions (Kim et al. 2010;

Huang and Chang 2007; Lee et al. 2007; Xue et al.

2008; Wang et al. 2010). The synthesis of effective

adsorbents for metal ions introducing functional

ligands on mesoporous SiO2 is one of the most

effective strategies for the removal of metal ions

(Yantasee et al. 2007, 2008, 2010). Therefore, while

developing metal NPs-based sensor for the sensing of

metal ions, it should be an ideal design to anchor

suitable ligands on the surface of metal NPs by

suitable surface functionalization method, which pro-

vides an easy access to the incoming analyte mole-

cules without interparticles coupling which could

reduce the resolution of sensing (Jean et al. 2010).

Hence, we have chosen amine-functionalized SiO2

spheres as a solid support for the in situ formation of

Ag NPs embedded in amine-functionalized SSG

matrix. Recently, our group has reported the sensing

of Hg(II) ions using Ag quantum dots dispersed in

functionalized SSG matrix (Maduraiveeran et al.

2011). The optical sensing of melamine using Ag

NPs deposited on SiO2 spheres was reported (Jean

et al. 2010). It is understood that the SiO2 sphere acts

as a well-defined colloidal spacer for the Ag NPs

ensuring the isolation of Ag NPs on a support material.

In the present work, SiO2 spheres were functionalized

using a triamine-silicate matrix to enhance the inter-

action between Hg(II) ions and Ag NPs on the surface

of the SiO2 spheres. Ascorbic acid (AA) is a weak

reducing agent that ensures the nucleation and growth

of Ag NPs on the amine-functionalized SiO2 spheres

(Wilson et al. 2005).

Here, we report Ag–Hg amalgam-based spectral

and colorimetric methods for the detection of Hg(II)

ions using SiO2/Ag NPs. Colorimetric method, in

particular, is extremely attractive because the detec-

tion can easily be read out with naked eyes. It was

found that the addition of optimum level of Hg(II) ions

into the solution of SiO2/Ag NPs completely quenched

the SPR band of Ag NPs due to the formation of

anisotropic Ag amalgam crystals (AgHg). We have

also demonstrated the selective detection of Hg(II)

ions using the SiO2/Ag NPs in the presence of various

metal ions using spectral and colorimetric methods.

Experimental

Materials and methods

Tetraethylorthosilicate (TEOS), N-[3-(trimethoxysilyl)

propyl] diethylenetriamine (TPDT), silver nitrate

(AgNO3), b-cyclodextrin (CD), benzyldimethylhexa-

decylammonium chloride (BDAC), and HgCl2 were

received from Sigma-Aldrich. AA, Hg(NO3)2, PbCl2,

CuCl2�2H2O, CoCl2�6H2O, CdCl2, CaCl2�2H2O, NiCl2�
6H2O, ZnCl2, MnCl2�4H2O, FeCl2�6H2O, FeCl3�6H2O,

NaCl, NaOCl, and H2O2 were obtained from Merck.

All glassware was thoroughly cleaned with aqua regia

(1:3 HNO3/HCl (v/v)). Absorption spectra were

recorded with an Agilent Technologies 8453 spectro-

photometer using 1 cm quartz cell. Surface morphology

was studied using the scanning electron microscopy

(SEM) on a HITACHI (Model S-3400) instrument. The

aqueous solutions of corresponding Ag NPs were drop-

casted and air-dried over the microscopic slide

(1 cm 9 1 cm) and gold sputtering was carried out

over the sample surface prior to the SEM analysis.

The high-resolution transmission electron microscopy

images were recorded with a FEI TECNAI 30 G2

S-TWIN instrument. Samples for TEM studies were

prepared by placing a drop of fresh SiO2/Ag NPs on

carbon-coated copper grid and then evaporating the

solvent under vacuum.

Synthesis of SiO2/Ag NPs

The amine-functionalized SSG (TPDT)-covered SiO2

spheres were prepared by modified Stober method

(Guo et al. 2008). Briefly, ammonium hydroxide

(1.7 mL; 25–28 %) was added to ethanol (50 mL)

along with TEOS (1.5 mL) and water (1 mL) under

vigorous stirring and after 3 h, an additional 1 mL of

TEOS was added. The SiO2 spheres were obtained

after 12 h of stirring and then TPDT (0.4 mL) was

added to the solution and the stirring was continued for

further 6 h. The TPDT-functionalized SiO2 particles

were purified twice by centrifugation and redispersed
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in water (40 mL). The Ag NPs deposition on SiO2

spheres was carried out by the following procedure

(Manivannan and Ramaraj 2013). First, 25 lL of 1 M

TPDT silane was added to 5 mL pre-stirred aqueous

mixture containing each 7 mM b-CD and BDAC and

then further stirred for 1 h. To this b-CD–TPDT–

BDAC composite, 5 mg of pre-formed amine-func-

tionalized SiO2 was added and sonicated for 5 min. To

this resulting solution, 50 lL of 0.1 M AgNO3 and

50 lL of 0.1 M AA were added. The formation of

yellowish orange color solution indicated the forma-

tion of Ag NPs.

Spectral and colorimetric detection of Hg(II) ions

The spectral detection of Hg(II) ions using the SiO2/

Ag NPs was performed using Agilent 8453 absorption

spectrophotometer. The absorption spectra of SiO2/Ag

NPs were recorded upon the addition of different

concentrations of Hg(II) ions. For the absorption

spectral measurements, freshly prepared solution of

Hg(II) ions in microliters was added into a 2 mL of

SiO2/Ag NPs, shaken well, and subjected to constant

resting time (5 min). Unless otherwise mentioned, the

HgCl2 was used for the Hg(II) ions sensing. For

selective and colorimetric detection, an optimum level

of analyte was added into the SiO2/Ag NPs solution,

shaken well, and subjected to constant resting time and

the changes were monitored by recording absorption

spectra or observing with naked eye. The chloride salts

of all other metal ions were also used for sensing

studies.

Results and discussion

Spectral studies of SiO2/Ag NPs

The Ag NPs were deposited on the TPDT-function-

alized SiO2 spheres by in situ wet chemical synthesis

at three different AgNO3 concentrations. Decoration

of Ag NPs on SiO2 spheres was feasible up to 3 mM of

AgNO3 and further increase in the concentration of

AgNO3 led to the aggregation of SiO2/Ag NPs.

Figure 1 shows the comparison of absorption spectra

of colloidal solutions of SiO2 (a), SiO2/Ag (1 mM)

NPs (b), SiO2/Ag (2 mM) NPs (c), and SiO2/Ag

(3 mM) NPs (d). It shows the characteristic SPR bands

at 412, 409, and 404 nm due to the presence of 1, 2,

and 3 mM Ag NPs, respectively, on SiO2. As shown in

Fig. 1 (inset), the SiO2/Ag (3 mM) NPs showed an

intense yellowish orange color due to the SPR band of

Ag NPs. Excitation of collective oscillations of

electron density, called SPR, determines the optical

properties of Ag NPs. The frequency of the resonance

can be tuned across the broad spectral range by

selecting the particle size, shape as well as the

surrounding dielectric medium of the Ag NPs. The

observed narrow and sharp SPR band suggests the

formation of higher amount of Ag NPs with uniform

size and oscillating at a particular wavelength. It is

known that the SPR absorption band of Ag NPs is very

sensitive to their size and local environment (Maniv-

annan and Ramaraj 2012; Maduraiveeran and Ramaraj

2011; Prasad et al. 2008; El-Sayed 2001; Kelly et al.

2003; Daniel and Astruc 2004; Catherine et al. 2005).

The TPDT SSG was used as a protecting agent and as a

consequence, the Ag NPs showed superior stability,

which was monitored by recording the SPR spectra

over a period of 3 months. This suggests that the

amine-functionalized SiO2 spheres provided comfort-

able accommodation to the Ag NPs and this can be

ascribed by the interaction of –NH2 groups of TPDT

SSG with the Ag NPs.

SEM and TEM studies of SiO2 and SiO2/Ag NPs

Figure 2 shows the SEM images of SiO2 spheres at

different magnifications (a and b) and the TEM images

of SiO2/Ag NPs at Ag concentrations of 1 and 3 mM
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Fig. 1 Surface plasmon absorption spectra obtained for colloi-

dal solutions of SiO2 spheres (a), SiO2/Ag (1 mM) NPs (b),

SiO2/Ag (2 mM) NPs (c), and SiO2/Ag (3 mM) NPs (d)
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(c and d), respectively. The SEM images of the amine-

functionalized SiO2 spheres showed that the SiO2

particles were spherical in shape and the average

particle size was *250 nm. Figure 2c, d displays the

effect of AgNO3 concentrations on the decoration of

pre-formed amine-functionalized SiO2 spheres by Ag

NPs, i.e., the number of Ag NPs deposited on SiO2

spheres is higher in the case of SiO2/Ag (3 mM) NPs

(Fig. 2d) than that of the SiO2/Ag (1 mM) NPs

(Fig. 2c). Furthermore, Fig. 2d shows that the deco-

rated Ag NPs are spherical in shape, distributed

without aggregation, and the average particle size was

calculated as 14 nm. When the concentration of

AgNO3 was increased above 3 mM, aggregation and

sedimentation of particles were observed. Further

close analysis of Fig. 2d suggests that the thickness of

the TPDT SSG layer on the SiO2 spheres was around

10–20 nm (marked in Fig. 2d). The lower magnified

SEM image of the bulk SiO2/Ag (3 mM) NPs is shown

in Fig. S2. The decoration/deposition of metal NPs on

the pre-formed SiO2 spheres was already reported

(Pol et al. 2002; Guo et al. 2008; Kim et al. 2006). For

the first time we have introduced the in situ approach

for the Ag NPs decoration/deposition using triamine-

functionalized SSG (TPDT SSG). Our group has

recently reported newer methodologies for the in situ

synthesis of SSG matrix-embedded Au and Ag NPs

(Maduraiveeran and Ramaraj 2009; Manivannan and

Ramaraj 2011; Pandikumar et al. 2010) and observed

remarkable stability of the metal NPs for several

months due to the interaction between the amine-

functionalized SSG matrix and the metal NPs. The

amine-functionalized (TPDT SSG) SiO2 spheres

could adsorb the Ag? ions due to their interaction

with the amine groups of the TPDT leading to the

in situ formation of Ag NPs upon the addition of AA.

The prepared SiO2/Ag NPs were found to be stable for

more than 3 months.

Spectral and colorimetric sensing of Hg(II) ions

by SiO2/Ag NPs

Since Hg(II) ion possesses high enough electrochem-

ical potential (0.85 V) than the Ag(I)/Ag couple

Fig. 2 SEM images of SiO2 spheres at different magnifications (a, b). TEM images of SiO2/Ag NPs prepared using Ag concentration

of 1 mM (c) and 3 mM (d)
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(0.8 V), it could alter the absorption band of the Ag

NPs (Li et al. 2010) by quenching their SPR band. To

evaluate the sensing ability of the Ag NPs at three

different concentrations on the amine-functionalized

(TPDT SSG) SiO2 spheres (SiO2/Ag NPs), different

concentrations of Hg(II) ions were added to the

solution containing known amount of SiO2/Ag NPs.

The SPR absorbance changes were monitored by

recording the absorption spectra of SiO2/Ag NPs after

every 5 min. The absorbance of SiO2/Ag NPs was

sensitive to the concentration of Hg(II) ions and the

intensity of the SPR band was decreased linearly with an

observable blue shift in the SPR band while increasing

the concentration of Hg(II) ions for all the three SiO2/Ag

NPs (Figs. 3a, S3-A, B). This SPR band shift toward

lower wavelength is attributed to the deposition of

mercury layer on the surface of the Ag NPs by forming

Ag amalgam (Morris et al. 2002) and it can also be

attributed to the oxidation of Ag(0) to Ag(I) (Li et al.

2010). An improved sensing of Hg(II) ions was

observed at the SiO2/Ag (3 mM) NPs (Figs. 3a, S3C-

c). It is obvious that the higher amount of Ag NPs which

were deposited on the amine-functionalized (TPDT

SSG) SiO2 spheres showed an improved sensing when

compared to the lower concentrations of Ag NPs.

Hence, the SiO2/Ag (3 mM) NPs were chosen for the

sensing of Hg(II) ions at lower concentration and Fig. S4

shows the sensing at each addition of 5 lM Hg(II) ions.

The change in absorbance was higher up to the addition

of 20 lM Hg(II) ions and above this concentration the

change in absorbance became lower with good linearity.

Previous reports (Katsikas et al. 1996; Henglein and

Brancewicz 1997; Ramesh and Radhakrishnan 2011;

Fan et al. 2009) revealed that the adsorption of Hg onto

Ag NPs causes a blue shift in the SPR band of the Ag

NPs. According to Raj and co-workers (Bera et al.

2010), two possible reactions can be considered for the

formation of Hg(0) by redox reaction: (i) surface coating

of zero-valent Hg and (ii) formation of amalgam

between Hg and Ag NPs. A suitable explanation can

be given for the two linear ranges obtained for the Hg(II)

ions sensing at the SiO2/Ag (3 mM) NPs (Fig. S4-B). Up

to the addition of 20 lM Hg(II) ions, the quenching of

SPR band intensity of the SiO2/Ag NPs was linear and

above 20 lM concentration a gradual formation of

AgHg crystals occured, i.e., the Hg(0) layer formed

around the Ag NPs (Morris et al. 2002) which shows the

second linear range. The citrate-stabilized plain Ag NPs

(Lee and Meisel 1982; Henglein and Giersig 1999) were

tested for the sensing of Hg(II) ions at different
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SiO2/Ag (3 mM) NPs solution at 404 nm in the presence of

150 lM of Hg(II) ions and 500 lM of other commonly

encountered metal ions. Inset figure shows the photograph of

the solutions after the addition of different metal ions
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concentrations; however, a noticeable quenching of the

SPR band of the plain Ag NPs was not observed. To find

out the optimum concentration of Hg(II) ions required

for the complete quenching of the SPR band of Ag NPs

and for the formation of AgHg crystals, addition of

150 lM Hg(II) ions (by each addition of 25 lM) into

the SiO2/Ag NPs solution was carried out (Fig. S5). It is

clearly shown that the SPR band of the SiO2/Ag (3 mM)

NPs gradually decreased and completely disappeared

over the addition of 150 lM Hg(II) ions. This observa-

tion indicates that the blue shift in the SPR band brings

about a morphological change in the Ag NPs (Bera et al.

2010). Upon the addition of 150 lM Hg(II) ions, the

yellowish orange color of the SiO2/Ag (3 mM) NPs

completely turned into colorless (Fig. S5-inset). Fur-

thermore, the optical sensing of Hg(II) ions by using

Hg(NO3)2 was carried out to confirm the Hg(II) ions

detection and the chloride ion interference (Fig. S6). The

result obtained from this experiment is very similar to

that of the HgCl2.

Further experiments were carried out to evolve the

selective sensing of Hg(II) ions by SiO2/Ag NPs in the

presence of other commonly encountered metal ions

(Pb(II), Cu(II), Co(II), Cd(II), Ca(II), Ni(II), Zn(II),

Mn(II), Fe(II), Fe(III), and Na(I)) by adding 500 lM

of different metal ions together into the SiO2/Ag

(3 mM) NPs solution under similar experimental

conditions as in the case of Hg(II) ions (Fig. 4).

Remarkably, no observable SPR band quenching

was noticed with these metal ions (Fig. S7). The

selective sensing of Hg(II) ions in the presence of

other commonly encountered metal ions is clearly

demonstrated using the SiO2/Ag NPs (Fig. 4) and the

addition of Hg(II) ions into the SiO2/Ag NPs solution

resulted in the decolorization of the Ag NPs with the

formation of AgHg crystals. Due to the lack of high

electrochemical potential to oxidize Ag(0) to

Ag(I) (Bera et al. 2010; Bard and Faulkner 2004),

the quenching of the SPR band or decolorization of the

SiO2/Ag NPs was not observed in the case of other

metal ions when compared to the Hg(II) ions. Only

Hg(II) ions could react with the Ag NPs and signif-

icantly alter the SPR band of the Ag NPs. In a previous

report (Jean et al. 2010), SiO2/Ag NPs were prepared

and used for the optical sensing of melamine. From

this report, it is understood that the SiO2 spheres act as

a well-defined colloidal stabilizer and as a spacer for

the Ag NPs leading to the well-defined separation

between the Ag NPs either in the colloidal or film

form. In this work, the surface of the SiO2 spheres was

functionalized with the amine-functionalized SSG

which brought about the interaction between the

amine silicate and the Hg(II) ions in the vicinity of

the Ag NPs at SiO2 spheres. In our previous report

(Maduraiveeran and Ramaraj 2011), the biomole-

cules-mediated synthesis of assembly of Ag NPs

embedded in diamine-functionalized SSG network

and sensing of cysteine, adenosine, and NADH are

reported. In the present study, we have used new

synthetic route to prepare highly stable (more than

3 months) Ag NPs supported on silica spheres using

triamine-functionalized SSG matrix (SiO2/Ag NPs)

and used for the optical and colorimetric sensing of

Hg(II) ions.

Fig. 5 TEM images of SiO2/Ag (1 mM) NPs (a) and SiO2/Ag (3 mM) NPs (b) after the addition of 150 lM Hg(II) ions
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Mechanistic study of Hg(0) deposition and AgHg

crystal formation on/around SiO2/Ag NPs

Selective sensing of Hg(II) ions was evaluated by

following the SPR band quenching along with an

appreciable blue shift in the SPR band of the SiO2/Ag

NPs. Previous studies (Bera et al. 2010) revealed that

the redox reaction between Ag NPs and Hg(II) ions

would alter the morphology of the Ag NPs by oxidative

etching process. Hence, the TEM and EDX measure-

ments were carried out to investigate the morphological

change in the SiO2/Ag NPs after the addition of Hg(II)

ions. Figure 5a and b displays the TEM images

obtained for the SiO2/AgHg (1 mM) NPs (a) and

SiO2/AgHg (3 mM) NPs after the addition of Hg(II)

ions. It can be seen from the TEM images that the

spherical Ag NPs were transformed into anisotropic Ag

nanostructures after the reaction with the Hg(II) ions.

As shown in Fig. 5a and b, the formed AgHg crystals

were collectively leached out from the SiO2 spheres

over the addition of higher concentration of Hg(II) ions

to the SiO2/Ag NPs and the resultant AgHg crystals

aggregated on the SiO2 spheres. To our knowledge, this

is the first time the formation of aggregated AgHg

crystals on the SiO2 spheres was observed. These

results are supported by the observed blue shift in the

SPR band of the SiO2/Ag NPs coupled with a decrease

in the SPR band intensity due to the redox interaction

between the Hg(II) ions and the Ag NPs. Due to the

difference in the redox potentials of Hg(II)/Hg couple

(0.85 V) and Ag(I)/Ag couple (0.8 V), the Ag is

oxidized to Ag(I) by Hg(II) ions and thus the Hg layer

forms on the Ag NPs through the formation of amalgam

(Henglein and Brancewicz 1997; Bera et al. 2010) and

wipes out the Ag NPs from the SiO2 spheres as AgHg

crystals. Figure 6 displays the SAED patterns of the

SiO2/Ag (3 mM) NPs (a) and SiO2/AgHg NPs (b), and

the EDX spectrum of the SiO2/AgHg crystals (c). The

diffused rings observed from the SAED pattern for the

SiO2/Ag NPs (3 mM) (Fig. 6a) clearly suggest that the

Ag NPs were encapsulated by the amorphous TPDT

SSG matrix and the brighter rings with dark spots

observed for the SiO2/AgHg NPs (Fig. 6b). The SAED

pattern showing diffused (Fig. 6a) and brighter spots

Fig. 6 SAED patterns

obtained for SiO2/Ag

(3 mM) NPs (a) and SiO2/

AgHg NPs (b). c EDX

spectrum of SiO2/AgHg

crystals
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(Fig. 6b) for amorphous and crystalline materials,

respectively, confirms the enhancement of crystallinity

of the Ag NPs in the presence of Hg(II) ions

(Clszkowska et al. 1994; Liu et al. 2011). The SAED

patterns of SiO2/Ag (3 mM) NPs showed the Ag crystal

planes of (1 1 1), (2 2 0), and (4 2 0) with the d values of

2.3448, 1.4166, and 0.8947 Å, respectively (Fig. 6a)

which are consistent with the standard database values

of Ag. The crystal planes observed for Ag from the

SAED patterns of SiO2/AgHg NPs showed the Ag

crystal planes of (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (4 2

0) with the d values of 2.2666, 1.9428, 1.4468, 1.2142,

and 0.9066 Å, respectively (Fig. 6b). The EDX spec-

trum of the SiO2/AgHg NPs (Fig. 6c) clearly shows the

presence of Hg element in the SiO2/AgHg NPs,

indicating the formation of AgHg crystals on the

surface of the SiO2 spheres. The amalgamation-based

Hg(II) ions sensing by SiO2/Ag NPs would also find

application in the removal of Hg(II) ions from solution

as silver amalgam in addition to its sensing.

Conclusions

A facile synthetic method to decorate amine-function-

alized SiO2 spheres with Ag NPs was reported. Both

the spectral and colorimetric detection of Hg(II) ions

were demonstrated with a detection limit of 5 lM

Hg(II) ions using SiO2/Ag (3 mM) NPs. A significant

blue shift accompanied with a decrease in the SPR

band intensity for the Ag NPs was noticed due to the

formation of the amalgam-like structures between Ag

and Hg. The addition of an optimum concentration of

the Hg(II) ions (150 lM) to a solution of SiO2/Ag NPs

led to a complete quenching of SPR band of the SiO2/

Ag NPs due to the formation of AgHg amalgam. The

selective detection of Hg(II) ions in the presence of

several other commonly encountered metal ions

present in the environment was also established.
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