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Novel multifunctional magnetic-photoluminescent Hg2+ ion sensing nanocomposites were

developed by applying SiO2 as the encapsulation agent to package Fe2O3 NRs and CdTe QDs,

resulting in CdTe/Fe2O3@SiO2 core/shell nanostructures. The core/shell structural

nanocomposites were confirmed by field-emission scanning electron microscopy (FESEM), energy

dispersive X-ray analysis (EDXA), X-ray diffraction (XRD) patterns, high-resolution transmission

electron microscopy (HRTEM) and selective-area electron diffraction (SAED) patterns.

Photoluminescence (PL) spectroscopy and superconducting quantum interference device (SQUID)

were used to investigate the optical and magnetic properties of the core/shell structural

nanocomposites, respectively. The fluorescence of the obtained nanocomposites could be

quenched effectively by Hg2+ ions without obvious changes of spectral widths and optical shift

of PL emission. The quenching mechanism was studied and the results showed the existence

of both static and dynamic quenching processes. The modified Stern–Volmer equation showed a

linear response in the range of 1 to 10 mM with a quenching constant (Ksv) of 3.5 � 104 M�1.

This hydrophilic, biocompatible, multifunctional, easy to separate and sensitive fluorescence

nanosensor may find applications in Hg2+ ion determination in the biological and

environmental areas.

Introduction

Pollution by Hg2+ ions around the globe is considered highly

dangerous to human health and the environment. Both

elemental mercury and ionic mercury can be converted into

methyl mercury by bacteria in the environment, which sub-

sequently bioaccumulates through the food chain.1 Therefore,

there is an urgent need to design and develop fluorescent

chemosensors that can selectively recognize and determine trace

amounts of Hg2+ ions, both in environmental analysis and in

industrial waste treatment. To date, a variety of fluorescent Hg2+

ion chemosensors based on small molecules2 and conjugated

polymers3 have been reported. However, these chemosensors

have some inevitable problems, such as most of them exhibit

poor water solubility and suffer photobleaching. So current

efforts in this field have focused on the development of water-

soluble, photo-stable and separable Hg2+ ion sensors.

Semiconductor nanocrystals, often referred to as quantum

dots (QDs), have been attracting wide interest due to their

excellent optical properties and biological applications.4 Indeed,

their great water-solubility, wide absorption spectrum, large

extinction coefficients, high photoluminescence efficiency,

size-dependent emission wavelengths, and sharp emission

profile are some of the most attractive characteristics. Further-

more, photobleaching threshold, photostability and chemical

stability of QDs are much higher than organic molecules.5

Therefore, by virtue of the excellent photophysical properties

of QDs, researchers have made efforts toward the development

of QD-based fluorescent sensors for detecting metal ions

and lots of outstanding improvements have been achieved.6

However, in practical applications, separation and recovery of

QDs is difficult to control and deal with, remaining an issue to be

solved in the field of sensor and biotechnological applications.

Magnetic nanomaterials have also attracted a lot of interest

recently because of their excellent function and applications.

The excellent separability of the magnetic nanomaterials has

been applied extensively in a variety of fields, especially in

biotechnology.7 Among the magnetic materials, magnetic iron

oxide is preferred because it is nontoxic. Consequently, if

magnetic Fe2O3 nanomaterials are prepared and then com-

bined with QDs, the resulting nanostructures will exhibit both

magnetic and fluorescent properties, which should be separable,

tunable emission and multifunctional nanocomposite sensors.

Building from the above ideas, it is necessary to select an

encapsulation agent to integrate these different functionalities.

Known for its excellent properties of great hydrophilicity and

biocompatiblity, intense anti-photobleaching and easy to separate,

silica is widely applied as the encapsulation agent to prepare

various composite nanostructures. Recently, considerable atten-

tion has been focused on the fabrication of composite nano-

structures using the performed nanocrystals as building blocks

because it can integrate several different functionalities

required by the applications into one common nanostructure.8
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Herein, we fabricated and characterized the water-soluble,

mesoporous CdTe/Fe2O3@SiO2 core/shell nanostructures

with magnetic-photoluminescent Hg2+ ion-sensingmultifunction.

We first prepared magnetic Fe2O3 nanorods (NRs) and CdTe

QDs capped with L-cysteine (L-Cys), and then applied SiO2 as

the encapsulation agent to package Fe2O3 NRs and CdTe

QDs, giving rise to a novel fluorescent sensor for the determi-

nation of Hg2+ ions (Scheme 1). The resulting mesoporous

SiO2 shell of the nanocomposites not only seals CdTe QDs

inside the nanocomposites but also allows small molecules and

ions to enter and contact with the QDs to cause a fluorescence

response. The obtained nanosensor was sensitive to the existence

of Hg2+ ions. Thus a hydrophilic, biocompatible, multifunctional

and easy to separate nanosensor for Hg2+ ion determination was

proposed.

Experimental

Materials

Ferric chloride anhydrous, sodium hydroxide, cadmium chloride,

tellurium powders (99.99%), cetyltrimethylammonium bromide

(CTAB), tetraethyl orthosilicate (TEOS), ammonium hydroxide

and ethanol are all analytical grade (Shanghai Chemical

Reagents Co.) and used without further purification. Sodium

borohydride (NaBH4), and L-cysteine (L-Cys) were purchased

from Alfa Aesar. The water used in our present work was

deionized.

Synthesis of magnetic Fe2O3 nanorods (NRs)

Fe2O3 NRs were synthesized according to the literature method.9

In a typical procedure, 40 mL of 0.5 M FeCl3 solution was

transferred into a 50 ml Teflon-lined autoclave. The autoclave

was heated to 120 1C and kept for 12 h. After cooling to room

temperature, the resulting precipitates were washed repetitively

with deionized water and absolute ethanol, and then dried at

80 1C under vacuum. The as-collected products were calcined at

500 1C for 2.5 h.

Synthesis of L-Cys-stabilized CdTe QDs

L-Cys-Stabilized CdTe QDs were synthesized by reaction of

NaHTe and CdCl2�2.5H2O following the reported procedures.10

NaHTe was prepared by the reaction of NaBH4 and Te

powder.11 Typically, a total of 0.2284g CdCl2�2.5H2O and

0.2908g of L-Cys were dissolved in 300 mL deionized, and the

pH value of the solution was adjusted with NaOH solution

(1 M) to 9.0. Then the freshly prepared NaHTe solution

was rapidly injected into the reaction mixture. The solution

was refluxed at different times and the reaction was terminated

to obtain size-controllable QDs with the desired emitting

colors. Adding the isopropanol into the as-prepared solution,

the resulting precipitate was centrifuged, washed and dried in a

desiccator before use.

Synthesis of mesoporous CdTe/Fe2O3@SiO2 core/shell

nanorods

Typically, CdTe QDs (0.08 g), Fe2O3 NRs (0.035 g), and

CTAB (0.1 g) were dispersed ultrasonically in deionized water

(10 mL). Then the as-prepared solution was added to a 100 mL

mono-necked round-bottomed flask containing 50 mL of

ethanol and 1 mL of water under vigorous stirring. Sub-

sequently, 1.7 mL of ammonium hydroxide (NH4OH) and

200 mL of TEOS were introduced into the reaction and kept

stirring for 12 h at 40 1C. The resulting ternary nanocomposites

were obtained by centrifuging and washing with hot water.

Procedures for detection of Hg2+ ions

A series of Hg2+ ions solutions with different concentrations

and 1 mM various metal ions were obtained. 0.05g of

CdTe/Fe2O3@SiO2 nanocomposites was dispersed in 20 mL

absolute alcohol to form a stable colloidal solution. Then

0.5 mL CdTe/Fe2O3@SiO2 dispersion was injected in the

10 mL Hg2+ ions solutions or other various metal ions. Then

the fluorescence intensity of the above solution was recorded

at about 613 nm with the excitation wavelength of 370 nm.

Characterization

The nanocomposites were characterized by field-emission

scanning electron microscopy (FESEM; FEI XL30), energy

dispersive X-ray analysis (EDXA, FEI XL30), high-resolution

transmission electron microscopy (HRTEM; Hitachi S-570),

selective-area electron diffraction (SAED) patterns and X-ray

diffraction (XRD; DXP-18AHF diffractometer with Cu-Ka
radiation).Magnetization characteristics of the CdTe/Fe2O3@SiO2

nanocomposites were measured with a Quantum Design

MPMS-XL SQUID magnetometer. The photoluminescent

emission spectra were recorded at room temperature with a

Hitachi F-4500 spectrophotometer equipped with a continuous

150 W Xe-arc lamp. X-Ray photoelectron spectroscopy (XPS)

was performed using a VG-Scientific ESCALAB 250 spectro-

meter with a monochromatic Al Ka X-ray source at 1486.6 eV.

Results and discussion

A facile route for the preparation of a-Fe2O3 NRs without any

templates via a hydrothermal process at 120 1C has been used.9

The structure and morphology of the initial Fe2O3 NRs for

preparing the core/shell nanocomposites were investigated by

FESEM. As shown in Fig. 1a and b, it can be clearly seen that

they are of rod-like morphology with average diameter of

about 70–100 nm and a length of about 400–700 nm. And

it is interestingly found that the Fe2O3 NRs possess a pore

structure. After being encapsulated by SiO2, the resulting

CdTe/Fe2O3@SiO2 core/shell nanostructures still maintain

the rod-like 1-D morphology with average diameter of about

83–130 nm and a length of about 500–800 nm, as is shown in

Fig. 1c. Compared with the pore structure of the as-prepared

Fe2O3 NRs, the CdTe/Fe2O3@SiO2 core/shell NRs possess a

smooth surface. The changes of the surface before and after

Scheme 1 Schematic illustration for preparation of CdTe/Fe2O3@SiO2

core/shell nanostructures.
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SiO2 coating thus provides experimental proof that the

Fe2O3 NRs were successfully encapsulated in core/shell nano-

structures. The energy dispersive X-ray analysis (EDXA)

spectrum shown in Fig. 1d reveals that the core–shell struc-

tures consist of C, O, Fe, Si, Cd, and Te elements, which

indicated the existence of Fe2O3 NRs and CdTe QDs in the

nanocomposites. The Pt peaks in the spectrum come from

Pt deposited on the tested sample before the measurement and

the part of Si comes from the silicon substrates.

The crystal structures of the samples were identified by

means of XRD analysis, as shown in Fig. 2. For a comparison,

the XRD pattern of the initial Fe2O3 NRs is also shown

(Fig. 2B). All the deflection peaks of the product (Fig. 2B)

were in agreement with the standard data of a-Fe2O3 (JCPDS

No. 33-0664). When the a-Fe2O3 NRs were encapsulated in

nanocomposites, the new broad peak located at 2y values of

231 appeared (Fig. 2A), which is typically caused by amorphous

silica. The result indicated that the a-Fe2O3 NRs were

successfully encapsulated in SiO2. However, it was difficult

to detect the reflections corresponding to CdTe QDs, which

may be attributed to the low content of CdTe QDs in

the nanocomposites and the emerging of the wide peak by

the amorphous silica.12

Further information about the CdTe/Fe2O3@SiO2 core/

shell nanostructures was obtained from transmission electron

microscopy (TEM) images (Fig. 3). From Fig. 3a, it can be

seen that the resulting CdTe/Fe2O3@SiO2 core/shell nano-

structures possess the rod-like 1-D morphology with average

diameter of about 100 nm and a length of about 500–700 nm,

which agrees well with that revealed by the FESEM images.

Fig. 3b and c showed the higher magnification TEM

and HRTEM images of the CdTe/Fe2O3@SiO2 core/shell

nanostructures, respectively, from which the core/shell struc-

ture of the resulting products was clearly observed, also

proving that the Fe2O3 NRs were embedded within SiO2

matrix. And we noted that CdTe QDs are mainly adsorbed

on the surface of Fe2O3 NRs, as indicated by arrows in Fig. 3c.

The adsorption of QDs on the surface of Fe2O3 NRs, generates

therefore a semiconductor-magnetic interface that definitively

influences the photoluminescence. As discussed in previous

researches,8j,k the embedded Fe2O3 NRs significantly reduces

the QD fluorescence intensity. This interference of Fe2O3 NRs

on QD fluorescence is attributed to the iron oxide optical

absorption.8k The embedded iron oxide absorbs broadly in

the visible spectrum and could thus attenuate both the

Fig. 1 FESEM images of (a) low and (b) high magnification Fe2O3 nanorods; FESEM image (c) of CdTe/Fe2O3@SiO2 core/shell nanostructures

and corresponding EDXA spectrum (d).

Fig. 2 XRD patterns of (A) CdTe/Fe2O3@SiO2 core/shell nano-

structures and (B) Fe2O3 nanorods.
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excitation light and the emitted QD fluorescence. In addition,

the normalized PL emission spectra of the QDs and the

CdTe/Fe2O3@SiO2 core/shell nanostructures are compared

as shown in Fig. S1 (see the ESIw). The maxima of the

emission peak are red-shifted (around 6 nm in these cases).

The slight red shift in the PL spectrum was observed because

the surface state of the QDs was changed by incorporating

QDs and Fe2O3 NRs into the SiO2 shell. Obviously, the

concentration of TEOS precursor and the hydrolysis time of

TEOS had a great effect on the thickness of the shell and the

content of CdTe QDs encapsulated.8f To achieve the uniform

magnetic seeds with silica coating and strong fluorescence

emission from CdTe QDs, we selected the thin silica shell

(B4 nm) to combine Fe2O3 NRs with QDs. The corresponding

selective-area electron diffraction (SAED) patterns were also

recorded (Fig. 3d). The regular spots are ascribable to the

single-crystallite pattern of a-Fe2O3 NRs. The observations

above provide further evidence to demonstrate that Fe2O3

NRs@SiO2 core/shell nanostructures are successfully fabricated

by the method used in this work.

The magnetic properties of iron oxides have been the focus

of extensive research for a long time. The coercivity and

magnetic properties carry a direct relationship with the shapes

and sizes.13 So it is of great significance to investigate the

magnetic properties of the CdTe/Fe2O3@SiO2 core/shell nano-

rods. The magnetic property of the resulting CdTe/Fe2O3@SiO2

core/shell nanostructures was measured by a superconducting

quantum interference device (SQUID). Fig. 4 shows the field

dependences of magnetization (M-H curves) of the nanostructures

measured at 300 K. The M-H curve displays a strong hysteresis

with coercive force of 0.36 T and remnant magnetization of

0.024 emu/g, indicating that the products inherit the strongly

ferromagnetic property from the Fe2O3 NRs. It is well-known

that the magnetization is very sensitive to the structure and

morphology (polyhedral, platelike, needlelike, and disk

shaped) of particular magnetic materials.14 Rod-like nano-

structures have shape anisotropy in addition to crystalline

anisotropy, which is expected to increase the coercivity.

Similar phenomena have been observed in porous magnetic

a-Fe2O3 nanorods, higher coercivity is mainly attributed to

higher shape anisotropy and less demagnetizing field because

the magnetization is along the long axis.15

To study the practical applicability, the effect of pH on

PL emission intensity of nanosensor was investigated. As

shown in Fig. 5, the pH has great effect on the PL emission of

CdTe/Fe2O3@SiO2 core/shell nanostructures. One notices

that the PL emission intensity of the nanosensor decreased

sharply at acidic conditions (pH o 5). With the increase in

pH, there was an obvious fluorescence enhancement. So the

nanosensor showed the high fluorescence response in neutral

and basic pH, which has the same pH profile as that of CdTe

QDs itself in aqueous solutions. Considering that most samples

Fig. 3 TEM images of (a) low and (b) high magnification, HRTEM image (c) and SAED pattern (d) of CdTe/Fe2O3@SiO2 core/shell

nanostructures.
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for Hg2+ ions analysis were neutral, the media for Hg2+ ions

quantification was then buffered at pH 7.0.

Since herein CdTe/Fe2O3@SiO2 core/shell nanostructures

are water-soluble, and the silica shells possess a mesoporous

surface, they should be particularly suitable for fluorescent

sensor. In order to test the recognition ability of the nano-

composites for Hg2+ ions, fluorescence spectra were recorded

following excitation at 370 nm at room temperature upon the

gradual addition of Hg2+ ions into the buffered (pH = 7)

solution. Fig. 6 gave detailed fluorescence changes of nano-

composites upon different concentrations of Hg2+ ions in the

same conditions. When no metal ion was added to the solution

of nanocomposites, nanocomposites exhibited very strong

fluorescence. Upon the addition of increasing concentrations

of Hg2+ ions, a significant quenching of the fluorescence of

CdTe QDs appeared. Actually, the fluorescence properties of

QDs are closely related to the nature of their surfaces.16 The

interactions of QDs with metal ions will cause the modification

of the surface of QDs, and as a result, the fluorescence

intensity of QDs are quenched.

To determine the sensor mechanism of CdTe/Fe2O3@SiO2

nanocomposites to Hg2+ ions, the fluorescence quenching

data were analyzed by the Stern–Volmer equation. As is

well-known, the majority of quenching processes can be quanti-

fied by the Stern–Volmer equation derived for describing the

relationship between excited state quenching and quencher

concentration:17

I0

I
¼ 1þ KSV ½Q� ð1Þ

where I and I0 are the luminescence intensities of the

CdTe/Fe2O3@SiO2 nanocomposites in the presence and absence

of Hg2+ ions respectively, [Q] is the Hg2+ ions concentration,

and KSV is the Stern–Volmer quenching constant. The data

obtained by performing a Stern–Volmer analysis in the sensor is

shown in Fig. 7. Interestingly, the plots of I0/I versus Hg2+ ions

concentration do not fit a conventional linear Stern–Volmer

equation. An upward curvature may indicate that both dynamic

and static quenching processes occur in this sensor system.6j The

dynamic portion of the observed quenching was determined by

lifetime measurements using the equation:

t0
t
¼ 1þ KD½Q� ð2Þ

where t0 and t are the fluorescence lifetimes of CdTe/Fe2O3@SiO2

nanocomposites in the absence and presence of Hg2+ ions

Fig. 4 Magnetic hysteresis loop of the CdTe/Fe2O3@SiO2 core/shell

nanostructures measured at 300 K.

Fig. 5 The influence of pH on the PL emission of CdTe/Fe2O3@SiO2

core/shell nanostructures and CdTe QDs.

Fig. 6 The PL emission spectra of CdTe/Fe2O3@SiO2 core/shell

nanosensor in buffered (NaAc–HAc, pH = 7) solution upon different

concentrations of Hg2+ ions (0, 0.01, 0.05, 0.1, 0.5, 1, 2, 4, 6, 8 and

10 mM) under excitation of 370 nm.

Fig. 7 Stern–Volmer plot for interaction between CdTe/Fe2O3@SiO2

nanosensor and Hg2+ ions.
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respectively, and KD is the dynamic quenching constant. The

fluorescence lifetime of CdTe/Fe2O3@SiO2 nanocomposites in

the presence of different concentrations of Hg2+ ions were

recorded. From one-exponential law of the fluorescence decay

curves, the fluorescence lifetime of QDs decreased from 10.2 ns

in the absence of Hg2+ ion to 9.2, 8.6, and 5.4 ns in the

presence of increasing concentrations of Hg2+ ion from 5, 10,

to 50 mmol L�1, respectively. The plot of t0/t against the

concentration of added Hg2+ ion is depicted in Fig. 8, which

exhibits a linear relationship. The value of KD was obtained

from this plot and was found to be 1.8 � 104 M�1.

The value of static quenching constant, KS, was obtained

using the equation below:

I0

I
¼ 1þ ðKD þ KSÞ½Q� þ KDKS½Q�2

The graph of (I0/I� 1)/ [Q] versus [Q] is plotted using the value

of KD obtained from the lifetime measurements. KS was found

to be 1.1 � 105 M�1. This indicates that the fluorescence of

CdTe/Fe2O3@SiO2 nanocomposites is quenched by Hg2+

ions through both dynamic and static quenching mechanisms.

Considering the greater static quenching constant, the static

quenching mechanism is predominantly operative in this

system.

Both static and dynamic quenching require molecular con-

tact between the fluorophore and the quencher. In this system,

the Hg2+ ions diffuse the fluorescence of the CdTe/Fe2O3@SiO2

nanocomposites during the lifetime of the excited state,

causing the collisional quenching. Upon contact the

CdTe/Fe2O3@SiO2 nanocomposites return to the ground state

without emitting a photon. In the case of static quenching, a

non-fluorescent ground-state CdTe–Hg2+ complex can be

formed between the Hg2+ ions and the surface ligands of

CdTe QDs.6o This prediction was verified by the results of

XPS analysis (see the ESIw, Fig. S2). The mercury peaks in the

XPS spectra demonstrate that Hg2+ ions exist in the nano-

composites. This may be attributed to the binding of Hg2+

ions onto the QDs surface due to the strong affinity of

Hg2+ ions with the surface ligands of CdTe QDs. In addi-

tion, the complexation of Hg2+ ions by surface of the

QDs provokes an effective electron transfer process on the

surface of the QDs.6b So a complex quenching mechanism

is caused by both ion binding and electron transfer acted

together. Considering no maximum FL emission wavelength

red shift in the process of quenching, the quenching of FL

emission of QDs by Hg2+ ions is attributed to ion binding

followed by a charge transfer process on the surface of

the QDs.

A modified Stern–Volmer relationship which has already

been proposed for the systems involving the mecha-

nisms where both static and dynamic quenching of fluores-

cence of QDs exist was utilized to obtain a calibration

plot.6b,h,j,k

Log
I0

I

� �
¼ KSV½Q� þ C

where I and I0 are the luminescence intensities of the CdTe/

Fe2O3@SiO2 nanocomposites in the presence and absence

of Hg2+ ions respectively, [Q] is the Hg2+ ion concentra-

tion, KSV is the Stern–Volmer quenching constant and C

is the constant of equation. The equation reveals that I0/I

increase in direct proportion to the concentration of the

quencher. As is shown in Fig. 9, a very good linearity between

I0/I and concentration of quencher Hg2+ in the range of

1 to 10 mM is obtained with a linearly dependent coefficient

R2 of 0.999. From slopes of the plot, the Stern–Volmer

constant (Ksv) is calculated to be 3.5 � 104 M�1 for Hg2+

ions. This order of magnitude is compatible with the forma-

tion of a quite stable complex between the nanosensor and

Hg2+ ions.

In order to test the practical application of the nanosensor

for Hg2+ ions, the interference of other metal ions on the PL

emission intensity of the CdTe/Fe2O3@SiO2 core/shell nano-

sensor was also studied. In certain environmental samples,

such as river and seawater, the concentrations of some

prevalent toxic metal ions are significantly higher, therefore,

the higher concentration (1 mM) of K+, Na+, Ba2+, Ca2+,

Cd2+, Pb2+, Mg2+, Zn2+ and Co2+ ions, were added to

the nanosensor solution, and the PL emission intensity of

the nanosensor upon addition of various metal cations was

depicted in Fig. 10. As shown in Fig. 10, the above-mentioned

Fig. 8 Stern–Volmer plot of the excited state lifetimes of CdTe/

Fe2O3@SiO2 nanosensor in the absence (t0) and presence of different

Hg2+ ions concentrations.

Fig. 9 Modified Stern–Volmer plot of the quenching of the fluores-

cence of CdTe/Fe2O3@SiO2 core/shell nanosensor versus the concen-

tration of Hg2+ ions.
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metal ions show weak effect on the fluorescence intensity of the

nanosensor. However compared with the marked quenching

provoked by Hg2+ ions, the influence of the above-mentioned

metal ions is negligible. Unfortunately, Ag+ and Cu2+ ions

(1 mM) can cause strong quenching of the fluorescence

intensity of the nanosensor (see the ESIw, Fig. S3a), therefore,
they can be considered as interfering species. But when the

concentration of these ions was lowered to 0.01 mM, the

quenching effects were weak (see the ESIw, Fig. S3b and 3c).

Thus these interferences can be diminished by diluting the

sample. 6l

Conclusions

In summary, a hydrophilic, biocompatible, multifunctional

and easy to separate nanosensor for Hg2+ ions determination

was developed by applying SiO2 as the encapsulation agent

to package Fe2O3 NRs and CdTe QDs, resulting in

CdTe/Fe2O3@SiO2 core/shell nanostructures. The core/shell

nanocomposites showed high sensitivity for Hg2+ ions. The

quenching provoked by Hg2+ ions is caused by the coopera-

tion of static and dynamic quenching processes. Considering

no maximum FL emission wavelength red shift in the process

of quenching, the quenching of FL emission of QDs by Hg2+

ions is attributed to ion binding followed by a charge transfer

process on the surface of QDs. A combination of magnetic,

photoluminescent and Hg2+ ion-sensing properties make

them promising candidates for cell separation, biomarkers

and determination of Hg2+ ions concentration in environ-

mental and biological systems.
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