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The core-shell Fe3O4@SiO2 and Fe3O4@SiO2@TiO2 nanoparticles were prepared by the chemical co-precipitation method 

and chemical conversion process, and characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), 

saturated magnetization (VSM), FTIR and adsorbent spectrum, and UV-visible spectroscopy. VSM indicated the Fe3O4 

@SiO2 nano-spheres had saturated magnetization of 33.5 emu/g and coercive force of 85 Oe. XRD patterns 2θ peaks of 

Fe3O4 matched well with lattice planes of the face-centered cubic lattice of JCPDS Card. The Fe3O4@SiO2 diffraction angles 

of 30.28°, 35.58°, 43.24°, 57.26°, and 62.71° corresponded to SiO2(220), (311), (400), (511), and (440) crystal faces, 

respectively. Compared to the room temperature spectrum, FTIR spectra confirmed the peaks at 1325 and 1152 cm
-1 

were 

ascribed to O=S=O stretching vibrations. The result may be attributed to that the surface-modified Fe3O4 and the utilization of 

visible light and hinder the recombination process. 
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1.  Introduction 

 

This Fe3O4 nanoparticles are widely used in magnetic 

imaging biomedicine [1], electromagnetic wave absorption 

[2] heavy metal ions removal [3], image diagnosis, and 

biomedicine fields. This growing interest of Fe3O4 is due 

to its characteristics such as strong magnetism, long 

durability, good biocompatibility, low toxicity and low 

cost [4, 5]. Nano- magnetic core-shell Fe3O4 has shown 

their tremendous potential in MR imaging, drug delivery, 

bio-molecule tagging and capturing inorganic or organic 

pollutants from water. Recently, the rapid advance of 

nano-magnetic Fe3O4 materials and nano-technology has 

brought new opportunities for water treatment. 

Nevertheless, Because of their easy suspension in water, it 

is quite difficult to remove these nanomaterials from large 

volumes of water, which limits their practical application. 

An effective strategy to solve this problem is to embed 

magnetic iron oxides to form magnetic nanocomposites, 

which provides a convenient tool for exploring magnetic 

separation techniques as a result of their unique magnetic 

response [6, 24–29].  

Magnetic Fe3O4 nano -particles have been widely used 

in magnetic targeting, image diagnosis, drug carrier, 

magnetic heat treatment and magnetic separation due to its 

inherent magnetic and surface effect [12-17]. Also, silicate 

materials have been used as adsorbents by many 

researchers for removal of some toxic metal ions [18–23].
 

Titanium dioxide nanoparticles as photocatalyst have the 

role of degradation of toxic heavy metal pollutants. 

Particularly detailed study of U(VI) adsorption on various 

nanoscale adsorbents like hollow SiO2 nano-spheres 

functionalized with amidoxime [9], nanoscale zero valent 

iron on activated charcoal [7], diamine functionalized 

hollow silica nano-spheres [9], hydrous TiO2 [14] and 

magnetic oxide have been reported importantly [8,10,11].
 
 

In the present work, we report the synthesis of 

Fe3O4@SiO2, Fe3O4@PZS@TiO2, and 

Fe3O4@SiO2@TiO2 nano-particles with well-defined 

core-shell nanostructure. Fe3O4 subnano-spheres were 

obtained by the chemical co-precipitation method via a 

chemical conversion route using chemical template. The 

as-prepared Fe3O4@ SiO2 @TiO2 micro-spheres were 

characterized, which consists of a magnetite core and a 

magnesium silicate shell. The nano-composites have been 

measured by X-ray Powder Diffraction (XRD), HR-TEM, 

FTIR spectroscopy, and VSM. The Fe3O4 nano-particles 

with well-defined core-shell nanostructure obtained not 

only show magnetism but also have enhanced conductive, 

optical, catalytic and biological properties nanoparticles 

compared to individual component materials.     

 

 

2. Experimental section 

 

2.1. Preparing of Fe3O4@PZS nano-spheres 

 

Mono-dispersed nano-spheres of various average sizes 
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were synthesized according to our experiment. Typically, 

Triton X-100 (1.5 mL, 0.98 g•mL
-1

) was added to NaOH 

aqueous solution (250.0 mL,1.0M) contained in an 

erlenmeyer flask for the synthesis of 20 nm Fe3O4 

nano-particles. After vigorous stirring for 1 h, FeCl3•6H2O 

(0.71g) and FeCl2•4H2O (0.71 g, 1:1, by mole) were 

dissolved in deionized water uniformly, which was added 

to the above solution slowly with vigorous stirring at 80℃ 

for 0.5h. Furthermore, it was sealed and heated at 200 
0
C 

for 12h before cooling to room temperature. The Fe3O4 

powders were washed and extracted by centrifuge 

separation using acetone at a speed of 6000 rpm for 15 

min. The black precipitate was washed for two times using 

with anhydrous ethanol and deionized water using a speed 

of 6000 rpm for 15 min. Then, the black nano-spheres 

Fe3O4 were dried in a vacuum oven.  

The chemical Iron(Ⅲ) chloride hexahydrate 

(FeCl3•6H2O) and Iron(Ⅱ) chloride tetrahydrate 

(FeCl2•4H2O) were purchased from Chemical Reagent 

Co.Ltd. The t-Oct-C6H4-(OCH2CH2)xOH, 

(x=9-10,Triton X-100), hexachloro-cyclotriphosphazene 

(HCCP), tetrahydrofuran (THF), anhydrous ethanol, 

triethylamine (TEA), 4,4'-sulfonyldiphenol (BPS), 

chloroauric acid (HAuCl4), sodium borohydride (NaBH4), 

Tetraethyl orthosilicate (TEOS), sodium citrate (Na3Ct), 

acetic acid, titanium tetrabutoxide (TBOT), Sodium 

hydroxide (NaOH) were used with analytical purity from 

Chemical Reagent Co. Ltd. All reagents were used without 

further treatment. 

Thus, Fe3O4 nanoparticles (0.4g) and HCCP (1.6g) 

were dissolved in a mixed solution of THF (81.0 mL), 

anhydrous ethanol (9.0 mL) and TEA (20.0 mL) by 

sonication for 20 min, followed by the addition of BPS 

(3.6 g) sequentially. The mixture reacted for 6h at room 

temperature under a continuous sonication. The resultant 

precipitate was washed with THF and anhydrous ethanol, 

and it was dried in the vacuum.  

Moreover, 100 mg of the prepared Fe3O4@PZS 

nano-particles were dispersed in a mixture of 180 mL of 

ethanol and 50 mL of deionized water by ultra-sonication 

for 10 min. Then acetic acid (10 mL), H2O (3 mL) and 

anhydrous ethanol (30 mL) were dissolved in beaker and 

added in drops to the above solution with vigorous stirring 

for 40 min, followed by heating the solution under reflux 

at 85 
0
C for 90 min. The resulting products were washed 

with acetone, deionized water, and anhydrous ethanol by 

magnetic decantation three times and dried in the vacuum. 

The solid products were collected using an external 

magnetic field, rinsed with deionized water, ethanol and 

dried in a vacuum oven. 

 

 

2.2. Fabricated Fe3O4@SiO2 nano-spheres 

 

100 mg of the prepared Fe3O4@PZS nano-particles 

was dispersed in a mixture of 30 mL ethanol and 50 mL 

deionized water by ultrasonication for 15 min. Then, under 

continuous mechanical stirring, 24 mL ammonia solution 

(25%) and 1.8 mL TEOS were added to mixture sample 

dropwise. The reaction was allowed to proceed at 40 
0
C 

for 6 h. The resulting products were collected and washed, 

and then refluxed under continuous mechanical stirring in 

120 mL ethanol at 80
 0
C for 12 h. The solid products were 

collected using an external magnetic field, rinsed with 

deionized water, ethanol and dried in a vacuum oven at  

60 
0
C for 4 h. 

 

 

2.3. Synthesis of Fe3O4@SiO2@TiO2 nano-spheres 

 

The core-shell Fe3O4@SiO2@TiO2 nano-spheres were 

synthesized by the previously reported method. Briefly, 

the above Fe3O4@SiO2 solution (0.15g) was mixed with 

ethanol (30 mL), deionized water (3 mL), and HPC (0.05 g) 

under vigorous stirring for 40 min. Then, 0.2 mL TBOT 

dissolved in ethanol (5 mL) was added dropwise, followed 

by heating the solution under reflux at 85
 0

C for 90 min. 

Finally, the resulting products were washed with ethanol 

four times by magnetic decantation and dried at 60 
0
C for 

6 h under vacuum.  

 

 

2.4. Measurement method 

 

Transmission electron microscopy (TEM) images, 

high-resolution TEM (HRTEM), and EDS spectroscopy 

were performed on a JEOL TEM-2100 operating 

transmission electron microscope equipped with a 

post-column Gatan imaging filter (GIF-Tridium) at an 

acceleration voltage of 200 kV.  Powder X-ray diffraction 

(XRD) measurements were carried out using a Bruker D8 

Advance X-ray diffractometer with Ni-filtered Cu-Ka 

radiation (40 kV, 40 mA). Fourier transform infrared 

(FTIR) spectroscopy was recorded on Bruker tensor 27 

spectrometer using KBr pellets. Magnetic properties were 

determined with Lakeshore 665 vibrating sample 

magnetometry (VSM). Photographs were taken with a 

digital camera (PowerShot SX210 IS, Canon, Japan). 

UV-vis absorption spectrum was obtained by 

spectrophotometer at room temperature. The 

Brunauer-Emmett Teller (BET) method was utilized to 

calculate the specific surface areas using adsorption data in 

a relative pressure range from 0.05 to 0.25. Fluorescence 

emission spectrum and excitation spectra were obtained by 

Edinburch instruments FSL 980 S2S2 –STM 152 

spectrophotometer in the UV-VIS-NIR spectral range at 

low temperature. 

 

 

3. Results and discussion 

 

3.1. Procedure 

 

The mechanism of fabricating highly cross-linked PZS 
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products by SN2 reaction between HCCP and BPS, as well 

as the preparation procedure of Fe3O4@PZS@TiO2 

nano-spheres are presented in Fig. 1. First, Fe3O4 

nano-spheres were obtained by the chemical 

co-precipitation of FeCl3•6H2O and FeCl2•4H2O. Then, 

Fe3O4@PZS nano-particles were achieved by coating the 

highly cross-linked PZS obtained by the poly-condensation 

of comonomers HCCP and BPS. Finally, SiO2 shell was 

coated by isopropyl alcohol and ammonia solution using 

the Stçber method to obtain Fe3O4@SiO2core–shell 

micro-spheres, and TiO2 shell was created by the hydrolysis 

of titanium tetrabutoxide (TBOT). 

 

 

 
Fig. 1. Preparation procedure of Fe3O4@PZS@TiO2 anostructure. Mechanism of fabricating highly  

cross-linked PZS products by SN2 reaction between HCCP and BPS (color online) 

 

 

3.2. TEM properties 

 

The morphological structure of Fe3O4, 

Fe3O4@PZS@TiO2 (a) and Fe3O4@SiO2 nano-spheres (b) 

were investigated by high resolution transmission electron 

microscopy JEOL TEM-2100 (HR-TEM). Fig. 2 shows 

the well obtained core-shell Fe3O4@PZS@TiO2 

nano-composites with the average size of about 15 nm. 

The microscopy of Fe3O4 crystal lattice structure is 

measured as shown in Fig. 2. 

 

 

Fig. 2. The TEM images of (a)Fe3O4@PZS@TiO2 nanoparticles and (b)Fe3O4@SiO2 nanoparticles 

 

3.3. XRD characteristics 

 

The crystallographic structure and phase purity of the 

synthesized products are identified by XRD. Fig. 3 

indicated XRD patterns of Fe3O4, Fe3O4@SiO2 

nano-particles. The XRD patterns were recorded in a 

reflection mode (Cu Ka radiation) on a Bruker D8 

Advance X-ray diffractometer. The five characteristic 

peaks of Fig. 3 (2θ=30.28, 35.58, 43.24, 57.26, 62.71) 

corresponded to the (220), (311), (400), (511), and (440) 

lattice planes of the face-centered cubic lattice of Fe3O4 

(JCPDS Card No.19-0629), while the peaks of Fe3O4 were 

also observed in Fe3O4@PZS illustrating that the phases of 

the surface modified Fe3O4 were not changed. As for the 

Fe3O4@PZS@Au nano-particles, besides the peaks of 

Fe3O4, four additional peaks positioned at 2θ values of 

38.37, 44.32, 64.65, and 77.71 matched well with the (111), 

(200), (220), and (311) lattice planes of the face-centered 

cubic lattice of Au (JCPDS Card No.04-0784), which 

showed that the presence of Au in Fe3O4@PZS@Au 

nano-particles. The five characteristic peaks of Fe3O4 were 

observed in Fe3O4@SiO2. After coating with the TiO2 

layer and air annealing, we tested crystallization and phase 

composition of TiO2 nano-spheres. The three characteristic 

peaks (2θ=25.3°, 37.8°, 48.0°) corresponded to TiO2 

anatase phase (101), (004) and (200) lattice planes of the 

cubic lattice of Fe3O4. 

(a) (b) 



566                Xinyuan Yuwen, Xiaorui Hu, Haihong Yan, R. Ren, Yilin Wang, Fuhai Zhao, Xunchao Chu 

 

 

Fig. 3. XRD patterns of Fe3O4, nanoparticles 

 

3.4. VSM Magnetic performances 

 
Fig. 4 shows the hysteresis loops of the dried 

Fe3O4@SiO2 nano-particles cycling the field between 
-7500 Oe to 7500 Oe at room temperature. Curve is the 
hysteresis loop of Fe3O4 @ SiO2 nano-spheres, the 
saturated magnetization is 33.5 emu/g, coercive force of 
85 Oe. It indicated that Fe3O4 remained strong magnetic 
structure, after the Fe3O4 nano-particles were carried out 
on surface modification of organic polymer and inorganic 
nano-particles. The hysteresis loops of the dried 
Fe3O4@SiO2 nano-particles display good performances at 
room temperature cycling the field between -7500 Oe to 
7500 Oe. 

Fig. 5 shows that nano Fe3O4@SiO2 nano-spheres are 
dispersed in deionized water. The liquid came in light 
brown liquid as shown in Fig. 5 on the right. The magnet 
particles can quickly gather under a plus magnet. If we 
remove the magnet and shake slightly, the Fe3O4 @ SiO2 
can spread out again. Using organic polymer and inorganic 
nanoparticles surface modified, the nanoparticles Fe3O4 @ 
PZS, and Fe3O4@SiO2@TiO2 also displayed strong 
magnetic properties and stability in the same way. 

 

Fig. 4. The magnetization curve of Fe3O4@SiO2 

nano-particles  at room  temperature cycling the field  

           between -7500 Oe to 7500 Oe 

 
 

Fig. 5. Magnetic nanoparticles Fe3O4@SiO2 absorbed by 

magnets 

 

3.5. FTIR and single emission monochromator  

   Fluorescence spectrometer performances  

 
Fig. 6 shows FTIR spectra of Fe3O4@PZS 

nanoparticles. The peaks at 1325 and 1152 cm
-1 

(peak 1 
and 2) were ascribed to the O=S=O stretching vibrations 
of the BPS, and the peaks at 1489 and 1587 cm

-1 
(peak 3 

and 4) were assigned to the C=C stretching vibrations of 
the BPS. The peak at 1185 cm

-1 
(peak 5) was associated 

with the P=N stretching vibration of the HCCP shown in 
Fig. 7. Furthermore, the peak at 941 cm

-1
 (peak 6) was 

ascribed to the P-O-Ar band, which was an obvious 
evidence of the existent of PZS obtained by the 
comonomers HCCP and BPS. For pure magnetic Fe3O4, 
the vibrational band Fe3O4 at around 586 cm

-1
 is related to 

the v (Fe-O) lattice vibration. The silica coated magnetite 
sample shows two weak absorption bands at 804 cm

-1
 and 

950 cm
-1

, and a significant characteristic absorption band 
at 1099 cm

-1
, corresponding to the stretching vibrations of 

v(Si-O-Fe), v(Si-OH) and v(Si-O-Si), respectively. These 
results indicate that SiO2 is deposited on the surface of 
Fe3O4 nano-spheres and Fe3O4@ PZS core-shell 
nano-spheres shown in Fig. 7. 

 

 

Fig. 6. FTIR spectra of Fe3O4 nanoparticles 
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Fig. 7. FTIR spectra of Fe3O4@SiO2 nano-particles 

 

When these images are combined with line 

scanning profiles, the core-shell structure of a Fe3O4 

core and TiO2 nanosheet shells can be clearly observed. 

From the EDS, XRD, and HRTEM results, it can be 

confirmed that hierarchical Fe3O4@TiO2 core-shell 

nano-spheres have been success-fully synthesized. 

The magnetic nanoparticles Fe3O4 coated TiO2 

show some weak emission bands at 393, 437, 458, 546, 

569, 594, 617, 642 nm and a significant emission band 

characteristic at 666 nm corresponding to the stretching 

vibrations of v(Ti-O-Fe), v(Ti-OH) and v(Ti-O-Ti), 

respectively. The measured results suggested that the 

obtained magnetic hetero-structure nano-crystals could 

be a promising catalyst in the photo-Fenton process. 

  

 
4. Conclusion 

 

In summary, the core-shell nano-particles 

Fe3O4@SiO2, Fe3O4@PZS@TiO2 and 

Fe3O4@SiO2@TiO2 with well-defined core-shell 

nano-structures have been successfully synthesized by 

coating the Fe3O4@PZS nano-structures with SiO2 and 

TiO2 shells, respectively. The Fe3O4@SiO2, 

Fe3O4@PZS@TiO2 and Fe3O4@SiO2@TiO2 core-shell 

could indicate better super-paramagnetism even though 

Fe3O4 nano-particles were encapsulated in SiO2, and 

TiO2 shells. In addition, the Fe3O4@SiO2, 

Fe3O4@PZS@TiO2 and Fe3O4@SiO2@TiO2 with 

well-defined core-shell nanostructure not only have 

obtained the magnetism of Fe3O4 but also have FTIR 

spectra fluorescence, enhanced conductive, optical, 

catalytic and biological properties of PZS, SiO2, and 

TiO2 core-shell nano-structures compared to their 

individual single component materials. The results 
suggested that the as-obtained magnetic hetero-structure 

nano-crystals could be a promising catalyst in the 

photo-Fenton process. The Fe3O4 magnetoelectricity 

properties are due to the strong hybridization of the 

unoccupied iron 3d states with the oxygen 2p at the 

tetrahedral site. 
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