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Abstract: In a simple ethanol-water system, the magnetic α-Fe nanoparticles (with an average diameter of 10−40 nm) were prepared 
by reduction of Fe2+ using potassium borohydride in the presence of surfactant. Then the shell was formed by hydrolysis- 
condensation polymerization of tetraethylorthosilicate (TEOS) on the surface of the Fe particles. The samples were characterized by 
XRD, TEM, SAED, TG-DSC and VSM. The results indicate that a thin film of silica is coated on the surface of Fe particles through 
a Si—O—Fe bond. The coated shell of silica can effectively protect the Fe cores from being oxidized. 
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1 Introduction 
 

The properties of nanometer-sized magnetic iron 
particles have been investigated extensively by both 
experimental and theoretical analysis. On the one hand, 
these particles show promise for practical applications, 
such as catalysis, magnetic recording, magnetic fluids, 
and biomedical applications; on the other hand, their 
utility has been limited due to easy aggregation and 
uncontrolled oxidation[1]. Freshly formed iron 
nanoparticles often ignite spontaneously upon exposure 
to air or undergo a rapid exothermic reaction with 
oxygen under ambient aerobic condition[2]. One method 
for controlling the oxidation is to coat the particles, 
which means to create a core-shell structure. The shell 
could protect the nanoparticles from oxidation and 
reduce the dipole interaction. Furthermore, the coating is 
beneficial for nanomagnet, such as compatibility in 
biological system, functionality and high suspension 
stability under different solutions[3]. Generally, silica 
coating of oxides can be easily got, which can be 
combined by the silica with —OH surface groups. 
However, silica deposition on pure metal particles is 
more complicated, because of the lack of —OH groups 
on the metal surface[4]. Currently, the coating of 
magnetic metal particles without any additional organic 
molecules is still a challenge. There have been reported 

about the nanocoating techniques encapsulating iron 
nanoparticles. Fe nanoparticles have been coated with Au 
by a reverse micelle method[5]. Fe nanoparticles coated 
with SiO2 have been synthesized in aqueous solution[6].  
Iron–iron oxide core–shell nanoparticles were also 
synthesized by laser pyrolysis followed by superficial 
oxidation[7]. Ni-based coating synthesized by rare earth 
was added into the Co-based coatings[8]. Though these 
nanocoatings can protect the metal nanoparticles against 
the oxidation, they still have some problems. 

In this work, the preparation of α-Fe nanoparticles 
by reduction of ferrous ion using KBH4 in simple 
ethanol-water system in the presence of surfactant has 
successfully performed. The synthesized α-Fe 
nanoparticles is coated by SiO2 to prevent the iron from 
being oxidized. Silica coating helps dispersion of the 
synthesized nanoparticles. At the same time, silica 
coating helps dispersion of the synthesized α-Fe 
nanoparticles. 
 
2 Experimental 
 
2.1 Materials 

Tetraethylorthosilicate (TEOS), ammonia (25%, 
mass fraction), sodium dodecylsulfate (SDS, 99%), 
potassium borohydride (KBH4, 98%), chloride 
tetrahydrate (FeCl2·4H2O, 98%), nitrogen (99.5%) and 
absolute ethanol (95%) were all of analytic grade without 
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further purifying. 
 
2.2 Preparation of iron nanoparticles 

Nanoscale zero-valence iron particles can be 
prepared in aqueous solutions via the reduction of ferric 
iron (Fe(Ⅲ) or ferrous iron Fe(Ⅱ)) with potassium 
borohydride[9−10], or via decomposition of iron 
pentacarbonyl (Fe(CO)5) in organic solution or in argon 
[11−14]. Zero-valence iron particles can also be prepared 
from hydrogen reduction of iron oxides. In this work, 
potassium borohydride was introduced to reduce ferrous 
iron (Fe2+) to prepare zero-valence iron particles (ZVI), 
according to the following reaction[15]:  

2+
(aq) 4(aq) 22Fe +BH +3H O− → 

0 +
2 3(aq) (aq) 2(g)2Fe +H BO +4H +2H−           (1) 

 
The key advantage of this method is its simplicity. It 

can be safely done in most chemistry lab with simple 
chemical reagents. All procedures for synthesis and 
handling during this experiment were carried out under 
an atmosphere of N2 (99.5%). All solvents were degassed 
and saturated with N2 before using, based on the 
literatures[16−17]. Typically, some SDS was added into 
100 mL ethanol-water solution containing 0.05 mol/L 
FeCl2 (here the volume ratio of ethanol to water was 10:1, 
the concentration of SDS was 0.04 mol/L) with vigorous 
stirring to form a mixture. Then 50 mL ethanol-water 
solution containing 0.25 mol/L KBH4 (here, the volume 
ratio of ethanol to water was 4:1) was added into the 
stirred mixture above. Then, the solution was stirred for 
30 min at 45 ℃ and a black precipitate appeared. The 
precipitate was separated from the mixture with a magnet, 
and then it was washed for five times with absolute 
ethanol, finally it was dried in vacuum stove for 24 h at 
60 ℃. 
 
2.3 Preparation of iron nanoparticles coated with 

silica 
The above prepared iron seed solution was added 

into 100 mL ethanol-water solution (the finally volume 
ratio of ethanol to water was 10:1), with constant stirring, 
and then ammonia solution (25%) was injected to adjust 
pH of the solution at 8−9 and TEOS (molar ratio of   
TEOS to Fe2+ was 1:1) was added to the reaction mixture. 
The reaction was run for 4 h at room temperature with 
constant stirring, then aged for 24 h and washed with 
deionized water several times to remove dissociative 

polysiloxane, unreacted monomer and polysiloxane 
oligomers followed by absolute ethyl. The composite 
particles were then dried at 60  in oven for 6 h.℃  
 
2.4 Characterization of iron nanoparticles 

The X-ray diffraction patterns were obtained on a 
Bruker D8 Advance X-ray diffractometer with Cu Kα 
radiation (λ=1.540 56 Å). The images of iron and 
SiO2-coated iron nanoparticles were recorded with a 
Philips EM 400T Transmission Electron Microscopy 
(TEM) (Philips Electronics Co, Eindhoven, Netherlands) 
operated at 100 kV. The thermal analysis experiment was 
carried out on a NETZSCH STA 449C Series thermo 
gravimetric analyzer (TGA) and a Perkin-Elmer 
differential scanning calorimeter (DSC) under the 
following operational conditions: with a 8 mg power 
sample heated from 20 to 550 ℃ under air atmosphere 
at a rate of 10 ℃/min. Their magnetic properties at room 
temperature were investigated using a vibrating sample 
magnetometer (VSM). 
 
3 Results and discussion 
 
3.1 Structure of magnetic composite particles 

TEOS would hydrolyze and happen in the presence 
of water, silicic acid was formed as one of the 
hydrolysates (Eq.(2)), and the purpose of adding 
ammonia was to promote the hydrolysis of TEOS. Then, 
silicic acid molecule would polymerize with other silicic 
acid or TEOS molecule (Eq.(3) or Eq.(4)); the product of 
this step was the monomer or oligomer of polysiloxane. 
Finally, the monomers or oligomers of polysiloxane 
along with silicic acid molecules had very high activities, 
and could be adsorbed on the surface of the iron particles 
rapidly, the polymerization of Eq.(5) occurred on the 
surface of the iron particles and the polysiloxane film 
thus covered around the particles tightly (Fig.1). 
 
Si(OC2H5)4+4H2O→Si(OH)4+4C2H5OH           (2)  
Si(OH)4+ Si(OH)4→(HO)3Si-O-Si(OH)3+H2O    (3)  
Si(OH)4+(C2H5O)4Si→ 

(HO)3Si—O—Si(OC2H5)3+C2H5OH           (4)  
n(Si—O—Si)→—Si—O—Si—n−x—Si—OH—x     (5) 
 

3.2 Structure and antioxidation property of products 
Fig.2 shows the X-ray diffraction patterns of the 

 

Fig.1 Mechanism of SiO2-coat on iron surface 

( ( ) )
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Fig.2 X-ray diffraction patterns of as-prepared samples:     
(a) Uncoated iron nanoparticles; (b) SiO2-coated iron nano- 
particles 
 
uncoated iron nanoparticles and the SiO2-coated iron 
nanoparticles, where 2θ is at the range of 10˚−90˚. Form 
Fig.2(a), it can be seen that there are five diffraction 
peaks at 11.82˚, 35.36˚, 62.47˚, 38.08˚ and 44.60˚, 
corresponding to α-Fe reflection and Fe3O4 or Fe2O3 
reflection, respectively, which show on the one hand that 
α-Fe has indeed been synthesized, on the other hand that 
α-Fe nanoparticles with highly surface activity can be 
oxidized. Fig.2(a) shows only two diffraction peaks of 
ferric oxide, it cannot be identified whether the oxidation 
product is Fe3O4, Fe2O3 or most likely a mixture of the 
two. The yellowish of the product suggests the presence 
of Fe2O3. The compact shell of Fe2O3 generated on the 
surface of α-Fe particles hinders further oxidation of 
inner iron core. The background of XRD pattern in 
Fig.2(a) suggests that the crystallization of the products 
is far from completion, which was a result of low 
temperature synthesis. 

By contrast, In Fig.2(b) we can see that there is no 
diffraction peak of any iron oxide, the only three 
diffraction peaks at 28.90˚, 37.94˚ and 44.60˚ are 
observed. The diffraction peaks at 37.94˚ and 44.60˚ are 
clearly due to the existing of α-Fe particles, while the 
peak at 28.90˚ may be attributed to silica coating, which 
shows not only that there are indeed α-Fe in uncoated 
iron nanoparticles but also that SiO2-coated iron 
nanoparticles prevent the α-Fe from oxidizing. 

The TEM image was used to identify the 
morphology of uncoated and SiO2-coated iron 
nanoparticles with an average diameter of 10−40 nm. 
From Fig.3(b), we can see a very thin film of iron oxides 
with thickness of 2−4 nm on the surface of the iron 
powders, which may result in a slight inevitable surface 
oxidation during the process of cleaning and dryness, it 
agrees with the X-ray diffraction pattern of sample. The 
loose layer of iron oxides can not well protect the iron 

from further oxidation; however, it is essential for the 
successful coating in the absence of any surfactants. 
Generally, without any surfactants, the pure metallic iron 
was vitreophobe, which makes the interaction between 
silica and the metallic particles difficult. However, the 
thin layer of surface oxides changes the particle surface 
into vitreophilic, making the attachment of silica on iron 
much easier through the —OH surface groups[4]. In 
Fig.3(c) the coating film was about 10nm. All the images 
 

  
Fig.3 SAED pattern of uncoated iron nanoparticles (a), TEM 
pattern of uncoated iron nanoparticles (b) and TEM pattern of 
SiO2-coated iron nanoparticles (c) 
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also show that the most particles formed chain-like 
aggregation, which is due to the magneto static reaction 
and surface tension. 

In order to confirm the difference of anti-oxidation 
capability of the coated and uncoated samples, the 
TG-DSC curves were measured. Fig.4 shows that the 
mass change of the SiO2-coated iron nanoparticles is 
rather obvious from 20 to 550 ℃. In the segment from 
20 ℃ to 360 ℃, the mass loss is 9.89%, associated with 
an endothermic peak at about 298 ℃. This indicates a 
physical process, which vaporizes the absorbed gases. 
From 360 ℃ to 500 ℃ , most of SiO2-coated iron 
nanoparticles almost keep unchanged, this attributes to 
the protective SiO2 shell formed on the surface of the 
iron core. Fig.5 shows the TG-DSC curves of the 
uncoated iron nanoparticles, its mass loss and gaining 
stage are just the same with the SiO2-coated iron 
nanoparticles from 20 ℃ to 350 ℃, and the mass loss 
rate is 8.85%. From 360 ℃ to 550 ℃, TG-DSC curves 
exhibit an abrupt mass gain, associating with an 
exothermic peak at about 463 ℃. This implied that the 
iron nanoparticles have been oxidized to iron oxides. The 
 

 
Fig.4 TG-DSC curves of SiO2-coated iron nanoparticles 
 

 
Fig.5 TG-DSC curves of uncoated iron nanoparticles 

exothermal peaks at 463 ℃ is attributed to chemical 
reactions of oxidization, in which the iron core is 
oxidized to Fe2O3 and Fe3O4, which was confirmed with 
the X-ray diffraction patterns. So the two samples 
exhibited different resistance abilities to oxidation and 
the SiO2 shell can protect the iron nanoparticles from 
further oxidation. 
 
3.3 Magnetic properties 

Magnetic properties of the two samples were 
investigated at room temperature using a VSM in an 
applied field −557.046 kA/m≤H≤557.046 kA/m. Fig.6 
and Fig.7 show the magnetic hysteresis loops for the 
uncoated iron nanoparticles and SiO2-coated iron 
nanoparticles samples. Values of saturation magnetization 
(Ms), coercivity (Hc) are: 0.146 2 T, 20.769 858 kA/m for 
uncoated iron nanoparticles sample; 0.258 1 T,    
20.929 014 kA/m for SiO2-coated iron nanoparticles 
sample. The magnetization discrepancy in magnetiza- 
tion value between bulk and our nanoparticles could be 
attributed to the small particle size effect. It is known 
that the saturation magnetization value of nanoparticles 
is smaller than that of corresponding bulk materials 
[18−22]. The magnetic iron nanoparticles coated some 
 

 
Fig.6 VSM curve of uncoated iron nanoparticles 
 

 
Fig.7 VSM curve of SiO2-coated iron nanoparticles 
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iron materials and SiO2 shell may serve as promising 
magnetic labels for highly efficient bioseparation/drug 
delivery and highly sensitive biodetection. 
 
4 Conclusions 
 

1) α-Fe nanoparticles were synthesized by a simple 
ethanol-water system in the presence of surfactant and 
the average particle size was at the range of 10−40 nm. 
Shell silica was produced by the hydrolysis and 
condensation of tetraethyl orthosilicate (TEOS). 

2) The analysis of XRD, TEM, SAED, TG-DSC and 
VSM indicates that the product has a core-shell structure 
which is combined through the bonding of  Si—O—Fe. 

3) Due to the large specific surface area of particles 
and high surface reactivity of the synthesized α-Fe 
nanoparticles, the particles are found to be easily 
oxidized. The protective SiO2 shell effectively improves 
the thermal stability of Fe nanoparticles in air. 

4) SiO2-coated iron nanoparticles are of great 
importance in applications, such as catalysis, magnetic 
recording, magnetic fluids, and biomedical applications. 
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