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Abstract 

This paper is a report on the synthesis of the Fe3O4@Ag core-shell with high saturation magnetization 

of magnetite nanoparticles as the core, by using polyol route and silver shell by chemical reduction. X-

ray diffraction (XRD) and Fourier transform infrared spectroscopy analyses confirmed that the 

particles so produced were monophase. The magnetic properties of the product were investigated by 

using a vibrating sample magnetometer. Magnetic saturation of magnetite was 91 emu/g that around 

about bulk magnetization. This high saturation magnetization can be attributed to the thin dead layer. 

By using polyethylene glycol as a surfactant to separate and restrict the growth of the particles, 

magnetostatic interactions are in good agreement with the remanence ratio analysis. Morphology and 

the average size of the particles were determined with field emission scanning electron microscope 

(FESEM). Spherical aggregates of Fe3O4 (size around 73 nm) are composed of a small primary 

particle size of about 16 nm. Silver deposition was done using butylamine as the reductant of AgNO3 

in ethanol with different ratio. The silver layers were estimated using statistical histogram images of 

FESEM. Silver-coated iron oxide nanohybrids have been used in a broad range of applications, 

including chemical and biological sensing, due to the broad absorption in the optical region associated 

with localized surface plasmon resonance. 
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1. Introduction 

The study of magnetic iron oxide 

nanoparticles is interesting due to their 

properties that arise from a finite size, and 

surface effects that vigorously impacted 

magnetic properties relative to the bulk for 

showing remarkable phenomena, such as 

superparamagnetism [1] and their applications, 

in a wide range, such as magnetic fluids 

hyperthermia [2], magnetic resonance imaging 

(MRI) [3] and magneto-optics devices [4]. 

Hybrid nanoparticles that are formed from the 

combination of two types of nanoparticles are 

highly regarded in a variety of applications, 

such as MRI and photothermal therapy [5]. 
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Silver-coated iron oxide nanocrystals have 

also attracted attention due to their specific 

characteristics. The decrease in size below the 

electron mean free path in nanostructures of 

noble metals gives rise to intense absorption in 

the optical region associated with localized 

surface plasmon resonance [6]. Localized 

surface plasmons have been used in a broad 

range of applications including chemical and 

biological sensing [7] and photothermal 

therapy [8]. Each potential application 

requires the nanoparticles to have different 

properties. Silver-coated iron oxide 

nanohybrids have also been used in a broad 

range of applications including chemical and 

biological sensing due to the broad absorption 

in the optical region associated with localized 

surface plasmon resonance. 

A wide variety of methods have been used 

to synthesize magnetite nanoparticles, such as 

co-precipitation method [9], sonochemical [10], 

liquid polyols [11] and so on. The mechanism 

of polyol reaction is still under study. Ethylene 

glycol is a good reducing agent with a 

relatively high boiling point, and has been 

widely used in the polyol process as both 

reductant and solvent to provide monodispersed 

fine metal, or metal oxide nanoparticles [12]. It 

has been discovered that the reduction is based 

on the decomposition of the ethylene glycol 

and its conversion to acetaldehyde [13]. The 

temperature is a dominant factor that influences 

the reducing potential of a polyol compound, 

rupture and creation of the chemical bond, and 

diffusion [14]. Sodium acetate is used as a base 

to maintain a relatively constant pH at around 

6.8 during reaction, and as an electrostatic 

stabilizer to prevent particle agglomeration. It is 

also an assistant to the ethylene glycol-

mediated reduction of FeCl3 to Fe3O4. It has 

been reported that polyethylene glycol (PEG) 

with a uniform and ordered chain structure is 

easily absorbed at the surface of a metal oxide 

colloid [15], and acts as a dispersion stabilizer. 

When the surface of the colloid adsorbs this 

type of polymer, the activities of the colloid 

greatly decrease, and the growth rate of certain 

facets in some of the colloids will be confined 

[16]. By using PEG as a surfactant, we 

prevented particle growth, decreased 

interparticle interactions, and controlled the 

morphology. 

 This paper reports modification on the 

synthesis and characterization of core-shell 

nanoparticles with a magnetite core and a 

silver shell by varying the concentration ratio 

of the reduction agent to deposit of silver on 

magnetite. 

2. Experimental Procedures 

The chemical reagents used in this work are 

ferric chloride 6 hydrate (FeCl3·6H2O), silver 

nitrate (AgNO3), sodium acetate, butylamine 

(99%), polyethylene glycol (MW ∼3000 Da). 

All reagents were of analytical grade from 

Merck and were used without further 

purification. 

The spherical-shaped magnetite nanoparticles 

have been prepared by using the methods of 

Deng et al. [17] and Kim et al. [18]. FeCl3·6H2O 

(1.35 g, 5 mmol) was dissolved in ethylene 

glycol (40 mL) in an ultrasonic bath to form a 

clear solution. The pH of the solution was acidic. 

Then sodium acetate (3.7 g, 45 mmol) and 

polyethylene glycol (1.0 g, 0.05 mmol) were 

added dropwise to the solution while stirring for 

30 min. Then the acquired red precursor refluxed 

at 190°C for 16 h. After being cooled down to 

room temperature, the acquired black products 

were washed several times with ethanol and then 

dried at 80°C for 8 h. these black products are 

magnetite. To deposit silver on the magnetite 

particles, initially, 4 mM ethanolic silvering 

solution was prepared [Kim, 2010 #10], then 3 

mg Fe3O4 nanoparticles were dispersed in 30 mL 

of this solution in a polypropylene container by 

using an ultrasonic bath. The polypropylene 

container was used to avoid non-specific 

silvering of the reaction vessel. At the end, silver 

coating was achieved by adding butylamine as a 

weak reductant of AgNO3 in ethanol.  The molar 

ratios of the ethanolic silvering solution to 

butylamine were changed as 1:0.5, 1:1 and 1:2, 

and nominated as S1, S2 and S3, respectively. 

The resultant solution was incubated for 45 min 

at 50
o
C in an ultrasonic bath. After being rinsed 

with ethanol, the obtained product was 

redispersed in ethanol under sonication for 5 

min. 

3. Results and Discussion  

Figure 1 shows the FTIR spectra of Fe3O4 and 

S1 core-shell nanospheres.  
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Fig. 1. Fourier transform infrared spectra of Fe3O4 

and S1 core-shell nanospheres 

Infrared studies indicated the presence of a 

strong absorption line in both coated and pure 

magnetite located at 567 cm
−1

 which was 

attributed to the stretching vibration of Fe-O in 

tetrahedral sites. The band at 1600 cm
−1

 and 

the broad, intense band observed at 3000–

3500 cm
−1

 (with the maximum at 3400 cm
−1

) 

are assigned to the bending of the H-O-H 

molecules and the O-H stretching vibration, 

respectively. The peaks at 888 cm
−1

 and 1433 

cm
−1

 are attributed to the rocking CH3 and the 

bending -C-H vibrations, which show the 

existence of polyethylene glycol. Additionally, 

the new absorption peaks at 800 cm
-1

 and 1260 

cm
-1

 are assigned to the bending of N–H and 

C–N of butylamine, respectively, that 

demonstrates there are some butylamine 

residues present in the core-shell nanospheres. 

Due to silver being a metal element, no 

specific signals are found in the Fourier 

transform infrared spectroscopy spectrum.  

The formation of Fe3O4 was confirmed by 

X-ray diffraction (XRD), and is shown in 

Figure 2. The X-ray diffraction pattern of as-

prepared magnetite shows reflection planes 

(111), (220), (311), (222), (400), (422), (511) 

and (440) which were indexed in the Fd3m-Oh
7
 

space group (no. 227) corresponding to a 

spinel cubic structure, and the XRD spectrum 

shows no traces of other phases. After 

reduction of silver ions, the resulting XRD 

pattern of the products is shown in Figure 2. 

As silver is deposited on the surface of 

magnetite, an additional four diffraction peaks 

are observed at 38.1, 44.3, 64.4 and 77.4, 

corresponding to (111), (200), (220) and (311) 

planes of silver, respectively, with face-

centered cubic structure. As well as the 

characteristic diffraction peaks of Fe3O4, 

reflections can also be observed in Figure 2. 

 

Fig. 2. X-ray diffraction patterns of Fe3O4 and S1 

core-shell nanospheres 

The average size of the grain was 

determined by applying the Debye–Scherrer 

equation to the high intense peak. The lattice 

constant of the cubic crystal was computed 

using the d-spacing values and the respective 

(hkl) parameters, or directly by:  

2 2

2 2 2 2

sin

4h k l a

 


 
 (1) 

but since by increasing hkl  the lattice constant 

error decreases, the average lattice constant 

was determined by applying the above 

equation to two higher hkl values. The results 

are given in Table 1. 

Table 1. Structure properties of Fe3O4 and Fe3O4@Ag core-shell nanospheres 

Sample 
molar ratios of ethanolic silvering 

solution: butylamineand 

Lattice 

strain (%) 

Lattice 

constant (nm) 

Particle 

size (nm) 

Fe
3
O

4
 Fe

3
O

4
 - 0.385 0.838 14 

Fe3O4@Ag1 Ag 1:0.5 0.483 0.409 28 

Fe3O4@Ag2 Ag 1:1 0.474 0.408 28 

Fe3O4@Ag3 Ag 1:2 0.450 0.408 28 
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The scanning electron micrograph shows 

clusters of fine particles clinging together, and 

the aggregates are spherical in shape. A 

statistical histogram shows that the mean 

diameter of the Fe3O4 particles is about 73 nm, 

as shown in Figure 3a. The agglomerated 

clusters of particles are due to the 

magnetostatic coupling between the particles. 

A statistical histogram of the fine particles on 

the surface of the powders shows that the 

primary particle size is about 16 nm in 

dimension. 

After reduction of silver ions on the surface 

of magnetite, the smooth surface of the 

obtained nanocomposites is clearly visible in 

Figure 4. The approximated silver layers were 

estimated using statistical histogram images, 

3.5, 9 and 11 nm for S1, S2 and S3, 

respectively. 

Fig. 3. a) Field emission scanning electron microscope and statistical histogram images of as-prepared Fe3O4 

nanoparticles synthesized by polyol method, b) the fine particles on the surface of the powders 
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Fig. 4. Field emission scanning electron microscope 

and statistical histogram images of (a) S1, (b) S2, (c) S3 

Magnetic properties of nanoparticles were 

characterized using vibrating sample 

magnetometer (VSM with a maximal applied 

field of 10 kOe. Figure 5 shows the magnetic 

hysteresis loops of the nanoparticles at room 

temperature. Saturation magnetization (Ms), 

coercive field (Hc), and reduced remanent 

magnetization (Mr/Ms) are given in Table 2. 

 

Fig. 5. Hysteresis loops of Fe3O4 and Fe3O4@Ag core-

shell nanospheres 

Table 2. magnetic properties of Fe3O4 and Fe3O4@Ag 

core-shell nanospheres 

Sample 
Coercivity 

(Oe) 

Ms 

(emu/g) 

Mr 

(emu/g) 
Mr/Ms 

Fe
3
O

4
 53 91 11 0.12 

Fe3O4@Ag1 57 68 11 0.17 

Fe3O4@Ag2 68 53 17 0.33 

Fe3O4@Ag3 67 32 9 0.29 

The magnetic saturation value was 91 

emu/g for Fe3O4 that was similar to the 

saturation magnetization value of bulk 

magnetite. It is easy to infer that the evolution 

behaviors of Ms and Mr are highly dependent 

on the growth of nanoparticles, because both 

the changes of Ms and Mr are in association 

with the average crystallite size, but here the 

high saturation magnetization that can be 

attributed to the very thin dead layers have 

been observed in transmission electron 

microscopy (TEM) histogram. The reduced 

remanence magnetization (the ratio of the 

remanence (Mr) to the saturation 

magnetization (Ms)) shows the expected 

value for random assemblies of single-domain 
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nanoparticles with magnetostatic coupling. By 

using polyethylene glycol as a surfactant to 

separate and restrict the growth of the 

particles, magnetostatic interactions are 

dominated in agreement with the remanence 

ratio analysis. The magnetic saturation values 

were decreased while the molar ratio of 

butylamine was increased. It corresponds with 

increased diamagnetic silver nanoparticles 

distributed on the surface of magnetite. The 

coercivity of the magnetite and the 

Fe3O4@Ag core-shell nanoparticles were 

around 50 Oe. The Ag shell appeared to 

have no significant effect on the coercivity 

of the magnetite. 

4. Conclusion 
In summary, the polyol reduction technique 

has been used to yield magnetite nanosphere 

with the saturation magnetization as high as a 

value of bulk (80 nm diameter) as well as low 

coercivity (50 Oe). This can be due to the 

nanoparticles being in the single-domain 

region agglomerate, and separated by 

polyethylene glycol, that enhanced the 

stability of its magnetic properties. Then silver 

shell was coated on the magnetite 

nanoparticles by using butylamine as a weak 

reductant. The remaining magnetization was, 

nonetheless, strong enough, so that it could be 

expected to apply this composite to magnetic 

separation application, functional device 

assemblies, and MRI through further research 

and development. 
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