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This study investigated the microwave absorption properties of core-shell composites containing; iron oxide decorated carbon nanotubes 

(CNT) and silica (SiO2@Fe3O4/MWCNT) with various thickness of silica shell (7, 20 and 50nm). Transmission electron microscopy 

(TEM) and X-ray diffraction results confirmed the formation of these core-shell structures. Microwave absorption characterization of the 

samples at the ranging band under consideration (the X-band) showed increased absorption and shifting of the peaks to lower frequencies 10 

compared to uncoated sample (Fe3O4/MWCNT). The minimum reflection loss decreased with increasing SiO2 thickness. The minimum 

reflection loss of the composite with an optimized thickness of silica shell (7nm) exceeded -41dB at 8.7-9GHz.  

 

Introduction 

     Worldwide attention has been focused on microwave 15 

absorbing materials because microwave absorbing technology is 

a valuable topic for military purposes and also a rising major 

issue in the industrial field. In particular, there has been the 

development of radar absorbing material (RAMs) which can be 

widely used in the stealth technology of aircraft, microwave dark-20 

rooms and protection1,2. In recent years, there have been many 

attempts to design nano- RAMs, which have suitable factors such 

as: weight, cost, thickness and biocompatibility. There are a wide 

range of nanomaterials applied as nano-RAMs3-6.  

   The imaginary (ɛ″) part of complex permittivity is an important 25 

parameter which represents the electromagnetic energy loss 

ability of materials.  
   If an electromagnetic field propagates in a loss dielectric 

material, two kinds of electrical currents arise: displacement and 

conduction currents. The real part of permittivity describes the 30 

polarization effect due to the interaction with bound charges (i.e., 

the displacement current), and the imaginary part describes the 

effects due to free electron's (conduction current) increase to 

power loss. The real and imaginary part infers to the storage and 

loss part of the energy of a material respectively. Since, the 35 

MWCNT has free electrons in its skeleton, loading MWCNT 

inside an epoxy resin leads to increase the values of both 

imaginary part and real part of permittivity. Increasing the weight 

ratio of MWCNT, significantly improves the imaginary part of 

the permittivity in the MWCNT based composites. For example, 40 

incorporating 10wt% of MWCNTs inside the epoxy resin of 

EPON, increase the real and imaginary parts of permittivity range 

from 67–42 and 76–60 in the frequency of 8.2–12.4 GHz. This 

value for complex permittivity caused 20 decibels (dB) of 

attenuation7-9.  45 

   Whereas, CNTs do not show magnetic loss in the microwave 

absorbing process and their absorption characteristics are limited. 

The absorption characteristics of carbon nanotubes could be 

improved by using low decorating ratios of magnetic materials. 

Sometimes, the magnetic modification of nanotubes results in the 50 

enhancement of nanotube composite reflection loss of over 

20dB10-13.  

   Excellent electromagnetic wave absorption resulted from the 

efficient complement between the relative permittivity and 

permeability in materials. Either only the magnetic loss or only 55 

the dielectric loss may induce a weak electromagnetic wave 

absorption property due to the imbalance of the electromagnetic 

match. In the case of silica-coated iron oxide and MWCNT, a 

better match of the dielectric loss and magnetic loss may be 

realized by the existence of the protective silica shell14,15.  60 

    Furthermore, coating magnetic nanoparticles with an insulating 

material is realized as an effective way to increase the surface 

anisotropic energy and reduce the eddy current effect. Multi 

polarization on ferromagnetic/dielectric interfaces may also be 

conductive to high electromagnetic analysis efficiency16,17.  65 

    The uniform coating of metal nanoparticles with silica shells 

such as Fe3O4 and Fe nanocubes has been reported for microwave 

absorption with a minimum RL of about -5 and -18.2 dB, 

respectively. However, a minimum reflection loss lower than -20 

dB is required for practical applications18,19. 70 

     In this paper, like the large numbers of work which were 

reported in the field of producing RAMs, the original proposal is 

the attenuation of reflected wave to abscond the special surfaces 

from the radar receivers. 

   Short circuited method is usually applied for measuring the 75 

reflection loss to determine the absorption property of a sample. 

In this method, the transmitted waves were reflected from a 

perfect conductor which placed at the end of the sample and gets 

Page 1 of 7 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

back into the sample. So the transparency of material can’t be 

determined by this method. Only the ability of material in losing 

the reflected wave from its surface is calculated20,21. 

    In this work, the Fe3O4 decorated MWCNT was prepared using 

the wet chemical method and then coated with different layer of 5 

SiO2 by a sol-gel process. The resulting core–shell composite 

(SiO2@Fe3O4/MWCNT) with a thin layer of SiO2 (7nm) exhibits 

an excellent absorption property compared to an uncoated sample 

(Fe3O4/MWCNT). Increasing the thickness of the silica coverage 

leads to a decrement in the microwave absorption and a shifting 10 

of the minimum reflection loss to the lower frequencies. 

 

Material and method 

 Preparation of Fe3O4/MWCNT  

     Iron oxide decorated multiwall CNTs (MWCNT/Fe3O4) were 15 

produced by mixing 96mg O-MWCNT with 81mg FeCl3.6H2O 

and 120mg FeCl2.4H2O in deionized water in an argon 

atmosphere. The mixture was stirred for 30min and then a diluted 

solution of ammonia was added drop-by-drop until pH = 12. The 

synthesis process was followed by heating the mixture to 60°C 20 

for 2 h. The product was then washed and air-dried at 50°C. 

 

 Preparation of the core-shell structures 

(SiO2@Fe3O4/MWCNT)  

     SiO2@Fe3O4/MWCNT composites were prepared by a sol–gel 25 

method, similar to the previous report22. A quantity of 100 mg as-

prepared Fe3O4/MWCNT powder was mixed with 100 ml ethanol 

and the mixture was sonicated for 1 h. 10 ml ethanol and 1 ml 

tetraethyl silicate (TEOS) was added into the solution and the 

mixture was stirred for 10 min. This process was followed by the 30 

addition of 28 ml NH4OH drop-by-drop under stirring (1,000 

rpm) for 15 h. The resulting product (SiO2@Fe3O4/MWCNT) 

was then washed with deionized water and dried in an oven at 

60°C overnight. The second and third samples were produced by 

the same protocol and by using different amounts of TEOS (2 ml 35 

and 4 ml, respectively).  

 

Reaction process in detail: 

 

Si(OC2H5) +H2O or C2H5OH (ethanol)                         Si(OH)4                                                                 40 

 

 

 

 

In which, the SiO2 was attached to the hydroxylic functional 45 

group of Fe3O4 or hydroxylic & carboxylic functional groups of 

the MWCNT22. 
 

     The morphology of the Fe3O4/MWCNT and core-shell 

structures (SiO2@Fe3O4/MWCNT) was characterized by TEM 50 

(PHILIPS MC 10). XRD analysis was carried out on an X-Pert 

Pro-MPD using CuKα radiation. The room temperature 

magnetization in the applied magnetic field was performed with a 

vibrating sample magnetometer (VSM JDM-13). The reflection 

loss characteristic of all the specimens (with a thicknesses of 55 

4mm) was measured in the 8-12 GHz frequency range (X-band) 

using an 8822D two port vector network analyser.  

 

 

Result and discussion 60 

 X-ray diffraction 

 

     Fig.1 shows the X-ray diffraction pattern of the core-shell 

structures (SiO2 coated Fe3O4/MWCNT) with different 

thicknesses of SiO2 shells. The diffraction peaks of the CNT 65 

commonly appear as 2θ = 26° and 32°, while, abroad diffraction 

peak from 2θ=22° to 28° was assigned to the SiO2 coverage. This 

peak is usually observed for SiO2 coated Fe3O4 nanoparticles 

which were produced using the similar method at room 

temperature23,24.  70 

   The XRD patterns indicate that by increasing the thickness of 

the SiO2 shell, the first peak of the MWCNT and the SiO2 

diffraction peak were combined together gradually. Finally, in 

Fig. 1c, only one broadened peak could be observed. The other 

peaks belong to the magnetite (Fe3O4) phase which appeared at 75 

36°, 57° and 63° and are attributed to [311], [422] and [511] 

respectively. Increasing the SiO2 shell also leads to an increment 

in the intensity of the SiO2 peak compared to those of magnetite.  

 

80 

Fig. 1 XRD patterns of SiO2@Fe3O4/MWCNT with different SiO2 
thicknesses of: (a)7nm, (b)20nm and (c)50nm. 

  

  Transmission electron microscopy 

 The TEM images of the Fe3O4/MWCNTs and the samples coated 85 

with different shell thicknesses of SiO2 are illustrated in Fig 2. In 

this work, MWCNTs with an average diameter of 10-20nm and 

length of 10-30µm were used. The TEM image from the Fe3O4 

decorated MWCNT sample (Fig. 2a) shows that the Fe3O4 

nanoparticles were captured in the form of clusters on the CNT’s 90 

side walls. Each cluster contains a large amount of nanoparticles 

with a size distribution of 7-18nm. No free nanoparticles were 

found in the grid.  

 

 95 

 

 

Hydrolysis 

Condensation at pH=12 & room 

temperature 

SiO2 
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Fig.2 TEM images of: (a) Fe3O4/MWCNT and SiO2@Fe3O4/MWCNT 5 

with different SiO2 thicknesses of: (b)7nm, (c)20nm and (d)50nm. 

(e) an individual Fe3O4/MWCNTs which coated with SiO2 thickness of 

50nm and (f) EDS of SiO2@Fe3O4/MWCNT. 

 

    The TEM images from the Fe3O4/MWCNTs which were 10 

coated with different thicknesses of SiO2 layers show that (except 

for the sample prepared with the lowest amount of TEOS), the 

entirety of the CNT’s and Fe3O4 nanoparticle’s surfaces were 

covered with a homogenous layer of SiO2 and were composed of 

a core-shell structure (Figs. 2c and 2d). In the sample with the 15 

lowest thickness of SiO2 (Fig. 2b), only the Fe3O4 surface was 

covered with a silica layer with a thickness of 7nm while the 

CNT’s side walls remained without any coverage. This 

observation related to the higher reactivity of the Fe3O4 

nanoparticle’s surface than the CNT’s walls, as a result of the 20 

high number of hydroxyl groups. Increasing the silicate reagent 

(2ml) leads to covering the surface of the CNTs with a 20nm 

thickness of SiO2 (Fig. 2c). With further increments of TEOS 

(4ml), as shown in Fig. 2d, the thickness of the SiO2 layer was 

raised to 50nm. Fig. 2e shows an individual CNT, it can be 25 

observed that the anisotropic Fe3O4 cluster (Fig. 2a) changes to a 

smooth and homogenous surface as a result of the SiO2 coverage. 

  

TGA analysis 

Thermal stability of produced composite was investigated using 30 

TGA analysis. 

 

 
 

 Fig 3. weight loss versus decomposition temperature for 35 

SiO2@Fe3O4/MWCNT with SiO2 thicknesses of 7nm. 

 

The decomposition temperature for all kinds of CNTs is in the 

temperature range of 400 to 600oC25. From TGA curve can be 

observed that by loading Fe3O4 and Silica (SiO2) on acid-40 

functionalized MWCNT the initial decomposing temperature for 

SiO2@Fe3O4/MWCNT sample with the lowest thickness of SiO2 

is over 600oC. So the thermal stability of this composite wasn’t 

changed obviously compared to that of the bare MWCNT.  

The actual percentage of component in each composite was 45 

determined using atomic absorption spectroscopy.  

The result shows that the loading of Fe3O4 on MWCNTs is 

22.5wt% and the weight percentage of SiO2 in composites with 

the SiO2 shell thicknesses of 7, 20 and 50nm is 18%, 34% and 

52wt%, respectively. 50 

 

Vibrating sample magnetometer 

   The magnetic properties of the Fe3O4 decorated MWCNT and 

SiO2 coated Fe3O4/MWCNT with different thicknesses of SiO2 

shells were investigated with a vibrating sample magnetometer 55 

(VSM). Typical magnetization curves as a function of the applied 

magnetic field at room temperature are shown in Fig. 4. 

 
Fig. 4 magnetization curves of: (a) Fe3O4/MWCNT and 

SiO2@Fe3O4/MWCNT with different SiO2 thicknesses of: (b)7nm, 60 

(c)20nm and (d)50nm. 

 

     For the Fe3O4 decorated MWCNT and all the core-shell 

structures, there is no pronounced hysteresis loop, which 

(a) (b) 

(c) (d) 

(e) 
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indicates that both the retentiveness and coerciveness of the 

composites are zero. This observation is consistent with the 

superparamagnetic behaviour of the samples. Doping CNTs with 

a limited size (<20nm) of Fe3O4 nanoparticles as 

superparamagnetic particles caused a high saturation 5 

magnetization exceeding 26emu/g. SiO2 coverage with an almost 

zero saturation magnetization on the Fe3O4 decorated CNTs led 

to a decrease in the magnetization property26. For the core-shell 

structure, in which only the Fe3O4 nanoparticle’s surfaces are 

covered with the SiO2 shell (Fig. 2b), the saturation 10 

magnetization is rapidly increased to 17emu/g. By further 

increasing the SiO2 shell thickness (20nm) which coats the entire 

surface of the nanotubes, the saturation magnetization decreased 

to 12emu/g. Finally, the weakest magnetization was observed for 

the sample with the thickest SiO2 shell (50nm), whereby the 15 

saturation magnetization reached up to 2emu/g.  

 

   Microwave absorption  

     

 The microwave absorption properties of Fe3O4/MWCNT and 20 

SiO2@Fe3O4/MWCNT core-shell structures with different 

thicknesses of SiO2 shells are investigated. The microwave 

absorption ability of samples with a weight ratio of 0.5, 1 and 

2wt% to epoxy resin (EPON 828) was evaluated by measuring 

their reflection loss.  25 

   Our composites have low density, so a large volume of these 

composites are used as filler to achieve a low weight ratio of 

them to epoxy resin. For the filler which compressed within the 

epoxy resin to make the sample with 4mm thickness, it couldn’t 

be possible to enhance the amount of filler. The samples with the 30 

filler concentration above 2wt%, was very fragile.  
  Then, every sample with a thickness of 4mm was poured into a 

standard X-band waveguide. The electromagnetic fields were 

generated and recorded by an 8822D two port vector network 

analyser.  35 

For a single microwave absorbing layer backed by a perfect 

conductor, the reflection loss of electromagnetic radiation is 

given by Equation1.  

1

1
log20)(

+

−
=

in

in

Z

Z
dBR                                              (1) 

Where Zin is the normalized input impedance: 40 









= fd

c
jZ rr

r

r
in εµ

π
ε
µ 2

tanh                                   (2) 

     rµ  and rε  are the complex relative permeability and 

permittivity of the composite medium,  is the velocity of light in 

free space, f  is the frequency and d  is the thickness of the 

absorber27. 45 

Figs. 5-7 show the reflection loss curves of the 

SiO2@Fe3O4/MWCNT composites with different thicknesses of 

SiO2 layers (7, 20 and 50nm, respectively). Each figure contains 

0.5, 1 and 2wt% of filler concentration to epoxy resin (EPON 

828) within the frequency range of 8-12GHz.  50 

 

 
Fig. 5 Reflection Loss curves of: Fe3O4/MWCNT (a) and SiO2 coated 

Fe3O4/MWCNT in thickness of 7nm, with different weight ratio of: 

0.5(a), 1(b) and 2(c) to epoxy resin. 55 

 

 
Fig. 6 Reflection Loss curves of: Fe3O4/MWCNT (a) and SiO2 coated 

Fe3O4/MWCNT in thickness of 20nm, with different weight ratio of: 

0.5(a), 1(b) and 2(c) to epoxy resin. 60 

 

 
Fig. 7 Reflection Loss curves of: Fe3O4/MWCNT (a) and SiO2 coated 

Fe3O4/MWCNT in thickness of 50nm, with different weight ratio of: 

0.5(a), 1(b) and 2(c) to epoxy resin. 65 

 

      It can be observed that, the absorbing curves of all the core-

shell structures have two remarkable absorbing peaks. These 

peaks shifted to a lower frequency range compared to the 

uncoated sample (Fe3O4/MWCNT); this is in agreement with a 70 

previous report28. It is clear that, the microwave absorption 

property of the core-shell composites is improved compared to 

uncoated sample. Moreover, the absorption property of the SiO2 

coated composites is highly dependent on the thickness of the 

SiO2 shell. For the composite in which a silica shell covered only 75 

the surface of the Fe3O4 nanoparticles, an extraordinary 
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improvement in the minimum reflection loss and bandwidth 

occurred. In contrast, covering the whole nanotube surface with a 

thick layer of SiO2 (50nm) led to a weak absorbing property. An 

increase in SiO2 shell thickness also causes a greater peak shifting 

towards a lower frequency.  5 

     Fig. 5 shows that coating the Fe3O4 nanoparticles with a SiO2 

layer results in an increment in the microwave absorption 

property of this composite compared to uncoated sample (Fig. 

5a). In this series of samples, both reflection loss and bandwidth 

increased compared to the uncoated sample. For the 10 

concentration of 2wt% of SiO2@Fe3O4/MWCNT to epoxy resin, 

two minimum reflection losses of -32.7dB and -41dB were 

observed within the frequency ranges of 8.2-8.4GHz and 8.7-

9GHz respectively. Therefore, in comparison with the uncoated 

sample (Fe3O4/MWCNT) in that only one minimum reflection 15 

loss is observable, an increment of about 26dB occurred in the 

reflection loss. The other important point is shown in Fig 6, 

whereby the absorbing peaks shifted to the lower frequencies and 

narrower bandwidths by increasing in terms of filler 

concentrations. 20 

     From the curves as shown in Fig. 6, it can be seen that the 

minimum reflection loss of every sample, increased compared to 

previous samples with the same concentration (Fig. 5). In the 

composite with a SiO2 shell of 20nm in thickness, the reflection 

loss showed an improvement both in the intensity and the 25 

bandwidth compared to the uncoated sample. For instance, the 

reflection loss of this composite with 2wt% to epoxy resin had 

two minimums of -20.1dB and -19.6dB with bandwidths of 

0.5GHz and 0.4GHz. Meanwhile, at the same concentration, the 

uncoated sample had one minimum reflection loss of -15.2dB 30 

with a bandwidth of 0.4GHz.  

     Finally, the reflection loss versus frequency for the core-shell 

composite with the thickest shell (50nm) is illustrated in Fig. 7. 

At this thickness of SiO2, the minimum reflection loss shifted to a 

lower frequency more than before. It may be that, the first 35 

minimum reflection loss is placed at lower frequencies below the 

X band (<8GHz).  

     Although the stronger absorbing peak was commonly placed 

at lower frequencies, it is almost impossible to determine 

definitely how much improvement occurred in the reflection loss. 40 

However, in this core-shell composite like the two former 

samples, the reflection loss is obviously improved compared to 

similar concentrations of the uncoated sample.   

 

Shielding effectiveness (SE) 45 

 

   EMI shielding effectiveness consists of two mechanisms: 

reflection and absorption. For reflection of the radiation by the 

shield, the shield must have mobile charge carriers (electrons or 

holes) which interact with the electromagnetic fields in the 50 

radiation. As a result, the shield tends to be electrically 

conducting. So metals are by far the most common materials for 

EMI shielding. They function mainly by reflection due to the free 

electrons in them. A secondary mechanism of EMI shielding is 

usually absorption. Loading insulator Fe3O4 nanoparticles on 55 

MWCNT leads to reduce the electrical conductivity of 

MWCNT )10( 118 −−−≈ cmohmσ . So the Fe3O4 decorated MWCNT 

showed insulator behaviour.  Therefore, our composite expected 

to have only the shielding effectiveness due to absorption. For 

significant absorption of the radiation by the shield, the shield 60 

should have electric and/or magnetic dipoles which interact with 

the electromagnetic fields in the radiation. The electric dipoles 

may be provided by SiO2 or other materials having a high value 

of the dielectric constant. The magnetic dipoles may be provided 

by Fe3O4 or other materials having a high value of the magnetic 65 

permeability29-32. The third shielding mechanism is multiple-

reflection; it represents the internal reflections within the 

shielding material. Typically, multiple-reflection decreases the 

overall shielding if the shield is thinner than the skin depth and 

can be ignored if the shield is thicker than the skin depth. The 70 

strength of EM wave decreases exponentially as it travels through 

a conductive material. At a certain distance known as the skin 

depth the electric field drops to )/1( e of the incident strength, 

where f is the frequency, )( 0 rµµµ = is the shield’s magnetic 

permeability, 0µ is equals to mH /104 7−×π , rµ  is the shield’s 75 

relative magnetic permeability and σ  is the shield’s electrical 

conductivity.  

The relationship between frequency, electrical conductivity, 

magnetic permeability and skin-depth is: 

 80 

2/16 )/1(1033.50 σµδ rf×=                               (3) 

 

For our composite: σ is in the order of 10-10, f is in the order of 

109 (GHz) and rµ is in the order of 1. So the skin depth )(δ would 

be in the order of 103 m. Therefore, the thickness of shield (4mm) 85 

is much thicker than the skin depth of our composites. So, the 

multiple-reflection mechanism can be ignored in these 

materials33,34. 

 

SE measurement for a typical sample 90 

     In order to determine the origin of shielding effectiveness, we 

measured the shielding effectiveness due to reflection and 

shielding effectiveness due to absorption for a typical sample 

which has the lowest minimum reflection loss among the other 

samples (-41dB at 8.9GHz).  95 

    When measurements are made with a network analyser, the 

shielding effectiveness can be conveniently express in terms of 

the s-parameters as29: 

12log*20 SSE =                                             (4) 

 100 

     The total shielding effectiveness and shielding effectiveness 

due to absorption versus frequency for this sample is shown in 

Figs.8 and 9, respectively.  
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Fig. 8 Total shielding effectiveness (SE) versus frequency, for the sample 

with minimum reflection loss of -41dB. 

 5 

 
 

Fig.9 Shielding effectiveness due to absorption (SEA) versus frequency, 

for the sample with minimum reflection loss of -41dB. 

 10 

    By ignoring the shielding effectiveness due to multiple-

reflection, total shielding effectiveness would be the combination 

of shielding effectiveness due to absorption and shielding 

effectiveness due to reflection30.  

 15 

RA SESESE +=                                                 (5) 

 

   As shown in Fig.9, at the frequency of 8.9GHz, in which the 

lowest minimum reflection loss was observed, the shielding 

effectiveness due to absorption is 40.2dB and the total shielding 20 

effectiveness is 42dB (Fig.8). So shielding effectiveness due to 

reflection is 1.8dB ).2.4042( += RSE  

   From Figs.8 and 9, it can be seen that the shielding 

effectiveness due to reflection in some frequencies exceeded less 

than 1dB.  25 

  This result was expected, because our composite have 

simultaneously electric and magnetic dipoles and majority 

percentage of shielding effectiveness in these materials is due to 

absorption31-34.    

 30 

Conclusion 

   SiO2 coated Fe3O4/MWCNT composites with different 

thicknesses of SiO2 shells were prepared by a sol-gel method.  

The microwave absorption properties of these composites were 

investigated within the frequency range of 8-12GHz. We 35 

observed that, the reflection loss of these samples is also highly 

dependent on the thickness of the SiO2 coverage.  

The best improvement in microwave absorption was observed for 

the composite in which the SiO2 shell covered only the surface of 

the Fe3O4 nanoparticles. In this case, free charge polarization can 40 

occur between the Fe3O4 and the SiO2 because of the conductivity 

disparity between the interfaces. Furthermore, covering the 

Fe3O4/MWCNT with a silica shell greatly reduces the eddy 

current loss and increases the anisotropic energy, which is proven 

to be crucially important to improving microwave absorption. 45 

Enhancing the thickness of the SiO2 layer on the Fe3O4/MWCNT 

surface leads to a decrement in the absorption property of the 

composites produced. This result might be related to a reduction 

of the magnetic loss in these samples as a result of the weaker 

magnetization property. 50 
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