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In this paper, a high-efficiency microwave absorbing material has been prepared through 

a combination of doped polyaniline (PANI)-coated porous-structure carbonyl iron 

powder (CIP) and a small amount of graphene sheets within bisphenol F epoxy resin. 

The reflection loss (RL) performance of these composites has been evaluated by 

electromagnetic attenuation and impedance matching. Compared to compact iron 

particles, the porous-structure carbonyl iron particles have a higher complex permittivity 

and permeability that are closely related to their microstructures. The -10 dB absorption 

bandwidth and the minimum RL of the composite material showed improvement in 

comparison to the pure graphene sheets composite. The minimum reflection loss reached 

-45 dB at a thickness of 3.5 mm while the bandwidth with less than -10 dB RL reached 

up to 4.6 GHz in the range of 10.3 GHz to 15 GHz, with a matching thickness of 2 mm. 

The improved microwave absorption performance of the hybrid composite is due to the 

interfacial polarization, enhanced conductivity, and loss of the electromagnetic radiation 

through increased transmission routes due to multiple reflection. 
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1. Introduction 

 

With the rapid development of science and technology, many electronic devices have 

entered our daily lives and the resultant electromagnetic pollution has become a serious social 

problem. Therefore, a great deal of attention has been focused on protecting people's health and 

information security by preventing the leakage of electromagnetic waves [1，2].  

Doped conductive polyaniline (PANI) has been extensively studied as a common 

conductive polymer because of its easy preparation and excellent environmental stability [3]. 

PANI acts as an electric-loss medium, and can be used for electromagnetic and microwave 

absorption when combined with magnetic particles [4, 5]. Zhu et al. prepared Fe3O4 coated 

polyaniline hollow sphere nanocomposites, which exhibited excellent absorbing properties and 

broadband absorption effect, by using an electrostatic self-assembly method [6]. Carbonyl iron 

powder (CIP) is an inorganic magnetic absorber with excellent magnetic permeability and good 

heat resistance [7].  
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Therefore, the composite obtained by combining CIP with the conductive polymer PANI 

has excellent prospects as a lightweight broadband absorbing material. However, the most 

obvious shortcomings of CIP are its high density and easy agglomeration; this necessitates the 

treatment of CIP to reduce its density, followed by in situ polymerization of doped PANI to 

obtain lightweight broadband absorbing composites [8]. 

As far as the authors know, no studies have been reported on the electromagnetic wave 

absorbing properties of composites made up of graphene sheets and doped PANI@ porous CIP. 

In this work, an excellent absorber was obtained by combining doped PANI@ porous CIP and a 

small amount of graphene sheets within an epoxy matrix. A notable feature of this work is that in 

situ polymerization of doped PANI on porous CIP was prepared by acidification of the CIP [9]. 

Further, the doped PANI@ porous CIP composite was synthesized by in-situ polymerization. The 

porous structure of CIP obtained after acidification served two purposes – a reduction in the 

density and an increase in the specific surface area of the composite. Thus, polyaniline can be 

polymerized in-situ in CIP to form more internal interfaces, which are conducive to the 

absorption of electromagnetic waves. 

 

 

2. Experiment  
 

2.1 Synthesis of Doped PANI@ porous CIP 

Porous CIP was synthesized using the methods in the literature [10]. For preparation of 

doped PANI@porous CIP, the porous CIP was placed in an ethanol solution (95 vol.% ethanol& 

5 vol.% water) along with 5% (3-aminopropyl)triethoxysilane (APTES). The as prepared solution 

was stirred vigorously and heated to 60℃. The as-obtained surface-modified porous CIP was 

placed in deionized water that contained space stabilizers, and the mixture was stirred vigorously 

for 1 hour. Then the flask was placed in an ice-water bath and the solution was stirred for 1 hour. 

A mixture of HCl (50 ml, 0.6 M) and aniline (ANI) monomer (ANI to CIP mass ratio of 2: 1) was 

placed in the flask and then stirred for 1 hour. An ammonium persulfate solution was added to the 

mixture at a controlled rate as the reaction rate is very fast, and the reaction temperature was 

controlled at 0-5℃ for 2 hours. Finally, the reaction product was washed at least five times, and 

subjected to vacuum drying for 12 hours at 50℃. 

 

2.2 Synthesis of Graphene-PANI@ porous CIP/epoxy Composite 

The samples have been encoded using abbreviations to facilitate identification, and have 

been listed in Table 1 along with their corresponding compositions. The mass percentage of 

graphene sheets is relatively low (~ 5 wt.%). The experimental procedure (containing 40 wt.% 

PANI@ porous CIP) consisted of a series of steps. First, 1.6 g of PANI@ porous CIP was added 

to an absolute ethanol solution containing 0.2 g of graphene sheets, followed by sonication for 30 

minutes. The solution was dried and then added to 1.63 g of bisphenol F epoxy resin. Modified 

amine curing agents, weighing 0.57 g and prepared in our laboratory, were added to the mixture 

followed by stirring for 10 minutes. The mixture was slowly poured into a mold and cured at 60℃ 

for 4 hours.  

 

2.3 Characterization 

The morphology and microstructure of the samples were characterized by X-ray 

diffraction (XRD, Bruker D8 Advance diffractometer using a Cu Kα source, λ=0.154056 nm) and 

scanning electron microscopy (SEM, JSM-5610LV), respectively. The electromagnetic 

parameters of composite materials were obtained by a vector network analyzer, and the reflection 

loss values were calculated in the 1-18 GHz frequency range by means of reflection/transmission 

methods [11]. Each composite specimen was processed by a high-resolution engraving machine 

(se-3230, Woodpecker) to match following size dimensions: 7 mm outside diameter, 3.04 mm 

inner diameter, and 2 mm thickness. Further, in order to reduce error, the average data of five 

different samples have been considered. 
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Table 1: Acronyms and compositions of the samples. 

 

Sample 

acronym 

Composition 

20G-PC 20 wt.% PANI@ porous CIP 

and 5 wt.% Graphene sheets in 

epoxy 

30G-PC 30 wt.% PANI@ porous CIP 

and 5 wt.% Graphene sheets in 

epoxy 

40G-PC 40 wt.% PANI@ porous CIP 

and 5 wt.% Graphene sheets in 

epoxy 

5G 5 wt.% Graphene sheets in 

epoxy 

 

 

3. Results and discussion  
 

3.1 Structural Characterization 

Fig. 1 shows the XRD patterns of graphene sheets, porous CIP, and PANI@ porous CIP. 

The diffraction peak at 2θ=20-30°(curve (a)), No other diffraction peaks appear [12]. The strong 

peaks present at ~ 44.5°and 64.9°(Fig. 1d) are because of the original CIP and can be indexed to 

body-centered cubic α-Fe (JCPDS Card No. 06-0696). Other weak characteristic peaks can be 

attributed to small amounts of impurities, such as α-Fe2O3 and Fe3O4 [13]. 

 

 

Fig. 1. XRD patterns of (a) GO, (b) PANI@ porous CIP, (c) porous CIP, (d) CIPs. 

 

 

The microstructure of CIP, porous CIP, and PANI@ porous CIP have been studied with 

scanning electron microscopy, as shown in Fig. 2. The pure CIP exhibits a smooth spherical 

surface morphology with an average diameter in the range of 2.5-4.5 µm, as shown in (Fig. 2a). 

After acidification, surface of the carbonyl iron powder becomes rough and forms a porous 

structure (Fig. 2b) that is favorable for the in-situ polymerization of ANI on the surface of CIP; 

this results in a uniform coverage of the entire surface and the pores by PANI (Fig. 2c).  
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             (a)                           (b)                             (c) 

Fig. 2. SEM images of (a) CIP; (b) porous CIP; (c) PANI@ porous CIP. 

 

 

3.2 Microwave Absorption Properties  

Fig. 3 shows the frequency dependence of the complex permittivity (ɛr=ɛʹ-jɛʺ) and the 

complex permeability (µr=µʹ-jµʺ) for graphene/epoxy and graphene-PANI@ porous CIP/epoxy 

composites, respectively. The ɛʹ values of pure graphene/epoxy samples decline from 5.8 to 5.4. 

In contrast, the ɛʹ values for 20G-PC remain between 5.8 to 5.5, without any change. The ɛʹ 

values for 20G-PC, 30G-PC, and 40G-PC composites increase as the concentration of 

PANI@porous CIP is increased (Fig. 3a). Meanwhile, the ɛʺ values of the graphene/epoxy 

samples decline from 1.4 to 1.1. In contrast, the ɛʺ values for 20G-PC lie in the range of 1.5 to 

1.3. The ɛʺ values for G-PC composites also increase with the increasing concentration of 

PANI@ porous CIP (Fig. 3b). On combining PANI@ porous CIP with a small amount of 

graphene sheets, the ɛʹ and ɛʺ values all showed a marked increase; this may have been caused by 

an increase in the interface polarization and an electric dipole. [15]. According to the Maxwell–

Wagner interfacial polarization principle [16], addition of the filler leads to an increase in the 

interface and a decrease in the gap between the fillers that will increase the interfacial 

polarization. Interfacial polarization between any of the interfaces, namely PANI@ porous 

CIP/epoxy interfaces, graphene/epoxy interfaces, and graphene/PANI@ porous CIP interfaces, is 

conducive for a significant increase in ɛʹ. Moreover, by increasing the amount of doped PANI@ 

porous CIP, the effective concentration of graphene can be increased.  

 

 

(a)                            (b) 

 

(c)                               (d) 

Fig. 3. The complex permittivity and complex permeability of the composites  
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Figs. 3c and d show the µʹ and µʺ values of the composites. For graphene/epoxy samples, 

both µʹ and µʺ values are very low because of their weak intrinsic magnetic properties, and the µʹ 

values showed a significant decline from 1.7 to 1.1 as the frequency was increased. For PANI@ 

porous CIP and graphene sheets, as the magnetic properties of graphene sheets are weak, the 

values of µʹ and µʺ remained essentially unchanged. The µʺ values first increase and then 

decrease for all graphene/PANI@ porous CIP samples, and an apparent impedance peak can be 

observed at approximately 1.68 GHz. Moreover, the µʺ values rise with an increase in the 

PANI@ porous CIP loading as it increases the density of the magnetic filler. 

In general, the magnetic loss of a material originates mainly from magnetic hysteresis, 

domain wall resonance, eddy current effect, natural resonance and exchange resonance [17]. The 

magnetic hysteresis loss is caused mainly by the time lags of the magnetization vector behind 

external electromagnetic field vector and is negligible in weak applied field. The domain wall 

resonance occurs only in multidomain materials and usually at lower frequency range (about < 1 

GHz) [12]. So neither hysteresis loss nor domain wall resonance is the main contributor to 

magnetic loss of the absorber. Then if magnetic loss is only from the eddy current effect, 

µʺ(µʹ)
-2

f
-1

 should be a constant. Fig. 4 shows the dependence of µʺ(µʹ)
-2

f
-1

 values on frequency. 

The µʺ(µʹ)
-2

f
-1

 first increase and then decrease with the increasing frequency in the 1-11 GHz 

range and then remain constant in the frequency range of 11-18 GHz, illustrating that the 

magnetic loss in higher frequency range (11-18 GHz) is caused by eddy current effect. According 

to Aharoni's theory [18], exchange resonance occurs at a higher resonance frequency than natural 

resonance. It may be reasonable to deduce that the resonance peak around 1.68 GHz is due to 

natural resonance, which is attributed to the incorporation of magneto crystalline anisotropy and 

shape anisotropy of porous CIP magnetic particles. 

 

 

Fig. 4. µʺ(µʹ)
-2

ƒ
-1 

versus frequency curves for Graphene sheets  

-PANI@ porous CIP/epoxy composite. 

 

 

The reflection loss (RL) curves of the composites were calculated in the frequency range 

of 1-18 GHz according to the transmit line theory: 
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Where Zin is the characteristic input impedance of the absorber, f is the frequency of microwaves, 

d is the thickness of absorber, and c is the velocity of the microwaves in free space. Generally, a 

material with a reflection loss of less than -10 dB (90% absorption) in the test frequency range 
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can be considered an effective microwave absorber. In order to better illustrate the microwave 

absorption properties of composite materials, RL values have been calculated according to the 

transmission line theory. Fig. 5 shows the RL curves calculated for composites with different 

thicknesses. The RL of graphene sheets/epoxy composites is relatively low and has no absorption 

bandwidth below 10 dB, as shown in Fig. 5a. On the contrary, Figs. 5b-d show that the RL values 

of graphene sheets-PANI@ porous CIP/epoxy composites are all below -10 dB. For 20G-PC 

composites, the minimum value of RL (-14.5 dB) is observed for the layer thickness of 3 mm. 

For 30G-PC composites, the minimum RL is 19.5 dB and the bandwidth less than -10 dB can 

reach up to 4.0 GHz (from 10.3 to 14.3 GHz). Within the thickness range of 2-4.5 mm, all 

minimal RL are less than -10 dB. For 40G-PC composite, the minimum RL is -44.3 dB at 6.8 

GHz when the material thickness is 3.5 mm, and the bandwidth less than 10 dB can reach up to 

4.6 GHz (from 10.2 to 14.8 GHz).  

    

(a)                                (b) 

    

(c)                               (d) 

Fig. 5. Reflection loss curves of (a) G and G-PC (b-d) composites with different thickness. 

 

 

Fig. 6. Attenuation constant α of the composites. 
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The microwave in propagating medium should be completely absorbed through the 

magnetic loss and the dielectric loss. This absorption property is mainly reflected by the 

attenuation constant α and it can be expressed as: 

      21212222 ''''''''''''2 


 
c

f
                (3)                                                      

The attenuation characteristics of the absorber can be determined by the attenuation 

constant. Fig. 6 shows the relationship between the attenuation constant and the frequency. The 

40G-PC α value is the largest among the three composites, and as a result it displayed better 

microwave absorption properties. Moreover, the density of graphene–PANI@ porous CIP/epoxy 

composites is in the range of 0.72–0.93 g/cm
3
; this shows that this kind of hybrid composite has 

advantages over the traditional inorganic absorbing materials in lightweight field. 

 

 

4. Conclusions 

 

In conclusion, a new type of lightweight microwave absorber was prepared by using a 

combination of PANI@ porous CIP and graphene sheets within an epoxy matrix. PANI was 

introduced to adjust the impedance, whereas porous CIP was used to enhance the interaction 

between the electromagnetic waves and the absorber by inducing multiple reflections.  

The absorption bandwidth, with less than -10 dB RL, can reach up to 4.6 GHz with a 

material thickness of 2 mm for the composites with 40 wt.% of PANI@ porous CIP and 5 wt.% 

of Graphene. The results show that graphene-PANI@ porous CIP is a promising wave absorbing 

composite material. 
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