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Synthesis and Electromagnetic, Microwave Absorbing Properties of
Polyaniline/Graphene Oxide/Fe;O4 Nanocomposites

Jing Zhao,” Junpin Lin, * Junping Xiao, *” Huili Fan*"

The ternary composites of polyaniline/graphene oxide/Fe;04 (PANI/GO/Fe;0,) were synthesized by a simple method and the
electromagnetic absorption property of the composites was investigated in the paper. The structure of the composites were
characterized with Fourier-transform infrared spectra, X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy,
and transmission electron microscope. It can be found that the maximum reflection loss of PANI/GO/Fe;0, can reach -53.5 dB at
7.5 GHz, and the bandwidth exceeding -10 dB is 2.8 GHz with absorber thickness of 3.91 mm. The electromagnetic parameters
indicated the enhanced electromagnetic absorption property of the nanocomposites was attributed to the better impedance
matching. On the basis of the above characterization, an electromagnetic complementary theory was proposed to explain the
impedance matching.

1 Introduction

With the increasing usage of electromagnetic wave devices, more and more electromagnetic interference (EMI) problems
interfere with person’s lives. Considerable theoretical and experimental research have been focused on designing and fabricating
effective electromagnetic wave absorption materials with promising applications in electronic devices for commercial, industrial,
and military affairs.'* Because of the tremendous progress in absorbing stealth technology, EM-absorbing materials with a thin
thickness, light weight, high reflection loss, and broad band are required.” However, the traditional microwave absorbing
materials cannot meet all of the requirements such as to be strong, wide, lightweight and thin at the same time. A good way to

overcome these problems is to develop composites.

Graphene oxide (GO) is a single sheet of graphite oxide bearing oxygen functional groups (i.e., epoxide, hydroxyl, carboxyl
groups) on their basal planes and edges, and it can be synthesized by exfoliation of graphite oxide.® The tunable oxygen
functional groups and good compatibility with polymer have made GO a promising material to synthesize functional
nanocomposites.” GO has low density, in order to optimize the structure of the materials, making the materials with thin thickness
and light weight, GO is often chosen as an integral part of the materials. It is well known that Fe;O, nanoparticles have
advantages for high-EM performance because they are typical soft metallic magnetic materials and show large magnetic

anisotropy, good biocompatibility and low toxicity.®!!

PANT has received a great deal of attention because of their low cost, ease of synthesis and good environmental stability.'*!*

PANI can be used as a microwave absorbing material due to its high electrical conductivity. Therefore, the composites containing
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PANI can be used as microwave absorbing materials which can increase the dielectric loss of composite materials.'>*° Therefore
the ternary composites of polyaniline/graphene oxide/Fe;O04 (PANI/GO/Fe;0,4) were synthesized to make ideal comprehensive

performance. However a toxic reducing agent in the reducing step is often used in synthesizing composites with GO.'?

In this paper, we report a facile method to prepare PANI/GO/Fe;04 composites without using toxic reducing agents. Although
the synthesis didn’t undergo the reducing step the composites still have good dielectric loss and magnetic loss, and they are also
good for absorbing properties. The maximum reflection loss of the composites is -53.5 dB at 7.5 GHz and the bandwidth below

-10 dB is 2.8 GHz (from 6.4 to 9.2 GHz) with thickness of 3.91 mm.

2 Experimental

2.1 Synthesis of Fe;O4 Microspheres

Fe;0, microspheres were prepared according to a previous literature.?! Briefly, 1.5 mol FeCl;*6H,0 and 1 mol FeCl,*4H,0 were
dissolved in 100 mL of deionized water under mechanical stirring, and homogeneous yellow solution was obtained. Aqueous
ammonia was added dropwise to the solution with violent mechanical stirring at 7507 for 0.5 h. The obtained black magnetite

particles were washed with distilled water to remove the residues, and then the productions were vacuum dried at 45 [J.

2.2 Synthesis of PANI/GO/Fe;0, composites. Graphite oxide(GO) was synthesized by a modified Hummers’ method.!
PANI/GO/Fe;04 composites were prepared as followed: 1mL of aniline and Fe;O4(1g) were added into 100mL solution which
contains 0.25M FeCl; and 0.02M HCI, The mixture was stirred constantly in ice-water bath for 10h. 0.05g of GO treated by
sonication and 10ml of APS (2.7 g) were added into the above solution for another 12h. The product was washed with distilled
water several times until the filtrate became colorless. Then the productions were vacuum dried at 450 for 24 h. For comparison

purposes, PANI/GO and PANI/Fe;0, were also prepared in similar procedures in the absence of Fe;0, and GO.

2.3 Characterization Fourier transform infrared (FTIR) spectra were recorded on a NICOLET iS10. The crystal was
characterized on X-ray diffraction (D/max 2550V, CuKaradiation).The morphology and size of the composites were
characterized by field emission transmission electron microscope(FETEM: Tecnai F30 G®). Raman spectroscopy was carried out
on a Renishaw in Via Raman Microscope. The chemical states were investigated by X-ray photoelectron spectroscopy (XPS,
AXIS ULTRA). The electromagnetic parameters were measured in a N5230C vector network analyzer. The samples were
prepared by mixing the composites and paraffin wax at 50% weight fraction of each. The samples were pressed into a toroidal

shape (o 7.0mm; @y, 3.0mm).

3 Results and discussion
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The formation mechanism of PANI/GO/Fe;O4 composites is schematically depicted in Fig. 1. The composites were synthesized
by a two-step method. In the first step oxidation process, Fe;O4 nanoparticles and aniline were added into the reaction system.
The aniline monomer can immediately absorb on the surfaces of Fe;0, by the electrostatic attraction. HC1 and FeCl; were added
into the suspension rapidly, the mixture was stirred at ice bath. FeCl; as an oxidizer oxidized aniline monomer to oligomers,
which can make PANI oligomers uniform coated on the Fe;O, nanoparticles surface.’ Then in the second step oxidation process,
GO was added into the suspension and Fe;O, coated with PANI oligomers also can immediately absorb on the surfaces of GO by

the electrostatic attraction. APS was added for further oxidation of the composites.

? , FeCl, HCI
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Fig. 1 Preparation procedure of PANI/GO/Fe;0,.

The spectrum (Fig. 2) of GO shows that the peaks at 3410 cm™ can be identified as O—H stretching vibration of the association
of carboxyl. The spectrum of GO also shows the presence of various oxygen-containing functional groups; characteristic peaks at
1730 and 1070 cm™ have been assigned to carbonyl (CO) and epoxide (C-O-C) groups, respectively, and the peak at 1620 cm™
arises due to the contributions from the skeletal vibrations of unoxidized graphitic domains or the remaining sp? carbon character

2324

of graphite.
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For the spectrum of PANI/GO/Fe;0, nanocomposite, the peaks 1580 cm™ and 1470 cm™ in the literature are ascribed to the
C=C/C—C stretching of the benzenoid and quinoid rings respectively. The peak at 1300 cm™ is assigned to the C—N stretching
of the secondary amine, a characteristic band of the conducting salt form of polyaniline originating from a bipolaron structure,
related to the C—N stretching vibration. The band at 1120 cm™ can be assigned to the in-plane bending vibration of the C—H
(mode of N=Q=N, Q=N"H—B, and B—N"H=B), and the band at 806 cm™' can be assigned to the out-of-plane deformation of C-
H in 1,4-disubstituted benzene ring, which is formed during protonation.”>*® The FTIR spectrum corresponds to a well-doped

emeraldine salt. The shifting and merging of the band at 706 cm™ (Fe—O stretching) confirms the composites contain Fe;04>
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Fig. 2 FT-IR spectra of GO and PANI/GO/Fe;04 nanocomposites.

Fig. 3a was the XRD pattern of graphene oxide, with a characteristic reflection plan (002) at 26=11.7°, indicating the d-spacing
of 0.76 nm. This is attributed to intercalation of water molecules and generation of oxygenated functional groups such as epoxy
and hydroxyl groups between the inter-galleries of the graphite sheets during severe oxidation. Disappearance of the reflection
plane at (002) and merging of the planes of Fe;0,4 and polyaniline show the good interfacial interaction between the planes. Nine
peaks of PANI/GO/Fe;0, (Fig. 3b) match well with the standard XRD data for (111), (220), (311), (400), (422), (511), (440),
(533),and (731) planes of Fe;O4(JCPDS 1n0.88-0315). Polyaniline doped HCI is semi-crystalline in nature as confirmed by the

broad peaks at 20=19.795°(d=4.481A) and 25.154°(d=3.537A). %%
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Fig. 3 (a) XRD pattern of GO ; (b) XRD pattern of PANI/GO/Fe;0y,
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Fig. 4 Raman spectra of GO and PANI/GO/Fe;O4 nanocomposites.

The significant structural changes from GO to PANI/GO/Fe;04 composites are also reflected in the Raman spectra, which
confirms the interaction between polyaniline and GO. In Fig. 4, Raman spectra of GO exhibit two regular peaks, corresponding
to the D-band line (about 1339 cm™) and the G-band line (about 1578 cm™). The G-band corresponds to the first-order scattering
of the E,, mode observed for sp® carbon domains, while the pronounced D band is caused by structural effects or edges that can
break the symmetry and selection rule. For PANI/GO/Fe;04 nanocomposites , the bands at 1170, 1262, 1397, 1498, and 1554 cm™
! indicating the presence of doped PANI structure are assigned to in-plane C-H bending of quinoid ring, in-plane C-H bending of
benzenoid ring, C-C stretching of quinoid ring, C=C stretching of quinoid ring, and C=C stretching of benzenoid ring
respectively. Compared with pristine GO, the G-band of graphene oxide in PANI/GO/Fe;0, blue-shifted from 1578 cm™ to 1584
cm’!, suggesting the charge transfer from GO to PANI and Fe;0,.%**?” Compared with GO, the position of the D-band of
PANI/GO/Fe;0, composites (about 1319 cm™) is gradually shifted to lower frequencies, which can be due to the fact that the

electron pairs of the N atoms of PANI resonate with the adjacent benzene structure of GO.
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Fig. 5 (a) Survey scans for XPS spectra of GO, PANI/GO/Fe;0, , nanocomposite. (b) C 1s peaks of GO (c) C 1s peaks of
PANI/GO/Fe;0, nanocomposite. (d) Fe 2p peaks of PANI/GO/Fe;04 nanocomposite. (¢) N 1s peaks of PANI/GO/Fe;0,

nanocomposite.

The XPS spectrum was used to further characterize the chemical composition of PANI/GO/Fe;0,. In the XPS spectra (Fig. Sa),
the main peaks observed in the survey scans of the nanocomposites are C 1s, O 1s, N 1s and Fe 2p. Fig. 5b shows that the C 1s
XPS spectra of GO deconvoluted into four different peaks. The peaks centered at 284.4, 286.8, 287.8, and 289.4 eV can be
attributed to the C-C/C=C, C-0O, or alkoxy, C=0 and O-C=0 groups respectively. The C 1s peaks of PANI/GO/Fe;0, (Fig. 5¢)
became obviously weaker, which was probably accompanied by the formation of PANI/Fe;0, composites.”> Moreover, in the Fe
2p XPS spectrum of the PANI/GO/Fe;0,, the binding energy peaks at 710.75 and 724.65 eV agreed well with that of Fe 2ps, and
Fe 2p,»(Fig. 5d), respectively.’® The high resolution scans for N 1s(Fig. 5e) in the PANI/GO/Fe;04 composite could be grouped
into three peaks at 398.28, 399.78 and 400.38 eV, corresponding to imine (N=), amine (NH), and protonated amine (NH,")

respectively.*""?’

Page 6 of 12



Page 7 of 12

RSC Advances

Fig. 6 (a) TEM and (b, c) HRTEM of PANI/GO/Fe;0, nanocomposite.
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Fig. 7 EDS of PANI/GO/Fe;04 nanocomposite.

The microstructure of the nanocomposites is analyzed with TEM, and the results are presented in Fig. 6. Fig. 6a reveals that
Fe;0, nanoparticles coated with PANI uniformly attached to the surface of the GO. The HRTEM image (Fig. 6b) of
magnification of PANI/GO/Fe;0, shows that Fe;O,4 particles are coated with PANI with the average diameter between 10 and 20
nm, and PANI/ Fe;O4 particles are attached to GO. The well-defined lattice planes of Fe;0, particles can be observed from Fig.
6¢ and the crystal lattice spacing(0.25 nm) can be attributed to the (311) plane of Fe;0, particles, which is consistent with the
result of XRD. The energy dispersive spectroscopy (EDS) as shown in Fig. 7 reveals that the sample is mainly composed of Fe,
O, C, and N elements. There are S and Cl elements in the nanocomposites due to polyaniline doped with HCI and APS as oxidant

oxidation polyaniline introduce into the nanocomposites
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Fig. 8 Frequency dependence on real (a) and imaginary (b) parts of the complex permittivity of samples, real (c) and imaginary

(d) parts of the complex permeability, and the corresponding dielectric (e) and magnetic loss tangents (f) of PANI/GO,

PANI/Fe;0, and PANI/GO/Fe;0, composites.

The permittivity real part (¢”), permittivity imaginary part (¢’’), permeability real part (1’), permeability imaginary part (1’”),

dielectric loss tangent (tan d¢), and magnetic loss tangent (tandp) of the composites are presented in Fig. 8.

Fig. 8a shows that the €’ values of PANI/GO and PANI/GO/Fe;0, decrease from 22.9 to 10.7 and 10.7 to 6.2, respectively, and
their €” values ( Fig. 8b ) vary from 23.9 to 6.7 and 6.4 to 2.4respectively, with the variation in the frequency range of 2-18 GHz.
For PANI/Fe;0,, the values of its €* ( Fig. 8a ) and €” ( Fig. 8b ) negligibly decline from 9.9 to 7.1 and 1.7 to 0.2, respectively.

Moreover, the figures above show that PANI/GO exhibits higher ¢’ and €” values than other composites, this phenomenon may

Magnetic tangent loss
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be due to the conducting polymers of PANI covered onto GO.
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In Fig. 8c and 8d, the p’ and p” values of all the composites exhibit complex fluctuations in the frequency range of 2-18 GHz.
The p’ and p” values of PANI/Fe;0,4 are higher than that of other composites, there is a sign of magnetic ascension which is
noticeable from the enhanced permeability, perhaps due to the specific weight of magnetic Fe;0, particles is large than other
composites. And it also can be seen that the p” values of the composites are negative at high frequence, especially for
PANI/GO/Fe;0,4, which indicated that magnetic energy is radiated out from the composites which is due to the motion of
charges. According to the Maxwell equations, the motion of charges in an electromagnetic field will produce an alternating

electric field and induces a magnetic field.’

Fig. 8e and 8f show that the tan d¢ values of PANI/GO are higher than other composites, while its tan dp values are lower than
other composites. And the tandp values of PANI/Fe;0, are higher than other composites, but the tande values is lower than that
of other composites. The tande values of all composites are higher than the tandp values. The results suggest the electromagnetic

attenuation mechanism of all composites is mainly attributed to dielectric loss.

As mentioned in the previous report,***

the electromagnetic absorption property of absorber also depends on the combination
between magnetic loss and dielectric loss. The dielectric loss and magnetic loss of PANI/GO are out of balance, thus the
absorption of PANI/GO is weak. The dielectric loss and magnetic loss of PANI/Fe;0, are small than other two materials, so it
also have a weak absorption. Because Fe;0O, particles have magnetic characteristics and PANI have dielectric properties, the
PANI/GO/Fe;04 composites consisting of GO, PANI, and Fe;0, nanoparticles may have better impedance matching, thus the
PANI/GO/Fe;04 composites will have an excellent electromagnetic absorption property. Firstly, dipole polarization is presented
in Fe;0, nanoparticles with nano size. The small size of Fe;04 nanoparticles increase the dipole polarization, which contribute to
dielectric loss. Secondly, the dielectric loss is related to the natural structure of Fe;0,.3%* Electronic polarization and ion
polarization may take place during the electron transfer process between iron ions, which also has effect on the electromagnetic
absorption property. Thirdly, at the interface of the ternary composites, interface defects can function as polarized centers and
lead to an additional dielectric loss.*’ In addition, the better matching impedance also plays an important role in increasing the
electromagnetic absorption property.*** The PANI/GO/Fe;0, showed the best absorption performance, which may be explained
by a balance of two key factors, dielectric loss and magnetic loss. For PANI/GO,the high electromagnetic wave conversion
capability was derived from a high tan de, but the reflection coefficient was also high due to a high €' value as a lot of
electromagnetic wave was reflected back with a low absorption; for PANI/Fe;0,, the reflection of electromagnetic wave was not
prominent, but the electromagnetic wave conversion capability was inferior, which also led to a decrease in absorption

performance; for PANI/GO/Fe;0, a balance was struck between the reflection and conversion of the electromagnetic wave, and
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the best absorption performance was achieved as a result. From the above analyses, we can draw a conclusion that the

electromagnetic absorption property of PANI/GO/Fe;0, composites can be attributed to the efficient complementarities.
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Fig. 9 The R, of PANI/GO (a), PANI/Fe;0, (b) and PANI/GO/Fe;0, (c).

The reflection loss(Ry) values of the composites are calculated according to the following equations.

Z -1
R, (dB) = 201log/=i~—— !
,(dB) S — (1)

m

Z, = [, anh|jQafd e Weu | @

Where Z;, is the input impedance of the absorber, f is the frequency of electromagnetic waves, d is the thickness of the

absorber, and c is the velocity of electromagnetic waves in free space.

Fig. 9a and 9b show that PANI/GO and PANI/Fe;0, have same absorption properties. Each of them either has large dielectric
loss or magnetic loss, it makes the dielectric loss and magnetic loss out of balance and not matching impedance. So they also
have weak absorption properties. Compared with the composites above, PANI/GO/Fe;04 composites with Core-Shell structure
exhibit excellent microwave absorption properties (Fig. 9c). It can be found that the maximum Ry is down to -53.5 dB at 7.5 GHz
and the absorption bandwidth exceeding -10 dB is 2.8 GHz ( from 6.4 GHz to 9.2 GHz ) with absorber thicknesses of 3.91mm.
We find that 3.91mm is the perfect matching thickness, which is the quarter-wavelength matching layer, according to quarter-

wavelength model.**** This property can be applied to the coating absorbing materials, which can improve the absorbing effect.

The microwave absorption properties of core-shell structure nanocomposites are better than that of other composites due to its
special structure. Fe;04 nanoparticles coated with PANI effectively decreases the complex permittivity and increases the complex

permeability, leading to improve characteristic impedances and magnetic loss abilities.***” The consequent core/shell interfaces

10
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will produce interfacial relaxation between Fe;O4 nanoparticles and PANI. And there also exist interfacial relaxation between
PANI and GO. These are benefit to microwave absorption. The composites can improve dielectric loss through interface

polarization and relaxation effects and reduce eddy effect and also increase anisotropy energy.
4 Conclusions

The paper has demonstrated an effective and versatile strategy to synthesize Fe;O, coated with PANI loading on the GO. As a
microwave absorbing materials, the PANI/GO/Fe;0,4 nanocomposite exhibits excellent electromagnetic performance. The method
presented in this work is very useful for enhancing the microwave absorption properties of these electromagnetic materials with
high RL at the full-wave band of 1-18 GHz, which can be ascribed to the core-shell structure of Fe;04 coated with PANI, the
high dielectric loss and low density of GO, and the electromagnetic match in the microstructures. It was found that GO can be
used to prepare absorbing materials, and its performance are as good as that of graphene. Its preparation is simple than that of
graphene, and avoiding to stacking phenomenon in the reduction process. GO may become a promising material in absorbing

materials. The method expands the potential application range of metal oxide nanomaterials used in microwave absorbing areas.
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