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Abstract The composites of reduced graphene oxide-
polyaniline film (RGO-PANI) were synthesized by an in situ
polymerization method and the microwave absorption prop-
erties of the composites were investigated. FESEM results
indicate that RGO is covered with polyaniline film, and some
PANI nanoparticles with the diameter in the range of 10–
30 nm embed in the film. As PANI film covered on RGO,
the microwave adsorption properties of RGO are significantly
enhanced. The maximum reflection loss of RGO-PANI is up
to −41.4 dB at 13.8 GHz and the bandwidths exceeding −10
and −20 dB are 4.2 GHz (from 11.7 to 15.9 GHz) and 1.5 GHz
(from 12.8 to 14.3 GHz) with a coating layer thickness of
2 mm. The excellent microwave absorption properties of the
composites may be attributed to the unique structural charac-
teristics and the charge transfer between RGO and PANI film.
Thus, the composites can be used as an attractive candidate for
the new type of microwave absorption materials.
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Introduction

Microwave absorption materials can absorb electromagnetic
(EM) waves effectively and convert EM energy into thermal
energy or dissipate the EM waves by interference. Most of the
microwave absorbers are composed of magnetic loss powders
[1, 2], dielectric loss materials [3] or conducting polymers [4].

However, the attenuation mechanism of those materials is
mainly based on either dielectric loss or magnetic loss.

Carbon based materials with low density and high complex
permittivity can be used as lightweight microwave absorption
materials. Reduced graphene oxide (RGO), a new kind of
carbon based material, has attracted tremendous scientific
attention in recent years due to its unique physical, chemical
and mechanical properties [5, 6]. Wang [7] studied the micro-
wave absorption property of RGO and concluded that the
value of microwave absorption is −6.9 dB, which was not an
ideal microwave absorption material. Polyaniline (PANI), one
of the most promising conductive polymers, has high electri-
cal conductivity and excellent environmental stability and can
be used as microwave absorption materials. However, high
complex permittivity and low complex permeability usually
present difficulties in impedance matching, resulting in weak
microwave absorption [8]. Recently, some magnetic particles
have been added into PANI to enhance the microwave absorp-
tion properties [9–11]. It is well-known that the crystal struc-
ture, size and special geometrical morphology of the micro-
wave absorbers may have an important influence on the
permittivity and permeability [12]. In recent progress, the
microwave absorption properties of PANI could be effectively
adjusted by their morphology and structure even in the ab-
sence of any magnetic particles [13, 14]. Oyharçabal [15]
studied the influence of PANI morphology on the microwave
absorption properties and find that flake-like PANI can im-
proves the microwave absorption properties. Zhang [16] syn-
thesized a series of PANI materials by a reverse dropping
method and discussed the microwave absorption of PANI
nanoparticles. The results indicate that PANI nanoparticles
have a reflection loss of −40.5 dB at 5.8 GHz and the excellent
microwave absorption abilities is due to their distinguishable
physical properties. Yu [17] reported an in-situ polymerization
process to synthesize graphene/polyaniline nanorod arrays,
and the maximum reflection loss is −45.1 dB with a thickness
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of 2.5 mm. Although many research workers have been
focused on the microwave absorption properties of
PANI, up to now, the microwave absorption properties
of PANI film covered on the surface of RGO have never been
reported.

In this work, we report an in situ polymerization process to
synthesize RGO-PANI and investigate the microwave absorp-
tion properties. As PANI film covered on RGO, the micro-
wave absorption properties of the composites are significantly
enhanced. The results indicate that the maximum reflection
loss of RGO-PANI is −41.4 dB and the bandwidths exceeding
−10 and −20 dB are 4.2 and 1.5 GHz, respectively, with a
thickness of 2 mm. The composites are very promising as a
possible candidate for the new microwave absorption
materials.

Experimental

Graphene oxide (GO) was synthesized by Hummers method
[18]. The RGO-PANI composites were synthesized as fol-
lows: 0.1 g of GO was dispersed in 100 mL distilled water
and ultrasonicated for 2 h until GO was fully dispersed.
Afterward, 0.1 mL of aniline monomer and 4 mL of
concentrated H2SO4 were added into the above solution
and stirred for 30 min at 0 °C to form a uniform mixture.
The oxidant, ammonium persulfate dissolved in distilled
water, was added into the solution and the mixture was
stirred for 24 h at 0 °C. The product was washed with
distilled water. 0.1 mL hydrazine monohydrate was added
to the above suspension and heated to 90 °C for 24 h. The
obtained product was washed with water and dried in a
vacuum oven at 60 °C.

The FT-IR spectra were observed by iS10 (USA). XRD
were identified by X-ray powder diffraction (XRD, Philips X-
ray diffractometer, PW3040). X-ray photoelectron spectros-
copy (XPS, Thermal Scientific K Alpha) was performed with
a Phoibos 100 spectrometer. Raman scattering was performed
on a Jobin-Yvon HR800 Raman spectrometer. The mor-
phology was observed by field emission scanning elec-
tron microscope (FESEM: Quanta 600FEG). Thermal
gravimetric (TG) analysis was performed on a Q2000
thermogravimetric analyzer at a heating rate of
10 °Cmin−1 in air. For measurement of the microwave
properties, the samples were dispersed in paraffin ho-
mogeneously with a sample-to-paraffin volume ratio of
1:1, and then the mixture was pressed into a toroidal
shape with an inner diameter of 3.0 mm and an outer
diameter of 7.0 mm. The relative complex permittivity (ε′ and
ε″) and permeability (μ′ and μ″) were carried out by a
HP8753D vector network analyzer at the frequency range of
2–18 GHz.

Results and discussion

FT-IR spectrum of RGO and RGO-PANI are presented in
Fig. 1. In Fig. 1a, the featureless spectra indicates that GO is
reduced to RGO successfully [19]. For RGO-PANI in Fig. 1b,
the characteristic bands at 1,583 and 1,497 cm−1 are ascribed
to the stretching vibration of C=N and C=C stretching of the
quinonoid and benzenoid units [20], respectively. The peak at
1,301 cm−1 is attributed to the C-N stretching of the secondary
aromatic amine. The peak at 1,231 cm−1 is due to the C-N+

stretching and the peak at 1,126 cm−1 is assigned to the
stretching vibration of =N+- in the bipolaron form of PANI
emeraldine salt, respectively [21]. The presence of these peaks
clearly suggests the formation of PANI in the composites.

The phase structure of the as-synthesized samples is deter-
mined by XRD in Fig. 2. In Fig. 2a, it can be observed that
RGO exhibits a diffraction peak at 2θ=24.6°, which can be
attributed to the graphitic structure (002) of short-range order
in stacked RGO [22]. For RGO-PANI (Fig. 2b), the crystalline
peaks appear at 2θ=15.3°, 19.8° and 25.4° corresponding to
the (011), (020) and (200) crystal planes of PANI in its
emerald-dine salt form, indicating that RGO are completely
covered by PANI [23]. The diffraction peak of RGO in the

Fig. 1 FT-IR spectra of RGO (a) and RGO-PANI (b)

Fig. 2 XRD patterns of RGO (a) and RGO-PANI (b)
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composites is not observed in the composites, which is due to
the poor crystalline nature [24].

Figure 3 shows the Raman spectra of RGO and RGO-PANI.
In Fig. 3a, it can be seen that RGO exhibits two typical bands, the
D band at 1,347 cm−1 is assigned to the vibrations of sp3 carbon
atoms of disordered graphite and the G band at 1,581 cm−1 is
mainly assigned to the in-plane vibration of sp2 carbon atoms in a
2D hexagonal lattice [25]. As for RGO-PANI in Fig. 3b, the
bands at 1,162, 1,214, 1,483 and 1,587 cm−1 can be assigned to
in planeC-H bending of quinoid, C-N stretching vibrations, C=N
stretching, and C=C stretching vibration, respectively, indicating
the presence of doped PANI structure on the surface of RGO [26,
27]. In addition, the D and G bands in RGO-PANI exhibit a blue
shift comparedwith that of RGO, theD band shifts from 1,347 to
1,354 cm−1, whereas the G band varies from 1,581 to

1,602 cm−1. The respective blue shift between PANI film and
RGO is due to the strong interaction between the two compo-
nents [28].

The elemental components of the RGO-PANI composites
are further investigated by XPS in Fig. 4. In Fig. 4a, the C1s
spectrum of GO can be deconvoluted into four different peaks.
The peaks at 284.6, 286.4, 287.8, and 289.3 eV have been
assigned to the C-C/C=C in the aromatic rings, C-O of epoxy
and/or alkoxy, C=O and O-O=O groups, respectively [29]. As
for RGO-PANI in Fig. 4b, the intensities of the carbon binding
to oxygen, especially the peak of C-O, decrease dramatically,
revealing that most of the oxygen-containing functional
groups have been removed. Meanwhile, a new peak at
285.6 eV can be assigned to the C-N bond of PANI [30]. In
Fig. 4c, the wide scan XPS spectrum indicates that the com-
posites are completely composed of C, N and O elements. No
other elemental signals are detected in the general XPS spec-
trum. In Fig. 4d, N 1 s XPS spectra of RGO-PANI can be
deconvoluted into three components, the peak at 398.2 ev is
attributed to the quinoid imine (=N-), the peak at 399.0 ev is
related to the benzenoid amine (−NH-) and the peak at
400.4 eV is assigned to the cationic nitrogen atoms (N+),
respectively [31]. The appearance of the above peaks suggests
the formation of doped PANI.

The microstructure and detailed morphology of RGO-
PANI have been examined by FESEM and the results are
presented in Fig. 5. In Fig. 5a, it can be found that the surface
of RGO is covered with polyaniline film, and many protuber-
ances are the homogeneous PANI nanoparticles. From the
bent and flat morphology, we can observe that the composites

Fig. 3 Raman spectra of RGO (a) and RGO-PANI (b)

Fig. 4 C1s XPS spectra of GO
(a) and RGO-PANI (b), survey
scan (c) and N1s XPS spectra (d)
of RGO-PANI
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exhibit flexible character and the good mechanical perfor-
mances are due to the introduction of RGO. At the same time,
no free PANI film or naked RGO sheets are observed, indi-
cating that the nucleation and growth of PANI film only occur
on the surface of RGO. Furthermore, the composites show a
free-standing sheet-like morphology with a thickness of
75 nm. Fig. 5b shows the enlarged images of RGO-PANI
(yellow regions), respectively. It can be clearly observed that
a large quantity of PANI nanoparticles with a relatively uni-
form size compactly embed in the film and the diameter of
PANI nanoparticles are in the range of 10–30 nm, as indicated
by the red arrows. This may be favorable for the enhancement
of the charge transfer between RGO and PANI film, which can
be used as excellent microwave absorbers.

To understand the possible microwave absorption mecha-
nisms, the complex permittivity real part (ε′), permittivity
imaginary part (ε″), permeability real part (μ′), permeability
imaginary part (μ″), dielectric loss tangent (tanδε) and mag-
netic loss tangent (tanδμ) of RGO-PANI are investigated in
Fig. 6. In Fig. 6a, it can be observed that ε′ values vary from

14.5 to 7.3 and ε″ values decrease from 9.8 to 1.1 with several
fluctuations in the frequency range of 2–18 GHz. In Fig. 6b, it
reveals that the values of μ′ are in the range of 0.8–1.0 and the
μ″ values are less than 0.28 over 2–18 GHz. The dielectric
loss tangent (tanδε) and magnetic loss tangent (tanδμ) of
RGO-PANI are shown in Fig. 6c, it can be noted that the
values of tanδε are higher than tanδμ in frequencies ranging
from 2 to 18 GHz, suggesting that the composites is mainly
dependent on the dielectric loss.

To clarify the EM absorption properties, the reflection
losses (RL) are calculated according to

RL dBð Þ ¼ 20log
Zin−1
Zin þ 1

�
�
�
�

�
�
�
�

ð1Þ

Z in ¼
ffiffiffiffiffiffiffiffiffiffiffi

μr=εr
p

tanh j 2πfd=cð Þ ffiffiffiffiffiffiffiffiffi
εrμr

p� � ð2Þ

Where Zin is the input impedance of the absorber, c is the
velocity of electromagnetic waves in free space, f is the
frequency, and d is the layer thickness. In Fig. 6d, it can be

Fig. 5 FESEM images of RGO-
PANI

Fig. 6 Frequency dependence of
the complex relative dielectric
permittivity (a), the complex
relative magnetic permeability
(b), the loss tangent (c) and the
reflection loss (d) of RGO-PANI
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found that there is one sharp and strong wave absorption peak at
13.8 GHz, the maximum RL is up to −41.4 dB and the band-
widths corresponding to the RL values below −10 dB (90 % of
EM wave absorption) and −20 dB (99 % of EM wave absorp-
tion) are 4.2 GHz (from 11.7 to 15.9 GHz) and 1.5 GHz (from
12.8 to 14.3 GHz), respectively, with a coating layer thickness of
2 mm, the calculated results demonstrate that the as-synthesized
RGO-PANI composites present a better microwave absorption
performance than single RGO [7], PANI [15, 16] and PANI
conposites [32–34]. It is well known that the composites struc-
ture, size and special geometrical morphology have an important
influence on the microwave absorption [35]. Therefore, in our
case, the enhanced electromagnetic absorption properties of
RGO-PANI may be attributed to the unique structural character-
istics and the charge transfer between RGO and PANI film. In
addition, the maximum RL values obviously shift to a lower
frequency range with increasing the layer thickness. When the
coating layer thickness goes up to 2.5 mm, the bandwidths of the
RL values below −10 dB are 3.4 GHz in the range of 9.0–
12.4 GHz and the minimum RL is 23.1 dB at 10.9 GHz. All of
the above analyses apparently demonstrate that the composites
obtained in this work are attractive candidates for the new type of
EM wave absorption materials.

Conclusions

In summary, PANI film covered on the surface of RGO is
successfully prepared by an in situ polymerization process.
FE-SEM results show that lots of PANI nanoparticles embed
in the film and the diameter of PANI nanoaprtciles is in the
range of 10–30 nm. As PANI film anchored on the surface of
RGO, the electromagnetic absorption properties are signifi-
cantly enhanced. The maximum reflection loss of RGO-PANI
is −41.4 dB and the bandwidths corresponding to the RL

values below −10 and −20 dB are 4.2 and 1.5 GHz, respec-
tively, with a coating layer thickness of 2 mm. Take the above
analysis, it can be summarized that RGO-PANI can be used as
EM absorption materials with good absorption properties.
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