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ABSTRACT: The ternary composites of poly(3,4-ethylenedioxythiophene)-reduced gra-
phene oxide—Co;0, (PEDOT—RGO—Co;0,) were synthesized and the electromagnetic
absorption property of the composites was investigated. The structure of the composites was
characterized with Fourier-transform infrared spectra, X-ray diffraction, Raman spectroscopy,
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X-ray photoelectron spectroscopy, and transmission electron microscope. The electromagnetic D lsm
parameters indicate the enhanced electromagnetic absorption property of the composites was 3.4 ) T‘. Limo
attributed to the better impedance matching. On the basis of the above characterization, an _50 [ ; ,; m
electromagnetic complementary theory was proposed to explain the impedance matching. It >4 m

can be found that the maximum reflection loss of PEDOT—RGO—Co;0, can reach —51.1 dB
at 10.7 GHz, and the bandwidth exceeding —10 dB is 3.1 GHz with absorber thickness of 2.0
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mm. Therefore, the PEDOT—RGO—Co;0, composites, with such excellent electromagnetic
absorption properties and wide absorption bandwidth, can be used as a new kind of candidate for microwave absorbing materials.

KEYWORDS: graphene, conducting polymers, magnetic nanoparticles, electromagnetic parameters, microwave absorbing materials

1. INTRODUCTION

Microwave absorbing materials can absorb electromagnetic
waves and convert electromagnetic energy into other types of
energy or make the electromagnetic wave dissipate." According
to the electromagnetic energy conversion principle, the
following three factors affect the electromagnetic absorption
property: dielectric loss, magnetic loss, and impedance
matching characteristics.”> However, most of electromagnetic
wave absorbers are composed of dielectric or magnetic
materials,*® and their impedance matching characteristics
have seldom been studied.

Reduced graphene oxide (RGO) has attracted much
attention in the science world during recent years due to its
unique properties.” '® High dielectric loss and low density
enable it to be used as a microwave absorbing material.
However, RGO is found to be nonmagnetic and its
electromagnetic absorption properties mostly contribute to
dielectric loss; therefore, it is not an ideal microwave absorbing
material."" On the basis of the electromagnetic complementary
theory, one of the effective ways to solve the problem is to
couple RGO with magnetic particles. In recently, magnetic
particles have attracted considerable attentions due to their
controllable size and shape, and the electromagnetic absorption
property can be determined by their properties.'”"* Previous
reports demonstrated that the electromagnetic absorption
property of RGO can be enhanced by adding Fe;O,
particles."*™'® However, the shortage of Fe;O, particles
hampers their applications. As an important semiconducting
transition metal oxide, Co;0, is considered to be a most
promising material due to its special properties and controllable
structure.”’~*° Furthermore, Co;0, composites have been
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investigated extensively in recent years in many fields, such as
batteries,”' ~>* supercapacitors,®* ">’ and microwave absorption
materials.***°

Poly(3,4-ethylenedioxythiophene) (PEDOT), the conduct-
ing polymer, can be used as a microwave absorbing material
due to its high electrical conductivity.”® Therefore, the
composites containing PEDOT can be used as microwave
absorbing materials.*' Recently, the novel ternary composites of
expanded graphite/polyaniline/CoFe,0, (EG/PANI/CF) fer-
rite have been synthes.ized,32 but the maximum reflection loss
of the composites is —19.13 dB with a thickness of 0.5 mm.
Singh has developed a 3D nanoarchitecture in polyaniline by
incorporating a hybrid structure of graphene/Fe;0,. However,
the electromagnetic interference shielding effectiveness is only
26 dB.*® Liu has covered RGO with PEDOT aggregations and
studied the microwave absorption properties of the composites
composed of RGO—PEDOT and Co;0, particles, but the
absorption bandwidth exceeding —10 dB is very narrow (only
2.1 GHz).**

In order to reduce or remove the PEDOT aggregations, we
use ethanol as a dispersant to facilitate the diffusion of 3,4-
ethylenedioxythiophene monomer, because it plays an
irreplaceable role in the uniform coating process of PEDOT.
It is confirmed that RGO can be completely covered by
PEDOT and subsequently the incorporation of Co;O, particles
effectively improves the electromagnetic absorption properties
and widens the absorption bandwidth. It is imperative to
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investigate the relationship of the electromagnetic parameters
between PEDOT, RGO, and Co;0, particles. The results
indicate that the electromagnetic attenuation mechanism of
PEDOT—-RGO—-Co;0, is attributed to better impedance
matching. The maximum reflection loss of the composites is
—51.1 dB at 10.7 GHz and the bandwidth below —10 dB is 3.1
GHz (from 9.4 to 12.5 GHz) with a thickness of 2.0 mm, thus
the electromagnetic absorption property and the absorption
bandwidth of the composites are better than the previous
report.3’4

2. EXPERIMENTAL SECTION

Preparation. Graphene oxide (GO) was synthesized via a modified
Hummer method.*> PEDOT—RGO-Co,0, was prepared as follows:
3,4-ethylenedioxythiophene monomer (0.4 mL) dispersed in ethanol
(30 mL) was added into GO (100 mL, 1 mg/mL) solution by
sonication treatment, then the solutioon was cooled down to 0 °C.
The concentrated H,SO, (2 mL) and (NH,),S,0; (0.95 g) dissolved
in distilled water (10 mL) were added into the above solution orderly
and the mixture stirred constantly at this temperature for 12 h. The
precipitate was washed with distilled water several times. The synthetic
procedure of PEDOT—RGO—Co;0, was according to our previous
work.* To show the difference, PEDOT—RGO was synthesized under
a similar method without adding CoCl,-6H,0. RGO was prepared via
the chemical reduction of GO with hydrazine hydrate.

Characterization. Fourier transform infrared (FTIR) spectra were
recorded on a NICOLET iS10. The crystal structure was characterized
on X-ray diffraction (D/max 2550 V, Cu Ka radiation). 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, PHI 5300X). The electromagnetic
parameters were measured in a HP8753D 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 (¢, 7.0 mm; @;, 3.0 mm).

3. EXPERIMENTAL RESULTS AND THEIR DISCUSSION

Figure 1 shows that the peaks at about 1513 and 1342 cm™' in
the literature are ascribed to the C=C/C—C stretching of the
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Figure 1. FT-IR spectra of PEDOT—RGO—Co;0, composites.

thiophene rings, and the peaks at 1198, 1143, and 1084 cm™" in
the literature are attributed to the C—O—C stretching,
respectively. Moreover, the peaks at 983 and 839 cm™ are
ascribed to the oxyethylene ring stretching and the peak at 690
cm™ is attributed to the symmetric C—S—C stretching in the
thiophene ring, respectively.>”*® The series of these peaks in
above-mentioned indicate that PEDOT is successfully grown
onto RGO. In addition, two other peaks at 575 and 665 cm™

are attributed to the Co—O stretching, suggesting the presence
of Co;0, particles in the composites.

XRD is employed to investigate the structure of the samples
and the corresponding results are presented in Figure 2. For
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Figure 2. XRD patterns of RGO and PEDOT-RGO-Co;0,
composites.

RGO, the characteristic diffraction peak at around 24.9° can be
due to the graphitic structure (002) of short-range order in
stacked RGO.*” For PEDOT—RGO—Co;0,, the seven peaks
centered at 19.2°, 31.8° 36.9° 45.0°, 55.8°, 59.6°, and 65.5°
match well with the standard XRD data for the (111), (220),
(311), (400), (422), (S11), and (440) planes of Co;0,
(JCPDS no. 43-1003). Furthermore, the weak intensity peaks
indicate that the size of Co;0, particles is small. In addition, a
small and weak diffraction peak centered at about 25.1° can be
attributed to the disorderedly stacked RGO.>® No other peaks
can be observed, indicating the high purity of PEDOT—RGO—
Co;0,.

In Figure 3, the Raman spectrum of RGO is associated with a
typical D band at 1347 cm™" and a G band at 1581 cm™. The
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Figure 3. Raman spectroscopy of RGO and PEDOT—RGO-Co;0,
composites.

D band is due to the breathing mode of k-point photons of A;,
symmetry and the G band arises from the first-order scattering
of E,, phonons by sp? carbon atoms.*"** For PEDOT—RGO—
Co;0, composites, apart from the D and G bands, the typical
Raman spectrum of PEDOT also can be observed in PEDOT—
RGO—Co,;0, composites. The peak at 698 cm™" is attributed
to symmetric C—S—C deformation, the peak at 986 cm™ is
attributed to oxyethylene ring deformation and the peaks at
1431 and 1518 cm™ are attributed to C=C stretching.****
The D and G bands in PEDOT—RGO—Co;0, composites
exhibit a red shift compared with that of RGO, the respective
red shift would be due to the strong interaction between
PEDOT and RGO. Furthermore, the Raman peaks centered at
190, 489, and 602 cm™ are attributed to the F,, modes of
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Figure 4. C 1s (a), wide scan (b) and Co 2p (c) XPS spectra of PEDOT—RGO—Co;0, composites.

PEDOT-RGO

Figure S. TEM images of PEDOT—RGO (a), RGO—Co;0, (b), and PEDOT—RGO—-Co;0, (d). HRTEM images of RGO—Co;0, (c) and

PEDOT—RGO—-Co;0, composites (e).

Co,0,, and the peaks at 460 and 670 cm ™" are attributed to the
E; and A;; modes of Co30,, respectively.* All of the above
analyses confirm the successful formation of PEDOT—RGO—
Co;0, composites.

The chemical state of the elements in PEDOT—RGO—
Co;0, composites is further investigated with XPS in Figure 4.
Figure 4a shows that the Cls XPS spectra of PEDOT—RGO—
Co;0, composites deconvoluted into five different peaks. The
peaks centered at 284.6, 286.4, 287.8, and 289.3 eV can be
attributed to the C—C/C=C, C—O, or alkoxy, C=0O and
O—C=0 groups, respectively.** In addition, the new peak
centered at 285.3 eV is due to the C—S group.*”** In Figure 4b,
the wide scan XPS spectrum indicates that the existence of C,
O, S, and Co elements in the composites. In Figure 4c, the Co
2p XPS spectra of the composites exhibit two binding energy
peaks at 781.3 and 797.4 eV, corresponding to Co 2p;,, and Co
2p, 5, respectively.**° From the above analysis, we can deduce
that the presence of Co;0, particles in the composites and the
results are consistent with the Raman spectroscopy.

The microstructure of the composites is analyzed with TEM,
and the results are presented in Figure S. Figure 5a reveals that
PEDOT—RGO composites have many wrinkled forms and no
PEDOT aggregations can be observed, indicating that PEDOT
is uniformly covered on the surface of RGO, which is different
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from the previous work.** The SAED patterns at this region
(inset in Figure Sa) indicate that PEDOT—RGO lack
crystalline characteristics, showing that RGO is completely
covered with PEDOT. Figure Sb, giving the TEM image of
RGO—-Co;0,, shows that many small Co;O, particles, with the
average diameter between 10 and 20 nm, are uniformly
anchored onto RGO (indicated by the arrows). Besides, these
Co;0, particles are firmly attached onto RGO that even
sonication is used during the preparation of TEM specimens,
indicating an excellent adhesion between Co;0, particles and
RGO is formed. Figure Sc is the corresponding HRTEM image.
The well-defined lattice planes of Co;O, particles can be
observed and the crystal lattice spacing (0.24 nm) can be
attributed to the (311) plane of Co;0, particles, which is
consistent with the result of XRD. The SAED patterns (inset in
Figure Sc) obtained from a typical individual particle also
demonstrates the crystalline feature of Co;0, particles. Figure
5d shows that many Co;0, particles covered on the wrinkled
surface of PEDOT—RGO (indicated by the arrows). In order
to verify the crystalline structure of Co;0, particles, HRTEM
image of PEDOT—RGO—Co;0, composites is presented in
Figure Se. The HRTEM image and SAED patterns (inset in
Figure Se) clearly demonstrate the crystalline nature of Co;0,
particles.
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Figure 7. Reflection loss curves of PEDOT—RGO (a), RGO—Co,0, (b), and PEDOT—RGO—Co;0, composites (c).

The permittivity real part (&'), permittivity imaginary part
(¢"), permeability real part (u’), permeability imaginary part
(u”), dielectric loss tangent (tan d¢), and magnetic loss tangent
(tan Spt) of the composites are presented in Figure 6. Figure 6a
shows that the & values of PEDOT—RGO and PEDOT-
RGO—-Co;0, decrease gradually from 23.1 to 15.6 and 15.1 to
8.7, respectively, with some fluctuations over 2—18 GHz
frequency range, and their £” values (Figure 6b) vary from 16.7
to 7.7 and 7.1 to 3.1, respectively, with the variation in the
frequency range of 2—18 GHz. For RGO—Co;0,, the values of
¢’ (Figure 6a) and &” (Figure 6b) negligibly decline from 5.6 to
4.5 and 2.5 to 1.1, respectively. Moreover, the above figures
show that PEDOT—RGO exhibits higher ¢’ and &” values than
RGO—-Co0;0, and PEDOT-RGO—-Co;0, composites; this
phenomenon may be due to the conducting polymers of
PEDOT covered onto RGO. In Figure 6c and d, the y’ and p”
values of the above three composites exhibit complex
fluctuations in the frequency range of 2—18 GHz. With the
introduction of Co;0, particles, there is sign of a magnetic
ascension which is noticeable from the enhanced permeability.
It also can be seen that the y” values of the composites are
negative at high frequency, especially for PEDOT—-RGO,
indicating that magnetic energy is radiated out from the

12358

composites. Figure 6e and f shows that tan Je values of
PEDOT—-RGO are higher than those of RGO—Co;0, and
PEDOT—-RGO—-Co;0,, while tan du values are lower than the
other two. The results suggest the electromagnetic attenuation
mechanism of PEDOT—RGO is mainly attributed to dielectric
loss. As mentioned in the previous report,Sl the electro-
magnetic absorption property of absorbers also dependents on
the combination between magnetic loss and dielectric loss. The
dlelectrlc loss and magnetic loss of PEDOT—RGO are out of
balance,®® thus the absorption of PEDOT—RGO is weak.
Because Co;0, particles have magnetic characteristics, the
PEDOT—-RGO—-Co0;0, composites consisting of RGO,
PEDOT, and Co;0, particles may have better impedance
matching, thus the PEDOT—RGO—-Co;0, composites will
have an excellent electromagnetic absorption property. First,
dipole polarization is presented in Co;O, particles with
nanoscale size. The small size of Co;0, particle increases the
dipole polarization, thus contributing to dielectric loss.>>>*
Second, the dielectric loss is related to the natural structure of
Co;0,. Electronic polarization and ion polarization may take
place during the electron transfer process between cobalt ions,
which also has effect on the electromagnetic absorption
property. Third, at the interface of the ternary composites,
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interface defects can function as polarized centers, leading to an
additional dielectric loss.>® In addition, the better matching
impedance also plays an important role in increasing the
electromagnetic absorption property. From the above analyses,
we can draw a conclusion that the electromagnetic absorption
property of PEDOT—RGO—-Co;0, composites can be
attributed to the efficient complementarities.

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

in 1
R,(dB) = 20log Y )
Z;, = \J1/¢ tanh U(ZJ{fd/C)WJ )

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. Figure 7a shows that PEDOT—RGO exhibits poor
microwave absorption properties. The maximum R is —13.4
dB at 6.9 GHz when its thickness is 2.5 mm. Figure 7b shows
that RGO—Co;0, has a strong reflection loss peak and a
maximum R; of —36.1 dB at 14.9 GHz with a thickness of 3
mm, and the absorption bandwidth exceeding —10 dB is 3.7
GHz. Furthermore, the maximum R; values shift to a lower
frequency range when the layer thickness increases. Compared
with the above two composites, PEDOT—RGO—-Co;0,
composites exhibit excellent microwave absorption properties
as shown in Figure 7c. It can be found that the maximum Ry is
down to —51.1 dB at 10.7 GHz and the absorption bandwidth
exceeding —10 dB is 3.1 GHz (from 9.4 to 12.5 GHz) with
absorber thicknesses of 2.0 mm. The microwave absorption
properties of the composites are better than the two-
component composites, such as RGO—Fe;O, nanopar-
ticles,"*'>*”°®* RGO—Ni nanocrystals,”> RGO—NiFe,0, nano-
particles,”® Fe;0,—barium ferrite,"" Fe;0,~PEDOT, and the
ternary composites of expanded graphite/polyaniline/
CoFe,0,”” and polyaniline/graphene/Fe;0,.>> The introduc-
tion of Co;0, particles improves the impedance matching,
which helps to enhance the electromagnetic absorption
property of PEDOT—RGO.

4. CONCLUSIONS

In summary, we present the simple hydrothermal method to
prepare ternary composites consisting of PEDOT, RGO, and
Co;0, particles. The results indicate that RGO is uniformly
covered by PEDOT due to the present of ethanol, and Co;0,
particles with average diameter within the range of 10—30 nm
are also firmly anchored onto PEDOT—RGO. The electro-
magnetic absorption property of PEDOT—RGO is mainly
attributed to dielectric loss, but the electromagnetic attenuation
mechanism of PEDOT—RGO—Co;0, composites is attributed
to the better impedance matching. Comparing with PEDOT—
RGO and RGO—-Co;0,, PEDOT-RGO—-Co0;0, composites
exhibit excellent electromagnetic absorption property. The
maximum Ry is up to —51.1 dB at 10.7 GHz and the bandwidth
exceeding —10 D is 3.1 GHz when the thickness is 2.0 mm. The
results indicate that the combination of RGO with PEDOT and
Co;0, particles enables the novel hybrid materials to be used as
lightweight and high-efficiency electromagnetic wave absorp-
tion materials.
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