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Uniform PANI/MnOo/CF hybrids with superior microwave absorption prop-
erties were rapidly fabricated via a two-step reaction involving the
hydrothermal method and in situ polymerization. The morphology and
structure of the samples were investigated via scanning electron microscopy,
x-ray photoelectron spectroscopy, x-ray powder diffraction and Fourier
transform infrared spectroscopy. The nano-size MnO, particles grown on the
surface of the carbon fiber and the MnOy/CF were found to be uniformly
coated with PANI. Based on TG analysis, the thermal stability of PANI/CF
and PANT/MnO,/CF was superior to that of PANI. According to the results of
vector network analysis, the microwave-absorbing capacity of PANI/MnOo/CF
was greater than that of PANI and PANI/CF, and its minimum loss value
reached — 22 dB at 10.2 GHz. When the frequency was between 8.7 GHz and
11.7 GHz, the Ry, values of the hybrid were less than — 10 dB, which implies

that its effective absorption bandwidth is 3.0 GHz in the X band.
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INTRODUCTION

With the rapid development of science and
technology, humanity relies heavily on high-tech-
nology systems based on microwave radiation phe-
nomena. Consequently, the rapid development of
high-frequency application devices causes serious
electromagnetic interference (EMI) pollution.
Hence, microwave absorbers that can effectively
reduce the reflection of microwave have garnered
interest for use in different applications. Materials
capable of absorbing electromagnetic signals are
also widely applied in industrial, commercial and
military fields."® Therefore, more and more
researchers are engaged in the exploitation of novel
microwave-absorbing materials. A superior mate-
rial for microwave absorption should be thin and
exhibit low density, broad effective absorption
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frequency, and strong absorption peaks along with
other advantageous properties.*® In order to fabri-
cate ideal microwave-absorbing materials, conduc-
tive polymers, carbon materials and inorganic
compounds are currently combined via chemical
reaction. Liu and co-workers’ fabricated graphene/
poly(3,4-ethylenedioxythiophene)/Fe30, composites
with uniform structure that displayed excellent
microwave-absorbing properties, including a mini-
mum reflection loss of — 56.5 dB at a frequency of
8.9 GHz. In addition, He et al.® designed a PANI/Ag/
SrFe5019 composite with superior microwave-ab-
sorbing properties and its minimum reflection loss
value can reach — 14.86 dB in the X band.
Conductive polymers have special long conjugated
structures, low density, good conductivity and many
other advantages, and they are frequently used in
the preparation of absorbing materials. The com-
monly used conductive polymers include polypyrrole
(PPY), Polyaniline (PANI) and polythiophene
(PHT).> ! As a universal conducting polymer, PANI
has many useful merits, which include its high
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conductivity, low weight and low cost.'? Tian and co-

workers'® constructed a uniform core—shell PPy@-
PANI composite microsphere with tunable shell
thickness, and when the material was applied as a
microwave absorber, its reflection loss value could
reach — 34.8 dB. In addition, many other PANI
composites, including PANI/Ni/CF,'* PANI/
NiFe,O4/graphite nanosheet,’> PANI/SrFe; 5019/
hollow glass beads,'® have also been prepared by
other researchers.

Metallic oxide with excellent dielectric properties,
such as titanium dioxide and manganese dioxide,
have regularly been chosen to prepare electromag-
netic absorbing materials.'” ™' These materials are
beneficial to the electrical loss of electromagnetic
waves, and thereby promote absorption efficiency.
She et al.?% synthesized a spindle-type hollow poly-
dopamine@x-MnQOy with tunable microwave absorp-
tion frequency. Zhou et al.?! designed a hollow
urchin-like ¢-MnQO, as a microwave absorption mate-
rial, and its reflection loss can reach — 41 dB. As
another perfect microwave absorber, Cheng and co-
workers reported the facile preparation of TiOo/
NiFe,0/hollow glass bead composites.??

In this work, a novel microwave absorber with
low density and strong capacity was designed.
First, MnOy/CF was obtained through the oxida-
tion-reduction reaction of mineral chameleon
(KMnO4) and carbon fiber. The nano-size MnO,
particles were grown on the surface of CF in situ.
Then, the binary hybrid was coated with the
conductive polymer PANI via the suspension poly-
merization of aniline monomer in aqueous phase,
which was initiated by ammonium persulfate. The
microwave-absorbing properties of PANI, PANI/CF
and PANI/MnOo/CF hybrid were systematically
evaluated. The PANI/MnOy/CF hybrid was found
to exhibit strong electromagnetic wave absorption
capacity.?>25

EXPERIMENTAL
Synthesis of the MnO,/CF

First, 100 mg of CF was uniformly dispersed in
80 mL of KMnO, solution (0.1 mol L") by 30 min of
vigorous ultrasonic treatment, and the suspension was
transferred into a Teflon-lined stainless steel autoclave
with a capacity of 100 mL. Then, the autoclave was
sealed and kept at 150°C in an air-blast oven for about
90 min. Finally, when the temperature of the mixed
reaction liquid had reached room temperature, the
obtained brown precipitate was collected by filtration,
washed several times using absolute ethyl alcohol and
dried at 65°C for 8 h. The chemical reaction between
KMnO, and CF in aqueous solution is assumed to obey
the following equation?®:

4KMnO, + 3C + Hy0 2 4MnO, | +K,CO;

(1)
+ 2KHCO3

Synthesis of the PANI/MnQO,/CF

The PANI/MnO,/CF hybrid was synthesized by a
simple in situ growth reaction of aniline monomer
on the surface of MnOy/CF. Briefly, 0.1 g of MnOo/
CF was dispersed uniformly in 30 ml of HCI solution
(0.5 mol L™1), and the emulsion was placed in an ice
water bath and stirred for about 30 min. Then,
50 uL of aniline monomer was added dropwise to
the suspension. When the temperature of the reac-
tion system was maintain at about 0°C, 30 ml
another mixed solution was slowly droplcl)ed into
the suspension, which contains 0.5 mol L™ ammo-
nium persulfate and 0.5 mol L~* HCl. The entire
reaction was maintained at 0°C for about 300 min.
Finally, the precipitate was collected by centrifuge
(10000 r min '), washed with HCl solution
(0.5 mol L) several times and dried at 65°C for
12 h. The entire process diagram for the synthesis of
PANI/MnOy/CF hybrid is briefly illustrated in
Fig. 1.7

Characterization

The surface structure of the samples was exam-
ined by scanning electron microscopy (SEM; JEOL
JSM-6390, Tokyo, Japan). The chemical composi-
tion and crystalline phase of the samples were
examined by x-ray powder diffraction (XRD, PAN-
alytical, Netherlands). X-ray photoelectron spec-
troscopy (XPS; Thermo Scientific K-Alpha, Thermo
Fisher, Waltham, MA, USA) was adopted to identify
the elements and binding energy of PANI/MnQO,/CF.
The functional groups of PANI-based materials
were analyzed via Fourier transform infrared spec-
troscopy (FT-IR; WQF-310, Beijing Rayleigh Ana-
Iytical Instrument Corporation, China). The
thermal stabilities were measured using a thermo-
gravimetric (TG) analyzer (SDT-2960, TA Instru-
ments, USA) with a heating rate of 10°C/min in the
range of 40°C to 800°C under an argon atmosphere.
Relative complex permeabilities and permittivities
of PANI, PANI/CF and PANI/MnO,/CF were mea-
sured via an Agilent E8362B vector network ana-
lyzer in the X-band. The sample (20 wt.%) was
bound to paraffin (80 wt.%), pressed and cured in a
22.86 mm x 10.16 mm x 2.0 mm mold, and the
microwave absorption properties were subsequently
evaluated by the calculated reflection loss (Ry)
curves.?®”

RESULTS AND DISCUSSION
SEM Analysis

Figure 2 shows the SEM images derived from
CF (a), MnOy/CF (b and c¢) and PANI/MnO,/CF
(d). Figure 2a confirms that the surface of selected
carbon fiber is smooth and glossy with an average
diameter of about 6-7 um. After the oxidation—
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KMnOs4, 150°C

60 min

CF MnO2/CF
Fig. 1. Preparation process diagram of PANI/MnO,/CF hybrid.
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PANI/MnO2/CF

Fig. 2. SEM images for CF (a), MnO/CF (b, c), and PANI/MnO/CF (d).

50 um

reduction reaction, a large number of MnOs nano
particles were produced and deposited on the
surface of carbon fiber, and a uniform MnO; layer
was formed, which is clearly observed in Fig. 2b
and c. This is mainly due to the oxidation—
reduction reaction of elemental carbon and
KMnO4. From Fig. 2¢, the size of the synthesized
MnO, particle is less than 50 nm. Figure 2d
reveals the uniform morphology of the PANI/
MnOy/CF hybrid, which indicates that the MnOy/
CF was uniformly coated by another material and
an original ternary hybrid was successfully pre-
pared. The constituents of the products are
labeled in Fig. 2c¢ and d.

XRD Analysis

Figure 3 shows the XRD patterns for CF (a),
MnOy/CF (b) and PANI/MnOy/CF (c). Crystal struc-
tures and components can be discussed using the
patterns. In Fig. 3a and b, a very board diffraction
peak centered at about 25° is evident, which indi-
cates the poor crystallinity of carbon fiber. Com-
pared with the patterns in Fig. 3a, the patterns in
Fig. 3b display three additional characteristic peaks
located at 37.52°, 41.97° and 65.11°, which indexes
to the diffractions of (2 1 1), (3 0 1) and (0 0 2) planes
of MnO; grain, respectively (JCPDS, No.44e0141).
The emergence of these three characteristic peaks
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illustrates the preparation of MnOy/CF. The 3 sharp
peaks located at 20 = 14.9°, 20.1° and 25.2° are the
characteristic peaks of protonic acid doped PANI.
Compared with the XRD patterns of CF and MnOy/
CF, the diffraction peaks of PANI appear in the
pattern shown in Fig. 3c, which proves that the
cladding material is PANI, and the PANI/MnOy/CF
ternary hybrid was successfully fabricated.

XPS Analysis

The elemental composition of PANI/MnO,/CF was
measured using XPS, and the results are displayed

¢ Peaks of PANI

* Peaks of MnO,
~
S *
s G
2
2 a:CF
2 b:MnO /CF
= 2
- c:PANIMnO,/CF
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1 1 1 ' 1 1
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Fig. 3. XRD patterns of CF (a), MnO,/CF (b), and PANI/MnO,/
CF (c).

in Fig. 4. In Fig. 4a, the wide scan XPS spectrum is
observed, which confirms that the obtained reaction
product consists of four elements, C, N, O and Mn.
Figure 4b shows the narrow sweep spectrum for
Cls. It can be divided into two peaks located at
284.6 eV and 285.3 eV, corresponding to C-C/C=C
and C-N bonds, respectively. Figure 4c shows the
narrow sweep spectrum of the N1s. It can divided
into three peaks, which represent three different
valence states of nitrogen in the PANI molecular
chain, -N =, -NH- and —N+-. Figure 4d displays
the narrow scan pattern for oxygen. The binding
energy peaks at 530.0 eV and 531.6 eV are assigned
to O-Mn and O-H, respectively. In Fig. 4e, the
presence of the two peaks at 641.8 eV and 652.1 eV
can be attributed to the Mn2pss and Mn2pq.
binging energy, respectively. In addition, the
Mn3p characteristic peak and Mn3s characteristic
peak can also be observed in the wide scan spec-
trum. Based on the above analysis, the PANI/MnOy/
CF hybrid was fabricated, and the conclusion is
consistent with the previous results of SEM and
XRD analysis.?! 33

FT-IR Analysis

The functional groups of PANI(a), PANI/CF(b)
and the PANI/MnQOy/CF(c) hybrid were investigated
via FT-IR, and their patterns are displayed in
Fig. 5. From the patterns, all three of the analyzed
samples possess peaks characteristic of PANI
located at 1559 cm™', 1477 cm ', 1259 cm ',
1155 cm ™! and 797 cm ™!, respectively, which has
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Fig. 4. Wide scan (a), C1s (b), N1s (c), O1s (d), and Mn2p (e) spectrum of PANI/MnO,/CF.
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Fig. 5. FT-IR spectra of PANI (a), PANI/CF (b), and PANI/MnO,/CF
(c).

been reported in the literature previously.®* The
characteristic peaks located at 1559 cm ' and
1477 ecm ™! can primarily be attributed to the C—C
and C=C stretching vibration of the benzenoid ring
of the PANI backbone. The peak located at
1259 cm ! corresponds to C-N stretching of the
backbone of PANI. The peak at 1155 cm ! is
assigned to the quinonoid ring of PANI, and the
peak located at 797 cm ! is due to the flexural
oscillation of the out-of-plane deformation of C—H in
the p-disubstituted benzene ring.?® These values are
consistent with those of previous studies. Compared
with PANI, some of the characteristic peaks (e.g. the
peak located at 1155 cm™ 1) of PANI/CF and PANI/
MnOy/CF exhibit a significant blueshift (from the
lower wave numbers to the higher wave numbers),
which may be due to the addition of carbon fiber.*®

TG Analysis

Heat endurance is an important performance
criterion for subsequent application of the prepared
materials. Therefore, TG analysis was adopted to
measure the thermal stability of PANI, PANI/CF
and PANI/MnO,/CF, and their thermogravimetric
curves are shown in Fig. 6. The degradation tem-
perature (50% residual ratio) of PANI is about
500°C, and degradation occurs due to the pyrolysis
of its macromolecular backbone. The TG curves of
the PANT/CF and PANI/MnOy/CF are very similar.
However, all the corresponding residual ratios of
the PANI are lower than that of PANI/CF and
PANI/MnOo/CF, which indicates the heat endur-
ance of PANI/CF and PANI/MnO,/CF is superior to
that of PANI. When the temperature approached
800°C, the residual ratio of PANI, PANI/CF and
PANI/MnOy/CF was 33%, 67% and 70%, respec-
tively. The promotion of heat resistance can be
attributed to the role of CF in imposing restriction
on the pyrolysis of PANI chains and avoiding heat
concentration.?”®® Compared with polyaniline,
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Fig. 6. TG curves of PANI (a), PANI/CF (b), and PANI/MnO,/CF (c).

PANI/MnOo/CF is more suitable for use as a
thermally stable microwave-absorbing material.

Microwave-Absorbing Performance Analysis

In general, electromagnetic waves incident on any
media will be reflected and transmitted (absorbed
by absorbing material) by the media. Waves in the
form of electromagnetic energy can be fully or
partially absorbed and dissipated into the absorbing
materials through magnetic and dielectric losses.
The absorbed energy is transformed into heat,
which gives rise to electromagnetic losses. Since
microwaves have electric and magnetic components,
the absorption mechanism of a material can be
divided into dielectric loss and magnetic loss, which
can measured by ¢, ¢, ¢’ and u”. ¢, where ' is
correlated with the storage capability, while ¢” and
W’ represent the dissipation capability of electric
and magnetic energy, respectively.’>*° The Ry,
curves of materials can be calculated by using &',

’” ’

¢, i and u”, and the relevant equations are as

follows™*!3:
Zin — Zo
'zt ?
Zo = (1o /20)"? (3)
.(2nfd
Zin =Zy <\/€—:> tanh[]< Zf ) (,/,ursr)] (4)
- Zin - ZO

where Z, stands for the impedance of the free space,
Z;in 1s the input impedance of the absorber, p.= 1’ —
Jju’ is the relative permeability, ¢.= & — j&” is the
relative permittivity, f is the frequency of the
incident microwave, t is the thickness of the
absorber and c is the velocity of light in free space.*?
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Fig. 8. R_ curves of PANI/MnO,/CF at different thicknesses.

Therefore, the thickness of the sample has a signif-
icant influence on its microwave-absorbing proper-
ties. Consequently, CF, PANI and MnO, all perform
as non-magnetism materials. The magnetic param-
eters u’ and y” of the PANI, PANI/CF and PANI/
MnOo/CF hybrid are 1 and 0, respectively.***

Dielectric loss derived from the relaxation processes
is vital for the mechanism of absorption for electro-
magnetic waves. The permittivities of the samples
are shown in Fig. 7-1 and 7-2. Additionally, their
dielectric loss (tan J, = ¢”/¢") was calculated and is
shown in Fig. 7-3. In the X band, the real part,
imaginary part and tan J. values of PANI/CF (b)
and PANI/MnOQOy/CF (c) are fairly similar, and they
are significantly higher than that of PANI (a). This
is mainly due to the excellent electrical conductivity
of PANI/CF and PANI/MnOy/CF. The calculated
frequency dependence Ry, curves of PANI, PANI/CF
and PANI/MnO,/CF are shown in Fig. 7-4. The Ry,
value of PANI in the X band was less than — 10 dB
(90% absorption), from — 2.5 dB, to — 9 dB, which
indicates the sample’s microwave absorption per-
formance is poor. When combined with CF, the
absorption performance was improved. The lowest
value of the Rj, curves can reach — 17 dB. Further-
more, the Ry, curve of the PANI/MnO,/CF was below
the Ry curve of PANI, and its lowest frequency
appears at F = 12.4 GHz, with a value of about
— 22 dB (more than 99% absorption). When the
frequency ranged from 11.0 GHz to 12.4 GHz, its Ry,
values were all less than — 10 dB. These results
illustrate that the microwave-absorbing properties
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of the PANI/MnOy/CF hybrid were greatly improved
relative to PANI, and they were also better than
those of PANI/CF, which is mainly due to the
combination of three components: PANI, CF and
MnQO,. The conductivity was increased and the
dielectric loss was enhanced, therefore, better elec-
tromagnetic wave-absorbing performance is
observed.*64®

On the basis of Egs. 2, 3, 4 and 5, the thickness of
the material has a significant influence on the peak
position and intensity of its R, curves, which is
related to the quarter-wavelength matching model.
Thus, it is necessary to simulate the electromag-
netic wave absorption properties of the sample
based on its thickness. The simulated R, curves
depending on the thickness of the PANI/MnOy/CF
hybrid are displayed in Fig. 8. It is apparent that
the thickness of the absorber has a remarkable
influence on the electromagnetic wave-absorbing
properties. The minimum R;, gradually shifts
toward lower frequency with an increase of thick-
ness, which agrees with the quarter-wavelength
model. When the thickness reached 2.5 mm, the
PANI/MnOo/CF sample exhibited the best micro-
wave-absorbing capacity. As the thickness deviates
from 2.5 mm, the microwave absorption becomes
weaker. When the thickness is 2.5 mm, the Ry, value
of the sample can approach — 23 dB at 10.2 GHz.
When the frequency ranges from 8.7 GHz to
11.7 GHz, the R;, values are all less than — 10 dB,
which means that the effective absorption band-
width is 3.0 GHz. Therefore, in the X band, the best
matching thickness of the PANI/MnO,/CF hybrid is
2.5 mm.*°!

CONCLUSIONS

2In summary, a uniform PANI/MnO,/CF hybrid
with superior microwave absorption properties can
be prepared via a simple two-step reaction involv-
ing the oxidation-reduction reaction of CF and
KMnO, and in situ polymerization of polyaniline.
Due to the enhancement in dielectric loss, the
microwave-absorbing capacity of PANI/MnOy/CF
was greater than that of PANI and PANI/CF, and
its minimum loss value can reach — 22 dB at
10.2 GHz. When the frequency ranges from
8.7 GHz to 11.7 GHz, the R;, values are all less
than — 10 dB, which implies that the effective
absorption bandwidth can reach 3.0 GHz in the X
band. In view of the results presented herein, the
PANI/MnO/CF hybrid can be regarded as an ideal
microwave absorber.
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