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Ferromagnetic metal nanoparticle/graphene nanocomposites are promising as excellent electromagnetic
(EM) wave absorption materials. In this work, we used a facile method to synthesize a cobalt
nanoparticle—graphene (CoNP-G) nanocomposite. The obtained CoNPs—-G exhibited a saturation
magnetization (M) of 31.3 emu g~! and a coercivity (Hc) of 408.9 Qe at 298.15 K. In particular, the
CoNPs—-G nanocomposite provided high-performance EM wave absorption with multiband, wide
effective absorption bandwidth, which was mainly attributed to the synergy effects generated by the
magnetic loss of cobalt and the dielectric loss of graphene. In the range of 2-18 GHz, the sample
(55 wt% CoNPs—G) held three effective reflection loss (RL) peaks (frequency ranges of 2.4-3.84, 7.84—
11.87 and 13.25-18 GHz, respectively, RL = —10 dB) with the coating thickness of 4.5 mm, and the
effective bandwidth reached the maximum of 10.22 GHz, and the minimal RL reached —40.53 dB at
9.50 GHz. Therefore, the CoNPs—-G nanocomposite presents a great promising application in the
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1. Introduction

With the development of electronic devices, electromagnetic
(EM) wave interference and radiation problems are increasing,
such as the harm to human bodies and information safety. The
fabrication of high-efficiency EM wave absorption materials
with a low density, wide effective frequency range and strong
absorption properties’” has attracted more and more attention
in civil and military fields. There are some kinds of materials
applied in EM wave absorption, for instance, ferromagnetic
metals and carbon materials.

Because of the large saturation magnetization (M;) and their
Snoek limit at a high-frequency level, ferromagnetic metals and
their alloys especially cobalt (Co) exhibit strong absorption
intensity, whereas the frequency ranges are usually narrow.***
According to the literatures, nano/microstructure Co materials,
such as hollow porous cobalt spheres,® hierarchical sword-like
cobalt particles'® and cobalt nanoplatelets* with large anisot-
ropy field have been synthesized and applied for EM wave
absorption. However, the above-mentioned materials have
various disadvantages when used alone. For instance, as the
coating layers, the high density of metals hinders their practical
applications. Moreover, they are easily oxidized and agglomer-
ated when exposed in the air, which lead to the decrease of EM
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electromagnetic wave absorption field.

wave absorption capacity and greatly limit their application. In
this direction, more advanced EM materials should be designed
to provide high absorption capacity, wide absorption frequency
range, light weight, good thermal stability and antioxidative
capability.’*"®

Carbon materials, such as graphite, mesoporous carbon,
carbon nanotube and graphene, have attracted more attention
on the EM wave absorber since World War II. They can produce
eddy current under the action of electromagnetic waves and
convert the electromagnetic energy into heat energy. Impor-
tantly, they can partly meet the advanced EM materials demand.
Among these carbon materials, we pay more attention to gra-
phene (G) due to its better microwave absorption properties
than that of graphite and carbon nanotube.” G, a two-
dimensional nanostructure carbon material, with large
specific surface area, high conductivity, flexible, corrosion
resistant and low density,”*>* may be applied as a lightweight
EM wave absorber. However, it usually exhibits low absorption
property because its conductive and electromagnetic parame-
ters are too high to meet the requirement of impedance
match.*>*** Adding magnetic loss nanoparticles (Co30,4, Fe;0,,
Co, Ni, NiFe,0,4, CoFe,0,, etc.) into G should be an effective
method to deal with it, which can alter the values of dielectric
permittivity and magnetic permeability.>*** Briefly, the afore-
mentioned composites improve the absorption of electromag-
netic energy due to combine the magnetic properties of
ferromagnetic nanomaterials with the excellent electrical

This journal is © The Royal Society of Chemistry 2018
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conductivity of graphene. Nevertheless, these composites are
usually synthesized via solvothermal, hydrothermal or calcina-
tion method, which need more energy. Furthermore, the
products provide EM wave absorption with single absorption
peak in a certain coating thickness; on the side, only several
materials®*® can meet the following points: the value of
minimal reflection loss (RL) reached —40 dB and the effective
absorption bandwidth (RL = —-10 dB) ~4 GHz
simultaneously.

In this study, we exhibited a liquid phase reduction method
to prepare the Co nanoparticles-graphene (CoNPs-G) nano-
composite. The CoNPs-G nanocomposite with excellent EM
wave absorption properties was obtained by controlling the
concentration and proportion of the reactants. In addition, the
method was more simply and less energy consumption than
that of solvothermal, hydrothermal and calcination methods.
The microwave absorption data of the CONPs-G nanocomposite
showed that the synthetic nanocomposites held high-
performance EM wave absorption with multiband, wide effec-
tive absorption bandwidth, and the possible reason was the
magnetic loss of cobalt and the resistance loss of graphene.*> To
the best of our knowledge, the EM wave absorption materials of
metals—graphene or metal oxide-graphene composites, which
have three adsorption peaks among range of 2-18 GHz with
a certain coating thickness, the effective absorption bandwidth
(RL = —10 dB) is more than 8 GHz, and the value of minimal
reflection loss (RL) reach —40 dB, have rarely been reported.
Moreover, this route will be likely to extend to the preparation of
other metal-graphene EM wave absorption materials.

was

2. Experimental

2.1. Materials

Graphite (C, 400 mesh), potassium permanganate (KMnO,),
sodium nitrate (NaNOj;), sulfuric acid (98%, H,SO,), hydrogen
peroxide (H,0,), hydrochloric acid (37.5%, HCI), cobalt chloride
hexahydrate (CoCl,-6H,0), hydrazine hydrate (N,H,-H,O,
80 vol%), sodium hydroxide (NaOH), ethanol (99.7%, CHj;-
CH,0OH) were purchased from Kelong Reagent Co., Ltd.
(Chengdu, China). All chemicals were of analytical reagent
grade and used as received without further purification. All
aqueous solutions were prepared with de-ionized water (D.I.
water).

2.2. Synthesis of samples

Graphene oxide (GO) was prepared from powdered flake
graphite (400 mesh) by a modified Hummers' method as
described previously. In a typical synthesis procedure, a certain
amount of GO was dispersed in 10 mL D.I. water, with ultra-
sonication for 0.5 h. And then 4 g NaOH was added into the
solution with vigorous stirring. When the solution cooled to
room temperature, 10 mL a certain concentration of CoCl,
solution was dropped into it. After that, 1 mL N,H,-H,O was
added into the above solution and the reaction system was kept
stirring for 1 h. After reaction, the dark precipitate was sepa-
rated and washed with D.I. water and ethanol at least three
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times, respectively, and then dried through vacuum freeze-
drying for 24 h.

2.3. Characterization

Field emission scanning electron microscope (SEM, JSM-7500F,
Japan) equipped with energy dispersive X-ray spectroscopy
(EDS) was applied to morphology and elemental analysis of the
samples, and transmission electron microscopy (TEM, G2F20S,
FEI-Tecnai, USA) was used for transmission electron micros-
copy analysis. The crystal structure of the as-synthesized
samples was identified by X-ray diffractometer (X'Pert Pro
MPD, Philips, The Netherlands), using Cu Ke (A = 0.154249 nm)
radiation. The magnetic properties of coercive force and
magnetization were analyzed by a vibrating sample magne-
tometer (VSM, Lakeshore, model 7410 series) at 298 K. X-ray
photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos
Analytical) was employed to perform surface chemical analysis
and qualitative analysis of elements by using a monochromated
Al Ko excitation radiation (1486.6 eV).

2.4. Electromagnetic wave absorption measurements

To investigate the EM wave absorption properties of the ob-
tained absorbers, paraffin was selected as the matrix material. A
sample containing 55 wt% of obtained samples was pressed
into a ring with an outer diameter of 7 mm, thickness of 2.5-
3.5 mm and an inner diameter of 3 mm for EM measurement.
The complex permittivity (¢, = ¢ — j&”) and relative complex
permeability (u, = p’ — ju”) were determined using the T/R
coaxial line method in the range of 2-18 GHz using a network
analyzer (Agilent Technologies N5244A). The reflection loss (RL)
curves calculated from the relative permeability and permit-
tivity at the given frequency and absorber thickness were
employed to evaluate the electromagnetic wave absorption
properties.”® The RL was calculated according to following

equations:
1
2 1
Zn = 7o (’i) tan h H%) (ﬂrer)i} (1)
&r

Zin - ZO

0 in

(2)

where f is the frequency of the electromagnetic wave, d is the
thickness of absorber, ¢ is the velocity of light, u, and ¢, are the
relative complex permeability and permittivity, respectively, Z,
is the impedance of free space, and Z;, is the input impedance
of the absorber.

3. Results & discussion

CoNPs-G nanocomposite is synthesized by a facile method with
the liquid reduction reaction. The synthetic process is illus-
trated in Fig. 1. Through the modified Hummer's method, the
as-prepared GO has some functional groups such as -OH and
—-COOH, and these functional groups can provide it with
a negative charge. When CoCl,-6H,0 solution is added to the
GO solution, Co>" ions are absorbed by GO sheets via
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preparation

electrostatic interaction. After the addition of N,H,-H,0, the
Co*" ions of the surface of GO are reduced into Co nanoparticles
first, and it also immediately drive the reduction of GO. At last
the reduction of GO and the deposition of Co nanoparticles on
graphene sheets take place almost simultaneously.

The phases of the as-prepared GO, G and CoNPs-G nano-
composite are investigated by XRD (Fig. 2). The diffraction peak
of GO is observed at 26 = 9.8° in Fig. 2(a), indicating the
distance between atomic layers of graphite is expanded to
0.80 nm. The complete oxidation of graphite into the GO makes
it possible for Co to be assembled on GO sheets.”” As shown in
Fig. 2(b), the broad peak of G is 26 = 25°, suggesting GO can be
deoxygenated by hydrazine hydrate.>® The diffraction peaks of
the CoNPs-G nanocomposite are exhibited in Fig. 2(c), the peak
can be assigned to the (101) plane of Co (JCPDS card no. 05-
0727), and no other apparent diffraction peaks due to the
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Fig.2 XRD patterns of (a) GO, (b) G and (c) CoNPs—G nanocomposite.
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impurities can be identified, implying that the high purity
CoNPs-G can be obtained by this method.

The chemical component of CoNPs-G nanocomposite is
further investigated by Raman. Fig. 3 exhibits the Raman
spectra of GO (black line) and CoNPs-G (red line) nano-
composite. The G band is assigned to the in plane vibration of
sp® carbon atoms, and the D band is related to the vibration of
sp® carbon atoms. The typical G band (1593.06 cm™ ') and D
band (1340.01 cm™ ') of GO are showed in picture. However,
compared with GO, the G band and D band for CoNPs-G are
1596.42 cm ™' and 1335.54 cm ™!, which both have a small
spectral shift. It indicates that there may be chemical interplays
between the groups of G and the reactive sites of Co. As we
know, the ratio of intensities of the two band (Ip : Ig) can be
used indicate the ordered and disordered crystal structure of
carbon. The I : I will increase when the GO is reduced. The
Ip:Ig is 1.07 for GO and 1.41 for CoNPs-G. The change
explains the fact that GO has been reduced to G in this
experiment.

Fig. 4(a-c) show the representative SEM and TEM images of
the CoNPs-G nanocomposite. From the Fig. 4(a), it can be seen
that Co nanoparticles are assembled on the surface of G. In
Fig. 4(b and c), the results of element mapping distribution of
CoNPs-G are presented. To eliminate the probable influence
from the conductive resin, the sample before testing is dropped
on the Si substrate. It can be deduced that Co and C elements
are uniformly distributed on the film. The presence of C
element is due to the graphene. Morphology information on the
CoNPs-G nanocomposite is given in Fig. 4(d-f). In the corre-
sponding low magnification TEM images are shown in Fig. 4(d
and e), G sheets are decorated randomly by Co nanoparticles.
Fig. 4(e and f) show a high-resolution TEM (HRTEM) image of
Co nanoparticles (marked by red circles) with a diameter
approximately 5 to 10 nm. The inset of Fig. 4(f) exhibits
a selected area electron diffraction (SAED) pattern, where the
labeled diffraction rings can be indexed to the (101) plane of Co
and the (002) plane of G,* respectively. In terms of the SEM,
TEM and XRD analyses, CoNPs-G nanocomposite can be
fabricated by our present method.
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Fig. 3 Raman spectra of the pristine GO platelets and the synthesized
CoNPs-G nanocomposite.
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Fig. 4 SEM image (a), element distribution images of Co (b) and C (c),
TEM images (d, e) and HRTEM (f) image of the CoNPs-G nano-
composite, the insets (f) show the selected area electron diffraction
(SAED) patterns of the CoNPs—G nanocomposite.

The surface composition of the composite is characterized
by X-ray photoelectron spectroscopy (XPS). The survey spectrum
(Fig. 5(a)) shows that CONPs-G nanocomposite consists of Co, O
and C elements. C 1s XPS spectrum (Fig. 5(b)) can be decon-
voluted into three peaks located at 284.5 eV, 285.6 eV and
286.7 eV, which are attributed to carbon atoms in different
functional groups: C-C, C-O and C=0 respectively,**** indi-
cating that GO is reduced to G, but the surface has a small
number of unreducible carboxyl groups (-COOH) or hydroxyl
groups (-OH). Fig. 5(c) shows the O 1s XPS spectrum of CoNPs—
G nanocomposite. Two main peaks at the positions of 531.0 eV
and 532.5 eV can be assigned to oxygen atoms in the surface
carboxyl groups: C-O and O-C=0 respectively.**** In Fig. 5(d),
the Co 2p peak is composed of two peaks centered at 780.2 eV
and 781.4 eV. The peak at 780.2 eV should be attributed to Co
2ps/2, while the weak one at 781.4 eV corresponds to Co 2py,.
Compared with Co 2p3/, (778.10 eV) and Co 2p,, (793.3 eV), the
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Fig.5 XPS spectra of CoNPs—G nanocomposite: (a) survey scan; (b) C
1s region; (c) O 1s region; (d) Co 2p region.
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Fig. 6 The magnetic hysteresis loops of CoONPs—G nanocomposite.

peaks have moved to high valence, suggesting that there is
a chemical bonding between Co and G rather than simple
physical adsorption.

The magnetic hysteresis loop at room temperature for the
CoNPs-G nanocomposite microspheres is displayed in Fig. 6.
The measured saturation magnetization (M) and coercivity
(Hc), are 31.3 emu g~ and 408.9 Oe, respectively. The smaller
M value of CONPs-G nanocomposite compared to bulk Co (168
emu g ', 298.15 K)** is mainly ascribed to the existence of
graphene. On the other hand, CoNPs-G nanocomposite also
shows greater coercivity (408.9 Oe) than bulk cobalt (10 Oe,
298.15 K). According to the following equation:

I
H, = & (6K, —4L,) (3)

where u is the magnetic dipole moment; R is the magnetic
particle radius; K, L is the interaction constant between
magnetic particles, and 7 is the number of each particle in the
sphere chain model. It shows that coercivity is inversely
proportional to the cube of particle radius, namely, the smaller
the particle size, the greater the coercivity. The Fig. 4(e and f)
shows the image of Co nanoparticles (marked by red circles)
with a diameter approximately 5 to 10 nm, hence the coercivity
of Co-G is greater than that of bulk Co.

The electromagnetic parameters are listed in Fig. 7. EM wave
absorption properties of CoNPs-G nanocomposite are highly
associated with its permittivity and permeability, where the real
parts of permittivity (¢) represent the storage capability of
electric energy, the imaginary parts (¢”) stand for the loss
capability of electric energy, the real parts of permeability (u')
represent the degree of polarization and the imaginary parts
() indicate the energy loss caused by the rearrangement of the
magnetic dipole moment. In Fig. 7(a and b), the values of ¢’ and
¢” decrease from 16.5 to 13.2 and 2.25 to 1.05, respectively, as
the frequency increases from 2 to 18 GHz range. The real parts
of permittivity (¢/) and the imaginary parts (¢”) both exhibit
more than one resonance peaks around 6-18 GHz, which may
be attributed to the interfacial polarization resonance due to the

RSC Adv., 2018, 8, 1210-1217 | 1213
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of permeability; (e) dielectric loss; (f) magnetic loss.

electronegativity difference between cobalt and graphene. As
shown in Fig. 7(c and d), the real parts of permeability (u')
declines from 2.11 to 1.99 with the increase frequency from 2-
18 GHz, on the contrary, the imaginary parts (u”) display
wavelike rises from 0.28 to 0.36 and exhibit strong magnetic
resonance peaks at 6.19, 12.16 and 16.49 GHz. The dielectric
and magnetic dissipation factors, tan de = ¢”/¢’ and tan 6y, = u"'/
W, respectively, provide a measure of the power lost in the EM
wave absorption material versus the amount of power stored.**>*
From the Fig. 7(e and f), it can be described that the dielectric
loss fluctuates (from 0.14 to 0.07) slowly with the increase
frequency. Moreover, the magnetic loss displays wavelike rises
from 0.12 to 0.18 in 2-18 GHz frequency range, which is similar
to the imaginary parts (u”). It is interesting to note that the
position of dielectric loss wave trough corresponds to that of the
he magnetic loss peak. The results show that that the values of
the complex relative permittivity (¢ and ¢”) and permeability ('
and p") were better-matched, indicating a resonance behavior,
which should be conducive to the EM wave absorption perfor-
mance. Besides, the dielectric loss values (tan ¢ = ¢"/¢') are
smaller than the magnetic loss values (6y, = u”/u’) with the
increase frequency, indicating that the EM wave absorption
property of CoNPs-G nanocomposite may mainly originate
from its magnetic loss.

The magnetic loss type of the material can be obtained by
analyzing the variation law of the function (&”(z)"> f ). The
function can be calculated according to the following equation:

W' (W) 2 = 2B3mpod e (4)
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where u, is the vacuum permeability, ¢ is the electric conduc-
tivity of the composite, d is the thickness. According to the eqn
(4), if the magnetic loss only stems from eddy current loss, the
value of («”(x/)"* ') should be constant with a change in the
frequency. If not, the magnetic loss is a consequence of natural
resonance and exchange resonance. In Fig. 8, the value of («”
(«)"% f 1) varies with the frequency, which means the magnetic

0.030

0.025 4

0.020

0.015+

"(ll')-zf -1

= 0.010

0.005

Frequency/GHz

Fig. 8 Frequency dependence of (u”(u')~2 f 1) in 2-18 GHz frequency
range.
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Fig. 9 The microwave absorption properties of CoNPs—-G nano-
composite in 2-18 GHz frequency range: (a) three-dimensional
representation, and (b) two dimensional colorful map representation
of RL for CoNPs—G nanocomposite with different thickness, (c) RL of
CoNPs—-G nanocomposite vs. frequency at different thicknesses, (d)
RLmax of CONPs—G nanocomposite with different thickness, (e) RL of
CoNPs (55 wt% in the paraffin matrix) vs. frequency at different
thicknesses.
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Table 1 Comparison of microwave absorption properties between as-prepared CoNPs—G nanocomposite and other representative metal—

graphene composites

Bandwidth (RL

Sample RLpax (dB) < —10 dB) (GHz) Frequency range (RL < —10 dB) (GHz) Ref.
CoNPs-G —40.53 10.22 7.84-11.87, 2.4-3.84, 13.25-18 This work
Co particle —60.13 5.42 11.87-17.85 10
RGO/NiO —55.5 6.7 10.2-16.9 25
RGO-C0;0, —43.7 4.6 3.6-5.4, 12.3-15.1 26
Graphene —6.5 0 0 60
NiO-G —59.6 4.24 12.48-16.72 61
Fe-G —45 2.5 6.0-8.5 62
Co particle —48.03 6.67 — 63
Nanoporous carbon 42.4 1.76 8.08-9.84 64
CuO/carbon 57.5 4.7 13-17.7 65
MWCNTSs 26.9 4.24 12.48-16.72 66

loss of the CONPs-G nanocomposite is attributed to the synergy
effects of natural resonance and exchange resonance, which are
beneficial to widen the bandwidth of microwave absorption.*
The first resonance peak at 5.36 GHz is due to natural reso-
nance, which would occur in magnetic particles when the
frequency of incident microwave can be line with the intrinsic
frequency of the magnetization spinning oscillation. The two
resonance peaks at 11.52 and 16.48 GHz is ascribed to exchange
resonance. It can be discussed with the exchange resonance
mode developed by Aharoni.”’* The frequency exchange reso-
nance of magnetic materials is determined by their particle size,
morphology and the composition.

The microwave absorption properties of CoNPs-G nano-
composite are illustrated in Fig. 9. A 3D image map and
a contour map of RL for CONPs-G nanocomposite are shown in
Fig. 9(a) and (b). It can be observed that the material displayed
superior microwave absorption performance in both the value
of RL and absorption width. There existed three excellent
microwave absorption “green gorge” and “yellow islands” in the
two figures, respectively, which covered almost half of the map
area. Fig. 9(c) shows the frequency-dependent RL curves of the
CoNPs-G nanocomposite with addition amount of 55 wt% in
the paraffin matrix at different thicknesses (d = 1.5-5.5 mm).
Compared with Fig. 9(e), the frequency-dependent RL curves of
the CoNPs, it can be found that most RL curves of the CONPs-G
nanocomposite have at least two peaks except for the coating
thickness of CoNPs-G nanocomposite at 1.5 mm and 2 mm.
The minimal RL value is up to —40.53 dB at 9.5 GHz at d = 4.5
mm, which the effective absorption bandwidth (RL =< —10 dB) is
4.03 GHz, and the other two peaks of this RL curve appear at
3.04 GHz and 16.13 GHz, the minimal RL value is —18.82 dB
and —18.95 dB, respectively. Moreover, the broad effective
bandwidth reached the maximum of 10.22 GHz, which covered
the S, X, and Ku band at a single thickness, and to our best
knowledge, no previous literature reported it. By adjusting the
thickness, the effective absorption bandwidth could cover
almost all the S, C, X, and Ku band. It can be seen from the
Fig. 9(d) that the coating thickness of CONPs-G nanocomposite
has great influence on its minimal RL. First, the value of RL
decrease with the increase coating thickness, then it increases
when the coating thickness is beyond 4.5 mm. Furthermore,

This journal is © The Royal Society of Chemistry 2018

compared with other recently reported materials, the CONPs-G
nanocomposite has more wider operation absorption band-
width, and effective absorption range has covered the whole
frequency from 2 to 18 GHz. Notably, the introduction of gra-
phene in Co nanoparticles can improve its EM wave absorption
performance, including high absorption efficiency, wide oper-
ation absorption bandwidth, and multiband absorption func-
tion, as shown in Table 1.

4. Conclusions

In summary, CoNPs-G nanocomposite was synthesized via
a facile liquid reduction method. Multiple dielectric, magnetic
resonance peaks were exhibited in the microwave range of 2-18
GHz. The natural resonance and exchange resonance of the
material were beneficial to widen the bandwidth of microwave
absorption. In particular, three effective RL peaks across low,
middle and high frequencies (2.4-3.84, 7.84-11.87 and 13.25-18
GHz), had been observed in the curve with the coating thickness
of 4.5 mm, the minimal RL reached —40.53 dB at 9.50 GHz, and
the widest effective absorption bandwidth was 10.22 GHz. The
effective absorption bandwidth could cover almost all the S, C, X
and Ku band with the thickness in the range of 1.5-5.5 mm,
which indicated that the CONPs-G nanocomposite has potential
application for EM wave absorption.
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