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a b s t r a c t

It is a great challenge to fabricate lightweight microwave absorption materials (MAMs) with strong
electromagnetic wave attenuation over wide frequency range. In this work, ultralight multiwalled carbon
nanotube (MWCNT)/graphene foams (CGFs) are prepared through a facile solvothermal method and
their microwave absorption (MA) properties are fully investigated. The CGFs exhibit tunable complex
permittivity and conductivity through regulating MWCNT loading and thermal reduction temperature.
The addition of MWCNT remarkably enhances the MA intensity of CGFs in low frequency. A minimum
reflection loss value of �39.5 dB and average absorption intensity exceeding 22.5 dB in both C (4e8 GHz)
and X (8e12 GHz) bands are obtained. For the optimized CGF, the qualified bandwidth with reflection
loss less than - 10 dB reaches up to 16 GHz, which covers the whole measured range of 2e18 GHz and
shares the widest qualified bandwidth among open literature reports. Furthermore, a specific MA per-
formance of 12243 dB cm2 g�1 is realized, which is one of the best results among various MAMs. The
synergistic effect of MWCNT and graphene and thus obtained three dimensional high loss multilevel
network architecture are thought to be the primary causes for the excellent MA performance of CGFs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

With the explosive development of information technology,
high-performance broadband and lightweight microwave absorp-
tion materials (MAMs) have drawn increasing attentions due to the
important role they played in human health, information safety,
military stealth and elimination of electromagnetic interference
(EMI) caused by communication and navigation systems [1e4].
Generally, interfacial impedance matching and electromagnetic
wave losing are considered as the two primary factors in affecting
the microwave absorption (MA) properties of materials [5,6]. Over
the past few decades, to achieve MAMs with strong MA intensity
and wide absorption bandwidth, tremendous efforts have been
made to optimize the physicochemical properties of MAMs for
).
obtaining desired permittivity and permeability, which funda-
mentally effect the interfacial impedance gap and electromagnetic
wave attenuation ability [7e10]. Considerable progress has been
made in designing MAMs with hierarchical structure, such as
yolk�shell CoNi@Air@TiO2 and dendrite-like g-Fe2O3 [2,11], to
broaden absorption bandwidth. Besides, heat-resistant and
frequency-tunable MAMs have also been studied extensively
[3,9,12e15]. Nevertheless, MAMs exhibiting comprehensive ad-
vantages of strong absorption, wide absorption bandwidth, and low
density are quite limited. In addition, most reported MAMs just
exhibit one absorption peak in specific frequency range, mainly in X
band (8e12 GHz) or Ku band (12e18 GHz). Achieving MAMs with
multiple absorption peaks and strong MA performance in both C
and X bands remains a huge challenge.

Nanocomposites based on three dimensional (3D) graphene
materials have caught wide attention for their potential in elec-
tromagnetic wave attenuation [16e18]. Benefiting from the
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excellent physicochemical properties originated from graphene
sheet and distinctive structure, 3D graphene materials have shown
various potential applications, such as environmental remediation,
catalysis, photo-thermal conversion and energy storage [19e21].
Recently, we have demonstrated the broadband absorption of
graphene foam (GF) with 3D interconnected network [22], which
was distinct from the very narrow absorption bandwidth that using
graphene just as a filer [23,24]. Nevertheless, restricted by the
intrinsic electromagnetic properties of graphene, the MA property
of GF in low frequency (e.g. C band (4e8 GHz)), is usually unsat-
isfactory [5]. As the building block of 3D GF, the large graphene
sheets are ideal carrier for loading various nanomaterials, such as
magnetic nanoparticles and carbon nanotubes [25e29]. Therefore,
we have been trying to develop multicomponent macroscopic 3D
composite foam to take the full advantages of all components to
enhance the electromagnetic wave attenuation efficiency.
Furthermore, it is also possible to regulate the electromagnetic
properties of this composite foam by controlling the loading of the
guest materials and achieve the synergistic effect of graphene and
the filler, which may be able to improve the absorption intensity in
both C and X bands.

Carbon nanotubes (CNTs) are widely used as microwave
absorber for their remarkable electronic and mechanical properties
[30e32]. The unique one dimensional (1D) tubular nanostructure
offers enormous sites for electromagnetic wave scattering. Besides,
the induced current generated by CNTs under alternating electro-
magnetic field and enhanced interface polarization also contribute
to electromagnetic wave attenuation [33]. However, CNTs are
generally served as MA filler and incorporated into polymers. The
aggregation and inappropriate processing of CNTs make them hard
to form effective attenuation networks in matrix, thus hamper the
MA performance [4,34,35]. More recently, 3D CNTs and their
composite have shown encouraging progress in EMI shielding
application [36,37]. It is thought that building a composite network
by integrating 1D CNTs into 3D graphene framework might to be an
appropriate route to obtain broadband and high-performance
MAMs.

In this work, ultralight multiwalled carbon nanotube (MWCNT)/
graphene hybrid foams (CGFs) were prepared using a facile sol-
vothermal self-assembly method, and their outstanding MA per-
formance was demonstrated. The effective absorption bandwidth
with reflection loss (RL) less than - 10 dB covers the entire tested
frequency range of 2e18 GHz and a minimum RL value of �39.5 dB
was realized. Moreover, the introduction of MWCNT observably
improved the electromagnetic wave attenuation ability of CGFs in
low frequency. The optimized CGFs exhibit two strong absorption
peaks and average absorption intensity exceeding 22.5 dB in both C
(4e8 GHz) and X bands (8e12 GHz). Our results also indicate that
annealing temperature and the mass ratio of graphene/MWCNT
have an important influence on the electromagnetic properties.
Moreover, the possible MA mechanisms are also explored.
2. Experimental section

2.1. Materials

Graphene oxide (GO), with the lateral dimension mainly above
10 mm,was synthesized from nature flake graphite using amodified
Hummers method, as previously reported by our group [38]. The
MWCNT (purity >97 wt%, outer diameter 20e40 nm, and length
5e15 mm) supplied by Shenzhen nanotech Port Co., Ltd. (Shenzhen,
China). All the other chemicals were purchased from Tianjin
Chemical Reagent Co., Ltd. (Tianjin, China) and used as received.
2.2. Preparation of modified MWCNT

For the purpose of removing impurities of raw MWCNT and
modifying oxygen functional groups on MWCNT, 1 g raw MWCNT
and 100 ml solution of 8 M HNO3/H2SO4 (1/3, v/v) were added in a
250 ml flask, and then the mixture was sonicated for 1 h. The
suspension containing MWCNT was then refluxed at 140 �C for
12 h. After cooling down to room temperature, the slurry was fil-
trated and washed with deionized water until the PH of filtrate
reached 7. Then the filtered product was dispersed in water under
ultrasonication and then freeze-dried. Finally, the fluffy modified
MWCNT powder was obtained (Fig. S1).
2.3. Preparation of ultralight CGFs, C@GFs and C/GFs

Typically, to fabricate CG7F, a certain amount of modified
MWCNT was re-dispersed in ethanol. Then the MWCNT/ethanol
solution was added into GO ethanol solution (157 ml, 2.0 mg/ml)
with the mass ratio of modified MWCNT/GO ¼ 1:7. After mechan-
ical agitation for 2 h, the resultant 628 ml GO/MWCNT ethanol
solution (the concentration of GO was 0.5 mg/ml) was sol-
vothermally reacted at 180 �C for 12 h in a home-made Teflon-lined
autoclave. After gradually solvent exchange with water and freeze
drying, an ultralight foam (CG7F) was obtained. The CG7F-200,
CG7F-400, CG7F-500, CG7F-600 and CG7F-800 were finally ob-
tained through annealing the resultant CG7F at 200, 400, 500, 600
and 800 �C for 1 h in argon atmosphere, respectively. Similarly, the
CG2F, CG3F, CG5F and CG9F were prepared by the same sol-
vothermal method (the final concentration of GO in GO/MWCNT
ethanol dispersion was maintained at 0.5 mg/ml) with the mass
ratio of MWCNT/GO ¼ 1:2, 1:3, 1:5, 1:9, respectively. For conve-
nience, the CGFs with the reduction temperature of 200 �C, 400 �C,
500 �C, 600 �C, 800 �C are labeled as CGF-200, CGF-400, CGF-500,
CGF-600 and CGF-800, respectively. Besides, neat graphene foams
(GFs) without modified MWCNT were also fabricated from 0.5 mg/
ml GO ethanol solution in the same way as above.

C@GFs were prepared through freeze drying of the modified
MWCNT/GO aqueous solution directly. The concentration of GO in
GO/MWCNT ethanol solution was also maintained at 0.5 mg/ml.
C@G3F and C@G7F were fabricated with the mass ratio of modified
MWCNT/GO ¼ 1:3 and 1:7, respectively. The remaining processes
for preparing C@GFs were the same as CGFs.

ModifiedMWCNTwas replaced by rawMWCNT to fabricate raw
MWCNT/graphene foams (C/GFs), and the remaining processes for
preparing C/GFs were the same as CGFs.
2.4. Characterizations

Scanning electron microscopy (SEM) images were obtained on a
LEO 1530 V P field emission scanning electron microscope with
5.0 kV accelerating voltage. Structure information of the samples
was examined with X-ray diffraction (XRD) carried out on a Rigaku
D/Max-2500 diffractometer with Cu Ka radiation. The Raman
spectrum of the samples was investigated on a Renishaw inVia
Raman spectrometer using laser excitation at 514.5 nm. The
chemical composition of the samples was obtained by X-ray
Photoelectron Spectroscopy (XPS) using PHI 5000 VersaProbe
(ULVAC-PHI, Japan). Transmission electron microscopy (TEM) was
conducted in a JEOL TEM-2100 electron microscope using an ac-
celeration voltage of 200 kV. All the samples were dried in vacuum
at 120 �C for 12 h and then their Fourier transform infrared (FT-IR)
spectra were analyzed using a FT-IR Spectrometer (Tensor 27,
BRUKER).
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2.5. MA measurement

The microwave absorbing property was examined with Agilent
PNA-X vector network analyzer (N5244A, 10 MHz-43.5 GHz) by
measuring the RL value using arch method in the frequency range
of 2e18 GHz. To be briefly, four CGFs cut into
90 mm � 90 mm � 10 mm were arranged into a cubic container
with internal dimensions of 180 mm � 180 mm � 10 mm. Then the
sample was placed on a standard aluminum plate, which has a
thickness of 5 mm and high conductivity (no less than 1.0 � 107 S/
m), to reflect all the incident microwaves back to the receiving
antenna. The measurements were performed at room temperature.

2.6. Electromagnetic parameter measurement

Complex permittivity and permeability of the samples were
measured using coaxial-line method on Agilent HP8722ES vector
network analyzer in the frequency range of 2e18 GHz. In a nutshell,
the nubby foam sample was fully soaked in liquid wax at 80 �C with
the auxiliary of vacuum, after cooling down to room temperature,
the sample was sanded to the thickness of 2 mm. Finally, a
cylindrical-shaped standard test sample (Fout ¼ 7.00 mm,
Fin ¼ 3.04 mm) was obtained through cutting the 2 mm thickness
block with an annular tool.

3. Results and discussion

3.1. CGFs preparation and characterization

As illustrated in Fig.1, the ultralight CGFs were obtained through
scalable self-assembly of MWCNT and GO followed by different
annealing process (for more details, please see Experimental Sec-
tion). The as-prepared cake-like CGFs show high porosity (>99%)
and ultralow bulk density (1.32e2.83 mg/cm3) (Fig. S2). MWCNT
was pre-treated with mixed acid to prevent MWCNT bundling and
get better interaction with GO. The XPS spectrum of modified
MWCNT are shown in Fig. 2a and Fig. S3. The appearance of CeO
and C]O peak of the modified MWCNT with calculated oxygen
content of 12.8 wt% indicates that MWCNT was successfully func-
tionalized with oxygen functional groups, such as hydroxyl and
carboxyl [39]. It is also confirmed by the FT-IR spectrum (Fig. S4)
and Raman spectrum, which shown obviously enhanced ID/IG value
(Fig. S5). The modified oxygen functional groups contribute to
preventing the aggregation of MWCNT and making MWCNT
disperse more effectively in GO solution. Moreover, the modified
MWCNTs and GO sheets act as spacer and anchor site, respectively,
and prevent the restacking of graphene s during the self-assembly
Fig. 1. Schematic illustration of the fabrication process of MA C
process.
To comprehend the impact of MWCNT on the microstructure of

CGFs, we carried out XRD characterization of various CGFs annealed
at 400 �C. Different from the sharp (002) peak of nature flake
graphite and the (001) diffraction peak of GO at 11� (Fig. S6), all the
CGFs exhibit a very weak broad peak around 23.1� and an addi-
tional peak at 26.5�, as can be seen in Fig. 2b. The broad peak
around 23.1�, corresponding the (002) plane of reduced GO (rGO),
indicates weak long-range re-stacking of graphene sheets [38]. The
emerged peak at 26.5� is associated with MWCNT (Fig. S6), as the
amount of MWCNT increases, this peak becomes stronger (Fig. 2b).
Besides, further raising the annealing temperature of the corre-
sponding CGF, the peak intensity at 26.5� almost keeps constant
(Fig. S7). To some extent, these results confirm the function of
MWCNT for preventing the re-stacking of graphene sheets.

The Raman spectra of CGFs annealed at 400 �C are shown in
Fig. 2c. The ID/IG value of a carbon material is associated with the
recovery degree of sp2 carbon structure [40]. With increasing the
content of the MWCNT, the 2D peak of CGF-400 increases
remarkably (Fig. 2c), and the ID/IG ratio decreases notably from 1.55
to 1.16. Meanwhile, comparedwith GF-400, the CGFs with the same
annealing temperature show higher ID/IG and lower I2D/IG
(Table S1). As for CG7F, there are obvious reduction of ID/IG ratio
from 1.61 to 1.47 and enhancement of I2D/IG ratio from 0.38 to 0.53
with elevated annealing temperature from 200 �C to 800 �C, as
shown in Table S1. These results demonstrate that higher annealing
temperature contributes to obtaining lower defect level and better
graphitization degree of CGF.

The dependence of electrical conductivity of CGF on MWCNT
loading and annealing temperature is presented in Fig. 2d. Elec-
trical conductivity is a critical parameter in designing carbon ma-
terials for MA application. In contrast to GF, the CGFs exhibit
obviously enhanced electrical conductivity (Fig. 2d). With the raise
of MWCNT loading, the electrical conductivity values gradually
increase. Meanwhile, the electrical conductivity of CGFs shows
obviously positive correlation with annealing temperature. These
results are in accord with the analysis of Raman results of CGFs
(Table S1). That is, the adjustment of MWCNT loading and
annealing temperature of a CGF will vary its defect level and
graphitization degree at microscopic scale and thus changing its
macroscopic electrical conductivity. Moreover, the regulation of
pre-loading of MWCNT and post-process annealing temperature
will be convenient and accurate in tuning the electromagnetic
properties of CGF.

To better understand the morphology of the CGFs and the dis-
tribution of MWCNT, we took the cross-sectional SEM photos of
CGFs. Compared with GF (Fig. 3d), which show random lap of
GF. (A colour version of this figure can be viewed online.)



Fig. 2. (a) The XPS spectrum of C1s peaks of modified MWCNT. (b) The XRD spectra of CGFs annealed at 400 �C. (c) The Raman spectra of CGFs annealed at 400 �C. (d) Bulk electrical
conductivities versus MWCNT loading for CGFs vary in annealing temperature. (A colour version of this figure can be viewed online.)

Fig. 3. (aed) Cross-sectional SEM images of (a) CG2F, (b) CG3F, (c) CG7F and (d) GF. Scale bar, 100 mm (aed). (eei) The TEM images of (e) CG2F, (f) CG3F, (g) CG5F, (h) CG7F and (i)
CG9F.
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graphene sheets and reticulum-like open cell structure with
average pore size less than 100 mm, the CGFs possess bigger pore
size, more regular and complete pore wall structure (Fig. 3aec).
This can be explained by the reinforcement effect of CNTs [41]. This
reinforcement effect wouldmake the in-plane strength of graphene
sheets stronger. Moreover, the CGFs exhibit tighter connection
among neighboring pore walls, this verifies their elevated electrical
conductivity. Besides, it can be seen that the framework of CGF
presents gradually distinct anisotropic characteristics as the
MWCNT loading increases, the orientation of poremay enhance the
response of CGF to electromagnetic wave, as discussed in previous
report [36]. The intricately distributed MWCNTs make the surface
of the pore wall more rough (Fig. 3aec compared to Fig. 3d), which
is beneficial for electromagnetic wave scattering. The enlarged SEM
images of CGFs in Figs. S8 and S9 clearly show the cross-linked
structure of graphene sheets and the even-distributed MWCNTs.
The MWCNTs which distribute on the edge of graphene sheet can
be considered as the scaffold for better connection among the
contacted graphene sheets (Fig. S10).

The TEM images of CGFs exhibit the distribution status of
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MWCNTs on graphene sheet (Fig. 3 eei). It can be seen that the
surface of graphene sheet in CG2F is full of MWCNTs with various
orientation (Fig. 3e). Moreover, randomly oriented MWCNTs are
connected to each other so that a complicated interconnected
MWCNT network has formed on the graphene sheet. Compared
with the CG2F, the CG3F and CG5F show rare MWCNT network
because of lower MWCNT loading (Fig. 3f and g). The further
reduced MWCNT content makes the MWCNTs in CG7F form a half
connected network (Fig. 3h). As for the CG9F, the graphene sheet is
scattered with sparse MWCNTs, and almost no MWCNT network
has formed (Fig. 3i). These features can be valuable in viewing the
role MWCNT network played in the attenuation of electromagnetic
waves in CGFs.

3.2. Microwave absorbing properties

The arch method was used to measure the RL values of CGFs in
2e18 GHz (Fig. S11) [22]. Compared with the calculated RL results
according to measured electromagnetic parameters, this experi-
mental method, which takes into consideration the matrix and
dispersion state of absorber, reflects more reliably the actual MA
properties of MAMs [42]. The absorption bandwidth with the RL
values lower than �10 dB (more than 90% absorption for incident
electromagnetic wave) is widely recognized as the qualified
bandwidth [35,43]. (RL is defined as the logarithmic ratio of the
reflected wave power of MAM sample plate to the incident wave
power and is expressed in dB). Fig. 4 demonstrates the RL curves of
CGFs comprehensively in the measured frequency range of
2e18 GHz. It can be found that theminimum RL values of CG2F-200
and CG3F-200 are �32.2 dB at 4.64 GHz and �28.9 dB at 4.96 GHz,
respectively, as shown in Fig. 4a. The qualified bandwidths of
2.6e18 GHz for CG2-200 and 2.7e18 GHz for CG3-200 are achieved,
which cover C band (4e8 GHz), X band (8e12 GHz), Ku band
Fig. 4. The RL curves of (a) CGFs-200, (b) CGFs-400, (c) CGFs-500, (d)
(12e18 GHz), and alsomost area of S band (2e4 GHz) [44]. With the
decrease of MWCNT loading, the absorbing peak which located in C
band becomes weaker and the overall MA performance gets worse.
Meanwhile, the GF-200 exhibits one negligible absorbing peak
with the minimum RL value of �7.6 dB. These demonstrate that the
addition of MWCNT greatly enhances the MA properties of GF in
low frequency (especially in C band) and dramatically broadens the
qualified bandwidth of CGF.

It is well known that the annealing process is vital to regulate
the dielectric properties and electric conductivity of reduced GO,
and thus affects the MA properties of the material assembled by
reduced GO [5,45,46]. As the annealing temperature increases to
400 �C, the MA performance of CGFs becomes complex (Fig. 4b). In
contrast to the RL results of CG2F-200 and CG3F-200, the CG2F-400
and CG3F-400 both show worse MA abilities in low frequency and
narrower qualified bandwidth. On the contrary, CG5-400 and CG7-
400 exhibit remarkably enhanced MA performance in low fre-
quency. Besides, broader absorption bandwidths are obtained for
CG9F-400 and GF-400 compared with CG9-200 and GF-200. The
diversiform changing trend of the RL curves of CGFs may ascribe to
the increased complex permittivity and electric conductivity
caused by thermal annealing, as discussed later. It is notable that a
minimum RL value of �39.5 dB at 11.6 GHz is obtained for CG7F-
400. Meanwhile, the qualified bandwidth reaches up to 16 GHz,
which covers the whole measured range of 2e18 GHz and shares
the widest qualified bandwidth in 2e18 GHz among open literature
reports. Fig. 4c, d and Fig. S12 show the RL values of CGFs, which are
annealed at 500 �C, 600 �C and 800 �C, respectively. It can be seen
that the minimum RL value of CGFs obviously shifts to higher fre-
quency and the qualified bandwidth in 2e18 GHz becomes nar-
rower with increased annealing temperature. Moreover, the
absorption in low frequency is getting worse. Growing interfacial
impedance gap may cause intense surface reflection for
CGFs-600. (A colour version of this figure can be viewed online.)
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electromagnetic wave [47]. This result indicates that excessive
thermal reduction of CGFs could be counter-productive and there
exists a balance between thermal annealing temperature and
MWCNT content for achieving excellent MA performance.

To understand the effect of 3D cross-linked graphene network
on the MA properties, the dependence of RL value on the tested
frequency, with (CGFs) and without (C@GFs) solvothermal process
was investigated (Fig. 5a). C@GFs were obtained through freeze-
drying of MWCNT/GO aqueous solution directly followed by
annealing process. Obviously, the MA performance is greatly
improved by introducing solvothermal procedure (CGFs). The
qualified absorption bandwidth of C@GFs is much narrower than
that of CGFs. Besides, the absorption of C@GFs in low frequency is
weaker. Different from closely cross-linked morphology of CGFs
(Fig. 3aec), C@GFs show loosely lapped structure of graphene
sheets (Fig. S13), which results in lower electrical conductivity. For
example, the C@G7F-400 shows a conductivity of 5.2 � 10�3 S/m,
which is much lower than that of CG7F-400 (2.1 � 10�2 S/m). The
difference in morphology and conductivity is evidence that the
formed 3D cross-linked graphene structure strengthened by
MWCNT network significantly enhances the electromagnetic wave
absorption ability of the CGFs.

The disperse state of MWCNT in graphene framework also
influenced the MA properties (Fig. S14). The C/GFs, which were
fabricated by replacing modified MWCNT with raw MWCNT
(without pre-treatment with mixed acid), exhibit thoroughly
mediocre MA performance (Fig. S14). This probably because of the
poor MWCNT network caused by MWCNT bundling and the very
weak connection between MWCNTs and graphene sheets.
Fig. 5. (a) Frequency dependence of RL values of C@GFs and CGFs. (b) The representative RL
AAI versus qualified bandwidth of different MAMs in 2e18 GHz. Each symbol indicates a kind
carbon materials (blue filled circle), graphene-based materials (black filled down triangle), C
presented in Table S2. (d) SMAP values comparison of the representative MAMs in 2e18 GHz
be viewed online.)
As shown in Fig. 5b, all the optimized and representative RL
curves of CGFs with various MWCNT contents are illustrated. The
optimized CGFs exhibit wide qualified bandwidth in 2e18 GHz and
strong absorption in C band and X band. Besides, the MA ability in S
band also gets enhanced to some extent. Obviously, excellent MA
performance of CGFs with low annealing temperature, such as
CG2F-200 and CG3F-200 (annealed at 200 �C), could be achieved
with high MWCNT loading. On the other hand, the CGFs with low
MWCNT loading need to be annealed at higher temperature to
obtain better MA performance, e.g. CG7-400 (annealed at 400 �C).
So MWCNT plays a vital role in improving the MA performance of
CGFs, especially in low frequency.

A comprehensive literature review of previous reported MAMs
clearly indicates the superiority of our CGFs serving as high-
performance MAMs (Table S2). The CGFs possess the advantage of
broad qualified bandwidth and very high average absorption in-
tensity (defined as AAI, high AAI value means strong absorption of a
MAM in the whole measured frequency range. For more details,
please see Supporting Information) (Fig. 5c). The CG7F-400 exhibits
best AAI (19.1 dB) among all the previous reported MAMs in
2e18 GHz. Besides, The CG7F-400 and CG3F-200 show an average
AAI exceeding 22.5 dB in the whole 4e12 GHz (Table S2) and
dominant absorption in C band (Fig. S15). In contrast, the carbon
foam merely owns a AAI of 9.5 dB in 2e18 GHz [48].

Density and thickness are highly valuable factors need to be
considered for microelectronic devices and aerospace applications
in addition to qualified bandwidth and AAI [5], so we introduced a
more realistic parameter of specific MA performance (SMAP) which
is defined as the ratio of AAI to the product of density and thickness
curves of CGFs with different MWCNT content at optimized annealing temperature. (c)
of material category as follows: metallic-based composite (magenta filled up triangle),
NTs (orange filled square), CGFs (red star). A detailed description of each data point is
. The SMAP data of more MAMs is listed in Table S2. (A colour version of this figure can



H. Chen et al. / Carbon 124 (2017) 506e514512
(AAI/(d·t)). The SMAP for CGFs are much higher than other kinds of
MAMs (Table S3). As optimum CGFs, the CG7F-400 shows a SMAP of
12243 dB cm2 g�1, which is well above the known MA composites
(not exceeding 200 dB cm2 g�1), such as carbon powder coated
honeycomb (~150 dB cm2 g�1) and silicon carbide/epoxy composite
(~19 dB cm2 g�1) (Fig. 5d). It is worth noticing that the CG7F-400
holds the widest qualified bandwidth (16 GHz), the highest AAI
(19.1 dB) and SMAP in the range of 2e18 GHz and has the best AAI
(22.7 dB) in 4e12 GHz, these results are superior to all the available
MA materials have been reported before.
3.3. Electromagnetic properties and mechanism

It is well known that the relative permittivity (ε) and perme-
ability of a MAM greatly influence its MA performance [49,50].
Therefore, to explore the possible MA mechanism of the CGFs, we
measured the electromagnetic parameters of the CGFs. Fig. 6 shows
the frequency dependence of real part of permittivity (ε0) and
dielectric loss tangent (tan de) of CGFs-200 and CGFs-400. Obvi-
ously, either the increase of MWCNTcontent or elevating annealing
temperature can lead to the increment of ε

0 (Fig. 6a and c). For
typical dielectric MAMs, the relaxation loss originated from polar-
ization processes and conductance loss due to the moving of charge
carriers under applied electromagnetic field dominantly contribute
to the increase of imaginary part of permittivity (ε00) [51]. Owing to
the formed interlaced network of MWCNT, the CGFs show higher
bulk electrical conductivity (Fig. 2d) and polarization loss. Mean-
while, the elevated annealing temperature also facilitates the in-
crease of conductance loss. Therefore, the ε

0 0 also exhibits positive
correlation with the MWCNT content and annealing temperature
(Fig. S16). The tan de (¼ε

00/ε0) represents the capability of dissipating
microwave energy [2,52]. Compared with the tan de of CGFs-200,
Fig. 6. (a) Real parts of complex permittivity and (b) dielectric loss of CGFs-200 in the frequ
CGFs-400 in the frequency range of 2e18 GHz. (A colour version of this figure can be view
the CGFs-400 show more complex tan de (Fig. 6b and d), espe-
cially in low frequency range, this may result from the compre-
hensive effect caused by MWCNT content and annealing
temperature, and thus lead to the complex MA results in low fre-
quency. Therefore, to achieve better MA performance, a trade-off
between permittivity and dielectric loss is necessary to balance
the impedance matching and electromagnetic wave attenuation
[53]. Based on this, we ascribe the excellent MA performance of the
optimized CGFs to the following three aspects:

Firstly, well-balanced dielectric properties originated from
appropriate MWCNT content and annealing temperature. Accord-
ing to the frequency dependence of complex permittivity and
dielectric loss tangent (Fig. 6 and Fig. S15), both the ε

0 and ε
0 0 show

positive correlation with either MWCNT content or annealing
temperature. Therefore, through regulating the MWCNT content
and annealing temperature, the optimized CGFs can be endowed
with proper ε and electric conductivity, thus achieving balance
between impedance matching and electromagnetic wave
attenuation.

Secondly, distinctive multilevel structure for multiple scale
scattering and polarization attenuation. The ultrahigh porosity and
relative low ε

0 of the optimized CGFs ensure that most incident
microwaves are able to penetrate into the inside of porous CGFs.
The enormous MWCNTs and graphene domains which distribute
on the pore walls scatter the propagated electromagnetic wave
repeatedly (Fig. 7a). Besides, massive positive and negative charged
domains are formed on the pore wall under alternating electro-
magnetic field, leading to responsive polarization losses, which in
turn improve the overall absorption.

Lastly, giant 3D cross-linked and intricate loss network stem-
ming from the synergistic effect of 1D MWCNT and 2D graphene.
Benefiting from the high aspect ratio and large sheet size of GO, the
ency range of 2e18 GHz. (c) Real parts of complex permittivity and (d) dielectric loss of
ed online.)



Fig. 7. (a) Schematic representation of electromagnetic wave attenuation mechanism of CGFs. (b) Schematic illustration of the formation of numerous resistance-inductance-
capacitance coupled circuits in 3D CGF for responding to incident electromagnetic wave. (A colour version of this figure can be viewed online.)
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new MWCNT network is formed within CGFs (Fig. 3iek). This
MWCNT network weakens the stacking of graphene sheets,
strengthens the conductive network, thus enhance polarization
loss and conduction loss. The integrated MWCNT/graphene
network form a giant 3D cross-linked and intricate conductive
network. This creates extremely long and complex transmission
channel for the incoming electromagnetic wave (Fig. 7a) and then
intensely responses to the incident electromagnetic wave as
massive resistanceeinductanceecapacitance coupled circuits and
time-varying electromagnetic fields-induced currents among the
framework of CGFs (Fig. 7b) [22,54e57]. This would induce currents
among the resistive 3D MWCNT/graphene network under alter-
nating electromagnetic field contributes to ohmic losses [58],
resulting in sufficient attenuation for the energy of the propagated
electromagnetic wave.
4. Conclusion

In summary, we have successfully fabricated a series of ultra-
light CGFs through facile solvothermal process. Through varying
initial MWCNT loading and latter annealing temperature, the
complex permittivity, electrical conductivity and microstructure of
CGFs can be regulated conveniently. The optimized CGFs (CG2F-
200, CG3F-200 and CG7F-400) exhibit ultra-broad qualified band-
width (covering C band, X band, Ku band, and most of S band) and
prominent AAI (over 20 dB) in both C and X bands. Particularly, an
entire qualified bandwidth of 16 GHz (2e18 GHz) and minimum RL
value of �39.5 dB, together with incredible AAI of 19.1 dB in
2e18 GHz and 22.7 dB in 4e12 GHz are achieved by the ultralight
CG7F-400. This is superior to available MAMs in open literature. It is
believed that the well balance between impedance matching and
electromagnetic wave attenuation as well as the distinctive 3D
interconnected and intricate loss network with the synergistic ef-
fect of MWCNT and graphene endow the CGFs with impressive MA
performance. We believe that the ultralight MA CGF will prove its
value in military equipment and privacy protection.
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