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Introduction

ABSTRACT

Graphene aerogels with three-dimensional network structure exhibit excellent
electromagnetic (EM) wave attenuation capacity and are often designed as EM-
absorbing materials. However, the fabrication processes of these materials are
generally sophisticated and time-consuming. Herein, a series of graphene
aerogels are synthesized successfully through a simple modified hydrothermal
method using ethanol and water as the solvent. The effects of the volume ratio
of ethanol-to-water (EtOH/H,O) on the chemical compositions, microstruc-
tures, and EM absorption properties of the aerogels are investigated. Results
demonstrate that the microstructure and EM-absorbing ability are strongly
dependent on the volume ratio of EtOH/H,0, and the best performance is
obtained with EtOH/H,O of 1:1. Owing to the optimized ratio, the aerogel with
4.1 mg/ml exhibits a remarkable minimum reflection loss of — 52.6 dB and a
broad efficient absorption bandwidth of 7.65 GHz under an ultralow filler
content (3 wt%), showing obvious advantages compared with most graphene-
based absorbers. This work reveals that the graphene aerogel prepared through
this ethanol-assisted hydrothermal protocol is a promising candidate for light-
weight and economical EM absorption material.

both the highly sensitive precision electronic equip-
ment and the health of human beings [1, 2]. The use
of electromagnetic wave-absorbing materials (EAMs)

With the large-scale popularization of electronic
equipment, electromagnetic (EM) wave pollution
becomes a nonnegligible and severe issue nowadays.
The EM wave pollution gives rise to serious harm to
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is proven to be an effective method to eliminate EM
wave pollution significantly, receiving considerable
attention in the civil and military fields. The ideal
EAMs are supposed to possess lightweight, strong
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absorption ability, broad absorption bandwidth, and
thin matching thickness, which are urgent require-
ments of new era [3, 4]. Generally, the traditional
EAMs such as ferrites, metallic magnets powder, and
ceramic exhibit superior EM wave absorption per-
formance. However, their shortcomings are obvious,
such as poor impedance matching, narrow effective
absorption bandwidth (EAB), high bulk density, low
corrosion resistance [5], which seriously restrict their
applications in aerospace, aviation, and electronic
communication fields.

Carbon-based materials exhibit high thermal sta-
bility, good corrosion resistance, high conductivity,
and unique dielectric properties [6], which are
regarded as promising candidates for traditional
EAMs. As a 2D carbon-based material, graphene is
often designed to meet the demands of high-perfor-
mance EM attenuation materials due to its remark-
able properties, such as large specific area, high
thermal conductivity, and excellent electron mobility
[7]. Wang et al. [8] synthesized the MoS,/graphene
composites used for EM wave absorption, and results
indicated that the minimum reflection loss (RLjn)
value of — 50.9 dB was observed at 11.68 GHz for the
sample with a thickness of 2.3 mm. Besides, hybrids
of graphene and y-Fe;O; nanotube [9], TiO,
nanoparticles [10], carbon spheres [11], polyaniline
[12], MXene [13, 14], Ni [15] have also been prepared
and exhibited improved EM absorption ability.
However, the complex synthesis procedures and
high filler ratio (= 10 wt%) are still urgent problems
to be solved. In addition, studies on pure-graphene
EAMs have been reported [16, 17], but with thermal
annealing at 900 °C or even higher temperatures, no
significant EM absorption performance improvement
is observed. Recently, macroscopic 3D graphene
aerogels from 2D graphene sheets are frequently
reported [18-21] because they present excellent EM
absorption performance due to their interconnected
network structure, which can improve the multiple
reflections of the incident EM wave and lead to
enhanced absorption. For instance, Bidsorkhi et al.
[22] synthesized 3D porous graphene aerogel consti-
tuted by a polyvinylidene fluoride polymer matrix,
which showed fine-tuned EM absorption perfor-
mance, as well as thermal, mechanical, and water
resistance properties. Carbon nanotube/graphene
aerogel was also prepared by Lv et al. [23] and ultra-
wideband EM absorption of 8.5 GHz was obtained in
the 18-26.5 GHz frequency range. In addition, Zhang
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et al. [18] prepared ultralight graphene aerogel by a
solvothermal process and gained EAB of 60.5 GHz
after compressing, which covered 93.8% of the total
frequency band. However, the preparation proce-
dures of graphene aerogels are usually accompanied
by procedures like dialysis [19], differential cen-
trifugation [18], gradient elution [18, 21], and vacuum
impregnation [18-21, 23], which are sophisticated
and time-consuming. In addition, the 3D structure is
not very suitable for the traditional coating technique.
Therefore, it is a great challenge to develop EAMs by
a simple and feasible method with extraordinary EM
absorption performance and widespread
applications.

In this study, a graphene aerogel material with
excellent EM absorption is successfully fabricated via
a modified hydrothermal method, in which graphene
oxide is used as the raw material and ethanol and
water as the solvent. By varying the volume ratio of
EtOH/H,0O, the microstructures of the graphene
aerogels can be easily tuned. Their EM wave-ab-
sorbing performance in 1-18 GHz is investigated.
The results indicate that the graphene aerogel with
the optimized conditions shows the features of low
density (4.1 mg/ml), small filling ratio (3 wt%),
superior =~ EM-absorbing  performance  (RLmin-
= —52.6 dB), and broad absorption bandwidth
(maximum EAB of 7.65 GHz). In addition, this syn-
thetic protocol does not require ultrahigh-tempera-
ture treatment and other complicated steps. It is
believed that such graphene aerogel would be a
potential candidate for lightweight and economical
EAM in the near future.

Experimental section
Materials

Graphene oxide (GO) was synthesized by oxidizing
natural graphite flakes (32 mesh, 99.9%, Qingdao
Tiansheng Graphite Co., Ltd.) in the manner of a
modified Hummers method as described in reference
[24]. Ethanol (EtOH, AR, Sinopharm Chemical
Reagent Co., Ltd.) was used without further purifi-
cation, and deionized water was employed in all
procedures.
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Fabrication of graphene aerogels

The fabrication process for graphene aerogels is
demonstrated in Fig. 1. GO was dispersed in deion-
ized water with continuous stirring and ultrasonic
treatment to form a stable aqueous dispersion, in
which GO was fully exfoliated. Then, ethanol was
introduced into this dispersion followed by rigid
stirring, resulting in a final dispersion with 5 mg/ml
GO. Subsequently, the well-dispersed solution was
transferred to a 200-ml Teflon-lined stainless-steel
autoclave and hydrothermal assembled at 180 °C for
12 h to form the graphene-based 3D hydrogel. The
hydrogel was quickly frozen using liquid nitrogen
and freeze-dried to maintain the 3D monolithic
architecture. Then, the obtained reduced graphene
oxide (rGO) aerogel was then placed in a tube fur-
nace and heated at 300 °C for 2 h under a flow of H,/
Ar (10/90), giving rise to heat-treated graphene
aerogel (hGA). The final product from this process
was a black monolithic aerogel composed of gra-
phene networks.

Here, for investigating the influence of ethanol on
the microstructure of produced graphene aerogel, the
EtOH/H,0O volume ratios of GO dispersions before
hydrothermal were controlled to be 6:6, 4:8, 3:9, and
0:12 (water solvent), and the corresponding hGA
samples were denoted as hGA1l, hGA2, hGA3, and
hGAW, respectively.

Characterization and measurement

SEM images were obtained through a field-emission
scanning electron microscope (FEI Nova Nano SEM
450) to characterize the cross-sectional morphology of
samples. Before observed, monolithic samples were
taken and sputter-coated with Pt. FT-IR spectra were
recorded via a Nicolet IS10 Fourier transfer infrared
spectrometer. Raman spectra were recorded on a
confocal Raman spectrometer (Renishaw, inVia) with
an operating wavelength at 532 nm. XPS spectra were
performed using an X-ray photoelectron spectrome-

ter (Thermo Scientific Escalab 250Xi) with
monochromatic Al Ku as the excitation source.
Figure 1 Schematic
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illustration for the preparation
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The electrical conductivity of the samples was
measured by a four-probe powder resistivity meter
(6T2722-57, Suzhou Jingge Electronic Co., Ltd.). Four
samples with the same weight were pounded into
powder and placed in the loading chamber, respec-
tively. Turn the handwheel to make the electrodes
press the powder, and the resistivities of the samples
under different pressures were recorded. The elec-
tromagnetic parameters were measured using the
coaxial-line method on a vector network analyzer
(HP-8722ES, Agilent). The fragmentized hGAs (3
wt%) were mixed with melted paraffin with contin-
ual stirring. The mixtures were then transferred to the
mold after cooled slightly. The test samples were
obtained by pressing them into concentric rings with
®;, of 3.04 mm and P, of 7.00 mm.

Results and discussion

Digital photograph of hGAs is presented in Fig. 2a. It
can be seen that the hGA1 has the largest volume,
and as the ethanol used decreases, the volume of
aerogels gradually shrinks. Figure 2b shows the
density variation trend of graphene aerogels before
and after heat treatment. Particularly, the obtained
hGA1 has an ultralow density of 4.1 mg/ml, while
the density of hGAW exceeds 18 mg/ml. This result
should be attributed to the different degrees of
shrinkage of graphene sheets.

To better understand the microstructures of the
hGAs, SEM was used to observe the cross section of
the samples. Figure 3a is the SEM image of GO used
as the raw material, which shows a large-size of flake
structure. As displayed in Fig. 3b, hGA1 shows a
porous structure with pore size on the micrometer
scale. The enlarged view indicates that the curled
graphene sheets that make up this pore structure are
rough and wrinkled (Fig. 3c), which is helpful to the
EMW scattering [25]. As the ethanol decreases, gra-
phene sheets stack and microscopic pores shrink
gradually, resulting in the dense structure of the
aerogels (Fig. 3d—g). The average pore sizes of hGA1,
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Figure 3 SEM images of cross section for a GO, b, ¢ hGAl, d, e hGA2, f, g hGA3, and h, i hGAW with different magnifications.

hGA2, and hGA3 are around 23, 14, and 5 pm,
respectively. However, hGAW exhibits a heteroge-
neous microstructure (Fig. 3h—i), where the porous
structures almost disappear. The image with larger
magnification shows that the graphene sheets stack
badly. So it can be seen that the introduction of a
suitable amount of ethanol is beneficial for the for-
mation of porous skeleton structure [26] and can
inhibit agglomeration of graphene sheets effectively
during the hydrothermal process.

The results of Raman spectra could reflect detailed
structure information of the hGAs. As shown in
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Fig. 4, two sharp peaks assigned as D band and G
band are observed around 1350 and 1590 cm™},
which are related to the defects and graphitic area,
respectively [17]. The intensity ratio of D band and G
band (Ip/Ic) is often used to characterize the elec-
tronic conjugation state of graphene materials [27].
After being reduced, the Ip/I values of hGAs (about
0.9) are higher than that of GO (0.747), suggesting the
increased number of sp® carbon domains and vacancy
defects [28, 29], which is conducive to the increment
of polarization centers. In addition, all hGAs show
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Figure 4 The Raman spectra of hGAl a, hGA2 b, hGA3 c,
hGAW d, and GO.

similar Ip/Ig, revealing the fact that they have similar
n-conjugated structures.

FT-IR spectra of hGAs and GO are shown in Fig. 5.
The characteristic peaks at 1737, 1626, 1391, and
1099 cm™! of GO are assigned to the C=0 stretching
vibration, C=C stretching vibration of the benzene
ring, C-H bending vibration, and C-O-C stretching
vibration, respectively. In addition, the broad peak
located around 3400 cm ™' is the stretching vibration
of O-H, which is mainly contributed by the adsorbed
water [30]. After the hydrothermal treatment, the
peak of O-H almost disappears due to the
hydrophobic property of hGAs. The peak intensity of
other oxygen-containing functional groups is also
weakened heavily because of the reduction proce-
dures. But there still have several obvious peaks in
the FT-IR spectra of hGAs. The peaks at 1223 and
1737 cm™! are stretching vibration of C-OH and
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Figure 5 The FT-IR spectra of hGAl a, hGA2 b, hGA3 ¢,
hGAW d, and GO.

C=0, and the peak at 1573 cm™' corresponds to C=C
stretching vibration of the benzene ring. FT-IR result
indicates the incomplete reduction of hGAs.

The surface chemical changes of hGAs and GO are
characterized by XPS and the results are presented in
Fig. 6. In Fig. 6a, all the samples exhibit two distinct
peaks of C 1 sand O 1 s, and the relative intensity of
C 1s increases for hGAs, suggesting the effective
reduction of GO. Furthermore, the C 1 s spectra can
be deconvoluted into four carbon species in different
binding states, including C-C/C=C, C-OH, C-O-C,
and C=0. As shown in Fig. 6b—f, the area of C-C/
C=C increases from 22.64% (GO) to about 36%
(hGAs), confirming the reduction of GO again. But
there still have some oxygen-containing groups in
hGAs, which is consistent with the FI-IR analysis,
and these residual groups will contribute to the
increase in polarization loss [21]. At the same time,
the approximate area of oxygen-free group indicates
a similar reduction degree of all hGAs.

Graphene hydrogels prepared by the traditional
hydrothermal method usually undergo significant
volume shrinkage, as shown in Fig. 2a. This is
because the hydrothermal process is often accompa-
nied by the reduction reaction that will transform
hydrophilic GO into hydrophobic rGO. The loss of
oxygen-containing functional groups leads to
reduced interlamellar repulsion and restoration of
the conjugated structure, and the increased n—n
interactions between adjacent flakes will trigger the
gelation process. However, due to the high surface
tension of water, graphene sheets of rGO are highly
curled, resulting in enormous clumping and volume
shrinkage of hydrogels during the process [21].
Ethanol has relatively low surface tension, and
replacing part of water with ethanol can reduce the
surface tension of the solvent and help inhibit the
shrinkage of hydrogels to some extent [31]. However,
it is difficult for GO to be thoroughly exfoliated in
anhydrous ethanol [32], and when too much ethanol
is added into GO aqueous solution, precipitation of
agglomerated GO sheets will be observed. Some
researchers have used methods like differential cen-
trifugation [18] or extending ultrasonic time [33, 34]
to get homogeneous GO/ ethanol dispersions, which
are time-consuming and hard for mass production. In
addition, the gradient elution method is also required
to replace ethanol with water to facilitate the fol-
lowing freeze drying [18, 21, 30], which will further
increase the preparation cost. Therefore, the use of
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Figure 6 a The XPS spectra of hGA1, hGA2, hGA3, hGAW, and GO. b—f High resolution of Cls XPS spectra of GO, hGA1, hGA2,

hGA3, and hGAW.

EtOH/H,0 mixed solution is a relatively economical
and practical method.

Coaxial-line method was used to test the electro-
magnetic parameters of hGA/paraffin composites
with 3 wt% filling ratio. The real parts (¢/) and
imaginary parts (¢”) of relative complex permittivity
(6 = ¢ — jé¢’) and dielectric loss tangent (tan J. = &”/
¢') of the hGAs with different EtOH/H,O ratios are
shown in Fig. 7. As to the relative complex perme-
ability (u, = ¢ — ji"), because there are no magnetic
components in hGAs, it can be regarded as 1.

It can be seen from Fig. 7a-b that the permittivity
values of all samples decrease as frequency increases
from 1 to 18 GHz, attributing to dielectric dispersion
[12]. Besides, both ¢ and ¢” increase with the relative
content of ethanol rising. It is well known that ¢ and
¢ are associated with the ability of EAMs for energy
storage and dissipation during the polarization pro-
cess [35], respectively. In Fig. 7a, the ¢ values of
hGAT1 are higher than those of other hGAs, demon-
strating the better capability of electromagnetic
energy storage in the case of hGA1. In general, the
microstructure and degree of graphitization deter-
mine the complex permittivity of carbon materials
[36]. Based on the SEM results, it should be ascribed
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to the multiple reflection and scattering of EM wave
caused by the porous structure of aerogels. Multiple
reflection and scattering can change the propagation
path of EM wave and extend its propagation time in
the materials, thus leading to the increase in ¢'.
Meanwhile, when EM wave interacts with the gra-
phene sheets, multiple scattering and absorption can
lead to greater attenuation of electromagnetic energy,
resulting in higher ¢” (Fig. 7b). In addition, as the
concentration of ethanol increases, the density of the
hGAs decreases gradually (Fig. 2). Considering that
the mass fraction of hGAs was kept consistent during
the test, the volume fraction will be higher when the
density is lower. Higher volume fraction can make
the graphene sheets easier to contact each other in the
matrix and lead to increased conductivity (Fig. 7d).
According to the free electron theory [37, 38], ¢"~1/
pweg, where p is the resistivity and ¢ is the permit-
tivity of vacuum. Therefore, the higher conductivity
of hGAs, the higher ¢” value. The phenomenon that
conductivity of rGO increases with ethanol concen-
tration growing has also been discovered in Liao’s
work [39], which would be explained that ethanol can
promote the self-assembly degree of graphene sheets,



J Mater Sci (2022) 57:453-466 459
Figure 7 Real parts a and 35
imgaginary partsI;:) of the —=—hGAW ®)
complex permittivity of hGAs. _+._ Egig 30
¢ Dielectric loss tangent of 2.5
hGAs. d Bulk electrical % =r=hGil %5 5.0
conductivities of hGAs under 51 ’
different pressures. 44 1.51
34 1.0—%
H— 05—
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz)
(©)6 (@)
201—=—hGAW
0.5 1.81—e—hGA3
_ 167 —A—hGA2
S 0.4 "z 14{—7—hGAI
= W S 121
= 0.3-+hGAW g 1.0
—e—hGA3 © 0s] ././o/'/‘
021 _& hGA2 0.6
ol Y-hGAL 4 —r"‘"——*/.—".
2 4 6 8 10 12 14 16 18 2 4 6 8 10
Frequency (GHz) Press (MPa)
and the increased free electrons result in higher 3.5
conductivity.
Tan J, is usually used to evaluate absorbers’ elec- 3.0
tromagnetic energy dissipation capacity. As shown in
Fig. 7c, all samples present fluctuations in the full 2.5
range of 1-18 GHz, which may suggest a resonance w
behavior [40, 41]. Consistent with the variation trend 2.0+
of ¢ and ¢”, tan J. values are also enhanced with the ——hGAW
increased proportion of ethanol, indicating their 1.51 —hGA3
increased dissipation capacity to electromagnetic — hGA2
energy. 107 ——hGALl
To describe the polarization relaxation processes, . . . . . .
the Cole-Cole semicircle is induced. According to 3 4 3 o 6 7 8

Debye relaxation theory [42, 43], the relationship
between ¢ and &” can be described by

(-2 e (55 »

where ¢, and ¢, are static dielectric constant and
optical frequency dielectric constant, respectively.
The type of polarization is usually determined by
Cole-Cole semicircle as each semicircle corresponds
to one Debye relaxation process [16, 44]. The &"—¢
curves of all samples are displayed in Fig. 8. It can be
seen that there are three partially overlapped semi-
circles for all hGAs, corresponding to multiple Debye
relaxation processes, including dielectric relaxation

Figure 8 Cole—Cole curves of hGAs.

caused by induced charges and polarization relax-
ation by defects and residual groups [45]. In addition,
as the concentration of ethanol increases, the line
gradually moves to higher values, and the radius of
the arc also increases, indicating the gradual
enhancement in the contribution of the multiple
Debye relaxation to permittivity [45, 46].

According to the transmission line theory, RL can
be calculated according to the followed equations
[7, 47]
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RL(dB) = 20lIg % (2)
Ziy = Zo(,ur/sy)%tanh [j(and(ursy)%/c)} (3)

where Z; is the impedance of the free space, Z;, is the
input impedance of the EAMs, f is the frequency of
the EM wave, d is the thickness of the EAMs, and c is
the velocity of light. Figure 9 presents the calculated
3D RL values of hGAs with different thicknesses and
frequencies, and the black line represents the RL =

— 10 dB. It can be seen from Fig. 9a-d that the
absorption performance of hGAs improves with the
concentration of ethanol increasing. When the solvent
is deionized water, the corresponding aerogel hGAW

Figure 9 Calculated 3D
reflection loss plots with
projections for a hGAI,

b hGA2, ¢ hGA3, and

d hGAW. e Reflection loss
curves for hGA1. f EAB and
RL,;, for the hGA1 and
graphene-based absorbers in
some references.

displays a poor performance and its RL could hardly
reach the effective absorption value (— 10 dB). As to
hGAl1, its RL is close to — 50 dB at 4 mm. The exact
values of RL,,;, and EAB are listed in Table 1. It can
be seen that with ethanol increases, not only the
RLyin of hGAs decreases gradually, the EAB also
becomes broadened. As to hGAl, its EAB can reach
7.65 GHz at 3.2 mm and RL can reach — 52.6 dB at
4.8 mm, as shown in Fig. 9e. Compared to previous
graphene-based absorbers reported in the literature
(Fig. 9f), the hGA1 in this work shows high EAB and
| RLin | values.

It can be seen from the above data that the
increased permittivity is responsible for the reduced
thickness of peak absorption of the hGA/paraffin
composite. According to the quarter-wavelength

-60 +— T T T T

2 4 6 8 10
Frequency (GHz)

@ Springer

-70
® [9]Fe,0,/rGO
o 60 [14]Graph icrofl TFhiis work
raphene microflower 1S WOr!
S 508 29 %
§ ‘g [17]Fe,0,@C/GA ’
— -404 ® * -
(o] 2 o -
S 50l 2 A
§ -307 @ [20]ZnO/rGO foam
& 0 [24]CNFs/rGO
&) [33/rGO@anthraquinong
104 [34]rGO
- . Broad absorption bandwidth
12 14 16 18 1 2 3 4 5 6 7 8 9

Effective bandwidth (GHz)



J Mater Sci (2022) 57:453-466

Table 1 Peaks of reflection loss and effective absorption
bandwidth with different thicknesses for hGAs

Samples RL,,;,/dB EAB/GHz
hGAW — 10.2 (5 mm) 0.76 (5 mm)
hGA3 — 19.9 (5§ mm) 5.5 (4 mm)
hGA2 — 26.8 (5 mm) 5.9 (4 mm)
hGA1 —49.0 (5 mm) 6.9 (3 mm)

matching model [48], the RL value of absorber can
reach the minimum when peak frequency (f,) and
matching thickness (d;) can meet the following
equation

nc

Ay = ————
" 4/ leli]

At that particular thickness, the incident wave and
reflected wave are out of phase by 180°, leading to
counteraction between them at the air-material
interface [9, 48]. Obviously, fn, is inversely propor-
tional to d,, for specific electromagnetic parameters,
and the RL curves of hGA1 follow this principle well
(Fig. 10a). Moreover, the experiment results (dc,p) are
basically consistent with the simulated curve of d,
calculated according to Eq. 4 (Fig. 10b). These results
show that the hGAs conform to the quarter-wave-
length matching model well, and the position of f,
can be changed by simply adjusting the thickness.

The impedance of material with good absorption
performance should be close to the free space so that
more EM wave can enter the material. The impe-
dance matching ratio Z (Z =1Z;,/Z, ) is usually used
to evaluate this property of the material. When the
value of Z is closer to 1, it indicates that the material
can achieve better impedance matching. Figure 10c
shows the frequency dependence of Z values for
hGA1 at different thicknesses. Combined with
Fig. 10a, it can be found that the Z values at f,,, with
different thicknesses are all close to 1. Thus, it can be
seen that impedance matching of the material is
pivotal to its EM wave absorption ability.

The impedance matching of different hGAs was
investigated. Z value contour maps of aerogels at
different thicknesses are presented in Fig. 11. As it
can be seen that the area near Z =1 is shown with
black diagonal lines, and its size is closely related to
the concentration of ethanol. Obviously, the obtained
hGA1, which possesses lower density and higher
permittivity, exhibits a larger area than others,

(n=1,3,5,...... ). (4)

461

RL (dB)

Thickness(mm)

124 (c)

o
=1

2 4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 10 a Reflection loss of hGA1 with different thicknesses.
b Calculated matching thicknesses d,, under n = 11 versus the
dexp Obtained from Fig. 10a. ¢ Impedance matching characteristics
of hGAl.

suggesting its better impedance matching character-
istic. In addition, from Fig. 11a—d, the area with black
diagonal lines moves downward in the high-fre-
quency range, revealing the gradually reduced
matching thickness of hGAs, which is consistent with
the quarter-wavelength matching model.

Based on the above discussions, the hGA1 pre-
pared through the ethanol-assisted hydrothermal
method followed by heat treatment shows excellent
EM wave absorption performance, which is caused
by many reasons.

First, the process of preparing GO into hGA by
hydrothermal and heat treatment will reduce GO
partially. The restoration of the conjugated structure
of hGAs can promote the motion of charge carriers
under the alternating electromagnetic field and
increase micro-current [49], thus consuming electro-
magnetic energy. According to Fig. 7d, the conduc-
tivity of hGA1 and hGA2, which are prepared with
more ethanol, is higher than others significantly,
demonstrating their stronger conductive loss.

@ Springer



462

—_~
1Y
N
Sl R
“wn O W
=
[=}
K

Thickness(mm)
i
(=)

2 4 6 8 10 12 14 16 18
Frequency (GHz)

—~
(]
N

5.5 : 0.04

Thickness(mm)

2 4 6 8 10 12 14 16 18
Frequency (GHz)

J Mater Sci (2022) 57:453-466

5.5 ; 0.04

—_
=2
~

Thickness(mm)

2 4 6 8 10 12 14 16 18
Frequency (GHz)

—_
=7
~

Thickness(mm)

2 4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 11 Contour map of the impedance matching ratio for a hGAW, b hGA3, ¢ hGA2, and d hGAI.

Second, the temperature used during the heat
treatment process is only 300 °C, which can retain a
certain amount of oxygen-containing functional
groups in hGAs. Under the alternating electromag-
netic field, the residual C-O and C=0O can lead to
electric dipole polarization due to the different abil-
ities to catch electrons between carbon and oxygen
atoms. At the same time, the defects can act as
polarization centers to generate polarization relax-
ation, which is favorable to the attenuation of EM
wave [20, 45]. Besides, the morphologies of hGAs are
diverse due to their different amounts of ethanol
used during preparation. Using more ethanol can
effectively inhibit the agglomeration of graphene
sheets, thereby increasing the dangling oxygen-con-
taining bonds and the exposed defects and promot-
ing the polarization effect.

Besides, due to the thin and wrinkled graphene
sheets, along with the porous internal structure,
hGA1 could readily disperse in the paraffin matrix
uniformly [50, 51]. Dispersion of the absorber in the
matrix is significant for its performance. As

@ Springer

illustrated in Fig. 12, good dispersion contributes to
the multiple reflections and scattering of EM wave
entered the interior. Beyond that, the transmission of
micro-currents under the applied electric field, as
well as the formation of interfaces between the
absorber and matrix [38] also largely rely on the
uniform distribution of the absorber. So enhanced
conductive loss, multiple reflections, and heteroge-
nous interfacial relaxation caused by the mechanisms
mentioned above can also lead to the excellent
absorption performance of hGA1.

In addition to attenuation ability, the impedance
matching of materials is another critical factor
affecting their performance. In this paper, the suit-
able degree of reduction and ultralow filler content
can help regulate the conductivity of hGA /paraffin
composites, and then, good impedance matching can
be obtained for EM wave absorption. Furthermore,
thin and wrinkled graphene sheets and their homo-
geneous dispersion can reduce the reflection of inci-
dent EM wave at the air-material interface, making
the impedance of hGA1 much closer to that of the
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Figure 12 Schematic diagram
of different propagation
processes of EM wave in
hGA 1/paraffin composite and

hGAW/paraffin composite. Graphene sheets

paraffin

Graphene sheets

N
hGAW/paraffin composite *,

free space [18]. Thus, more EM wave can enter the
interior of the aerogel.

Conclusions

In summary, a series of ultralight graphene aerogels
were successfully synthesized by the ethanol-assisted
hydrothermal method using graphene oxide as the
raw material and EtOH/H,O as the solvent. By
varying the volume ratio of EtOH/H,O, the
microstructures of the graphene aerogels can be
easily tuned. SEM results indicate that the introduc-
tion of ethanol greatly inhibits the clumping of gra-
phene sheets and reduces the volume shrinkage of
the aerogel. For the optimized EtOH/H,0 of 1:1, the
obtained hGA1 with 3 wt% filler content can reach
the RL.;, and EAB of — 52.6 dB at 4.8 mm and
7.65 GHz at 3.2 mm, respectively. Analyses reveal
that the proper level of reduction and the homoge-
neous dispersion in the matrix may be account for the
excellent EM absorption properties of this material.
Considering the great compatibility and excellent
absorption performance, it is believed that such gra-
phene-based EAM prepared through this facile syn-
thesis strategy can serve as an effective component
for lightweight EM absorption coating-related fields.

ultiple reflection
and scattering |

2 residual oxygen-
H?*o“j % $SZE°H containing groups
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