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ABSTRACT: A novel porous cocoon-like reduced graphene
oxide (rGO) with high porosity and low density was
fabricated by a simple and green reduction reaction using
ascorbic acid as the reductant in combination with a freeze-
drying process without annealing. The bulk density of porous
cocoon-like rGO is only 28.49 mg/cm3, and the porosity
reaches 94.57%. The reaction times have an important
influence on the formation of porous cocoon-like rGO and
the reduction degree of rGO. The porous cocoon-like rGO
exhibits an excellent microwave-absorbing property with a low
mass filling ratio of 7.0 wt %; its minimum reflection loss (RL)
is −29.05 dB at 15.96 GHz with a sample thickness of 2.0 mm
and the effective absorption bandwidth (RL < −10 dB) is 5.27
GHz. The microwave-absorbing property of porous cocoon-like rGO is much better than that of GO and other porous rGO.
The in-depth analyses of the reduction degree, porosity, and microwave-absorbing performance illustrate that the microwave-
absorbing performance of rGO is significantly related to the reduction degree and porosity. In addition, the synthetic route for
porous cocoon-like rGO is simple, has low energy consumption, and is environmentally friendly. Our work demonstrates that
the porous cocoon-like rGO is a promising lightweight microwave absorber with high performance.
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1. INTRODUCTION

Recently, microwave absorbers have been paid more attention
because of their important role in information safety and
military stealth caused by the electromagnetic radiation
pollution.1−3 These materials are mainly classified as magnetic
loss materials (ferrites,4−6 magnetic metal powders,7,8 etc.) and
dielectric loss materials (SiC,9,10 ZnO,11,12 CuS,13,14

TiO2,
15−17 etc.). Unfortunately, the high density, large mass

filling ratio, narrow bandwidth, and poor environmental
adaptability of these materials restrict their practical
applications to some extent. Consequently, studies have been
focused on the efficient absorbers with thin thickness, light
weight, broad bandwidth, powerful absorption, good thermal
stability, and antioxidation capability.18−20

Carbon materials have attracted more and more attention
for their extensive applications.21−24 As explored in recent
years, carbon materials are considered as potential absorber
materials because of their lower density, low filling content,
high dielectric loss, and environmental stability, including
carbon fibers,25,26 carbon hollow microspheres,27,28 carbon
nanotubes,29,30 and reduced graphene oxide (rGO).31 Among
these, porous rGO shows an outstanding absorbing perform-

ance.32,33 Kuang et al. prepared rGO with porous network
microstructures; the largest absorption intensity was −37.2 dB
at 3.5 mm thickness with a loading of 30.0 wt %, and the
effective absorption bandwidth (EAB, reflection loss [RL] <
−10 dB) was about 3 GHz with a thickness of 2.5 mm.34 Chen
et al. reported that ultralight carbon nanotube/rGO foams
exhibited excellent microwave absorption in the range of 2−18
GHz. The minimum RL was −39.5 dB, and the EAB reached
up to 16 GHz.35 Zhang et al. reported that rGO foam obtained
using a solvothermal route showed a minimum RL of −34 dB
and an EAB of 14.3 GHz.36 It can be noted that the porous
rGO enhances the microwave-absorbing performance because
of its low density and unique porous structure, inducing the
multireflection loss of microwave.37 However, such porous
rGO exhibits an excellent microwave-absorbing performance
with a much higher mass filling ratio of 10.0−30.0 wt %. In
addition, the rGO foam is used as a monolithic material, and it
shows poor mechanical properties, which limits its application.
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Furthermore, the preparation route involves the complicated
hydrothermal−solvothermal and annealing process. Moreover,
few investigations on the relation between the reduction
degree, porosity, and the microwave-absorbing performance
have been reported.
Herein, a novel porous cocoon-like rGO was fabricated

using a simple and low energy consumption and green
reduction reaction with ascorbic acid as the reductant in
combination with a freeze-drying process without annealing.
The microwave-absorbing performance of porous rGO with
different reduction degree and porosity was investigated. The
microwave-absorbing performance of porous rGO has been
improved with the increase of reduction degree and porosity.
The excellent absorption performance, low density, low mass
filling ratio, low energy consumption, and the simple and green
method are beneficial to practical applications.

2. EXPERIMENTAL
2.1. Materials. Flake graphite of 325 mesh size was provided by

Beijing Creative Biological Engineering Materials Co. Ltd. Ascorbic
acid was purchased from Beijing Chemicals. All chemicals were of
analytical grade and used without any purification.
2.2. Preparation of Ultralight Porous Cocoon-like rGO. GO

was obtained using flake graphite as the starting material on the basis
of the modified Hummers method.38 The porous cocoon-like rGO
was prepared in a four-neck flask with a mechanical agitator. Briefly,
30 mL of GO (1 mg/mL) aqueous dispersion was sonicated for 30
min. Ascorbic acid (0.12 g) was then added and sonicated for another
10 min. Subsequently, the mixture was transferred into the four-neck
flask with continuous stirring at 90 °C and different times (from 0.5 to
2 h); the precipitant was then collected and washed with deionized
water. The porous rGO was obtained by a freeze-drying process. The
porous cocoon-like rGO was formed after the reaction for 2 h.
Therefore, rGO prepared with 0.5, 1, 1.5, and 2 h are labeled as
porous rGO 0.5 h, porous rGO 1 h, porous rGO 1.5 h, and porous
cocoon-like rGO, respectively.
2.3. Characterization. The morphology was characterized using

field emission scanning electron microscopy (FESEM; Hitachi S-
4800) and high-resolution transmission electron microscopy
(HRTEM; JEM-2010). The crystal structure was examined by X-ray
diffraction (XRD; Ultima IV, 40 kV, 150 mA, Cu Kα), Fourier-
transform infrared spectroscopy (FTIR; Bruker VECTOR 22, 4000−
5000 cm−1), X-ray photoelectron spectroscopy (XPS; PHI 5300X),
and Raman spectroscopy (Renishaw, 632.8 nm). The pore structure
and porosity of the products were characterized using mercury
intrusion porosimetry (AutoPore IV 9510). The bulk density was
tested using a measuring cylinder, and the density was calculated as
the ratio of mass to volume. The electromagnetic parameters were
measured using a vector network analyzer (HP 8722ES) in the range
of 1−18 GHz. The GO or rGO was mixed with paraffin at different
mass filling ratios and was compressed into coaxial rings with an outer
diameter of 7.0 mm, an inner diameter of 3.0 mm, and a thickness of
2.0 mm.

3. RESULTS AND DISCUSSION
The morphologies of the GO, porous rGO with different
reaction times, and porous cocoon-like rGO are shown in
Figure 1. The reaction time has an obvious effect on the
morphology of rGO. In Figure 1a, GO shows a typical flaky
morphology. For rGO prepared with a reduction reaction time
of 0.5 h (Figure 1b), the size of the rGO sheets decreases and
pores appear on the rGO sheets. When GO is reduced for 1 h,
the small and porous rGO sheets begin to self-assemble. The
products show a certain 3D structure (Figure 1c). As the
reaction time increases to 1.5 h, more products with 3D porous
structures appear and the product size increases after self-

assembly (shown in Figure 1d). In the case of rGO obtained
with a reaction time of 2 h (Figure 1e,f), unique 3D porous
cocoon-like microstructures with partial overlapping or
coalescing of flexible rGO sheets are observed. Not only are
the rGO sheets porous but also many large pores are formed in
the self-assembly process. Figure 1g,h shows the obvious
porous structure and typical transparent tulle-like sheets of
porous cocoon-like rGO. Selected-area electron diffraction
(SAED, inset in Figure 1h) shows diffraction rings, indicating
that rGO sheets are amorphous. Figure 2 shows the
preparation procedure of porous cocoon-like rGO.
Figure 3 reveals the FTIR spectra of GO and rGO. In Figure

3a, the typical peaks of GO can be observed at 3400 cm−1 (O−
H stretching vibration), 1722 cm−1 (CO stretching
vibrations), 1624 cm−1 (CC stretching of aromatic
zooms), 1389 cm−1 (−OH stretching vibrations), 1227 cm−1

(C−O−C vibrations of epoxy groups), and 1068 cm−1 (C−O
stretching vibrations).39 With increasing reduction reaction
times, the peak intensities of the above oxygen-containing
functional groups for rGO decrease gradually. In the case of
rGO 1.5 h and porous cocoon-like rGO (Figure 3d,e), most
peaks of oxygen-containing functional groups disappear, which
implies that most oxygen-containing functional groups are
eliminated during the reduction process. Meanwhile, with the
increase of reaction times, the reduction degree of the porous
rGO gradually increases. The reduction degree of the product
is similar when the reaction time is more than 1.5 h.
The XRD patterns of the samples are given in Figure 4a.

Compared to the sharp peak of 2θ = 11.8° for GO, the porous
cocoon-like rGO shows a broad weak characteristic peak at 2θ
= 26°, which is caused by the decrease in the interlayer spacing
of rGO. It demonstrates that the oxygen-containing functional
groups are effectively eliminated and the rGO sheets have a
long-range restacking after reduction by ascorbic acid without
annealing.40 In the typical Raman spectra, two prominent
peaks of D and G are observed (Figure 4b). The disorder,
defect lattice concentration, and average size of the sp2

domains of graphitic carbon materials are assessed by the

Figure 1. FESEM images of the GO (a), porous rGO 0.5 h (b),
porous rGO 1 h (c), porous rGO 1.5 h (d), porous cocoon-like rGO
(e,f), and HRTEM images of the porous cocoon-like rGO (g,h). The
inset in (h) shows the SAED pattern of porous cocoon-like rGO.
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intensity ratio of D and G peaks (ID/IG).
41−44 The ID/IG

(1.17) of porous cocoon-like rGO is higher than that the GO
(0.90), which is regarded as a decrease in the average size of
the sp2 domains upon reduction of the GO, indicating that
more lattice defects are introduced and the GO has been
successfully changed into rGO after being reduced with
ascorbic acid.45,46

The compositions of GO and porous cocoon-like rGO are
analyzed by XPS. Figure 5a shows only the presence of C1s
and O1s peaks at about 284 and 533 eV, respectively. The
intensity of O1s is higher than that of C1s, although it is
opposite for porous cocoon-like rGO. There are three kinds of
C as shown in the C1s peaks of GO in Figure 5b. The binding
energies of 284.5, 286.5, and 288.3 eV are assigned to C−C

and CC, C−O, and CO, respectively.47 The intensities of
C−O and CO of porous cocoon-like rGO decrease rapidly,
suggesting a remarkable reduction after the reduction process
(Figure 5c).
Mercury intrusion porosimetry is used to estimate the pore

size distribution and porosity of the porous rGO. The pore size
distributions of the rGO obtained by reacting for 1, 1.5, and 2
h are shown in Figure 6. The pore size distribution profiles
with peaks at 0.5−330 μm are observed for all these porous
rGOs, and the pores with diameters of 50−330 μm increase
with the increase of reaction times. This may be due to the self-
assembly of rGO sheets, which leads to the formation of larger
pores. The porosity and bulk density of the porous rGO are
shown in Table 1. The porosity of rGO increases and the bulk
density of rGO decreases with increasing reaction times. As
shown in Figure 6 and Table 1, the porous cocoon-like rGO
prepared with a reaction time of 2 h possesses extensive pore
size distribution and the highest porosity (94.57%).
Furthermore, the bulk density of porous cocoon-like rGO is
only 28.49 mg/cm3, which is conducive to the practical
application of absorbing materials.
The electromagnetic parameters are important for the

microwave-absorbing material. Because the magnetic proper-
ties of GO and porous rGO are ignorable, the magnetic loss
can be negligible. As predicted in Figure S1, the permeability
real part (μ′) for all samples is close to 1 and the values of
permeability imaginary part (μ″) fluctuate and are around 0. It
can be noted from the magnetic loss tangent curve that the
magnetic losses are almost 0. Figure 7 depicts the permittivity
of the samples with different reaction times at a loading of 7.0
wt %. In Figure 7, the permittivity real part (ε′), permittivity
imaginary part (ε″), and dielectric loss tangent (tan δ = ε″/ε′)
for porous rGO are obviously higher than those of GO in 1−
18 GHz. When the reaction time is not longer than 1.5 h, the
ε′, ε″, and tan δ become larger with the increase in reaction

Figure 2. Schematic illustration of the fabrication process for porous cocoon-like rGO.

Figure 3. FTIR spectra of the GO (a), porous rGO 0.5 h (b), porous
rGO 1 h (c), porous rGO 1.5 h (d), and porous cocoon-like rGO (e).

Figure 4. XRD patterns of GO and porous cocoon-like rGO (a) and Raman spectra of GO and porous cocoon-like rGO (b).
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time. This is due to the chemical reduction process improving
the electrical conductivity. On the basis of the free-electron
theory, the strong dielectric loss of materials results from the
high conductivity.11 The values of ε′, ε″, and tan δ for porous
cocoon-like rGO are not the largest, although the reduction
reaction time is the longest. Compared with other porous
rGOs, the porous cocoon-like rGO has formed a special
morphology with increased size, which makes the resistance
increase between the particles and leads to the decrease of
dielectric constant and dielectric loss.

The RL of the samples can be calculated according to the
three equations48
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where zin is the normalized input impedance, z0 is the free
space impedance, εr and μr are the relative complex
permittivity and permeability of the absorbers, respectively, f
is the frequency of microwave, d is the sample thickness, and c
is the microwave velocity in vacuum.

Figure 5. XPS spectra of survey scan of GO and porous cocoon-like rGO (a), C1s of GO (b), and C1s of porous cocoon-like rGO (c).

Figure 6. Pore size distribution of porous rGO 1 h (a), porous rGO 1.5 h (b), and porous cocoon-like rGO (c).

Table 1. Porosity and Bulk Density of the Porous rGO

sample porosity (%) bulk density (mg/cm3)

porous rGO 1 h 79.98 61.13
porous rGO 1.5 h 84.31 32.91
porous cocoon-like rGO 94.57 28.49

Figure 7. Permittivity real part (a), permittivity imaginary part (b), and dielectric loss tangent (c) of GO, porous rGO, and porous cocoon-like
rGO.
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Figure 8. The calculated 2D/3D RL with different thicknesses (a(I)−e(I),a1−e1), simulations of the absorber thickness (tm) versus peak frequency
( fm) under n = 1 (a(II)−e(II)), the relationship between the impedance matching characteristics (Z = |Zin/Z0|) and the frequency (a(III)−e(III))
of GO (a,a1), porous rGO 0.5 h (b,b1), porous rGO 1 h (c,c1), porous rGO 1.5 h (d,d1), and porous cocoon-like rGO (e,e1).
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Figure 8 exhibits the two-dimensional (2D) and three-
dimensional (3D) RL curves of these GO and rGO samples
with a mass filling ratio of 7.0 wt % at different thicknesses. As
shown in Figure 8a-(I),a1, the GO is almost invalid for
microwave with different thicknesses. Compared to GO, the
microwave-absorbing performance of the porous rGO 0.5 h is
enhanced a little as shown in Figure 8b-(I),b1, whereas the
microwave-absorbing performances of the porous rGO 1 h and
rGO 1.5 h are enhanced obviously (Figure 8c-(I),c1 and 8d-
(I),d1). The minimum RL of the porous rGO 1 h is −20.2 dB

at 5.5 mm thickness, and the EAB reaches 5.35 GHz at 3.0
mm. In Figure 8d-(I),d1, the minimum RL of porous rGO 1.5
h is −23.39 dB with a thickness of 2.0 mm at 17.83 GHz and
the EAB reaches 6.71 GHz at 2.5 mm. As shown in Figure 8e-
(I),e1, the porous cocoon-like rGO shows the strongest
absorption peak. The minimum RL of the porous cocoon-
like rGO reaches −29.05 dB with a thickness of 2.0 mm at
15.96 GHz, and the EAB is 5.27 GHz at a thickness of 2.5 mm.
It’s obvious that the microwave-absorbing performance is

sensitive to the thickness. When the thickness is increased, the
minimum RL moves to lower frequency. The result can be
explained using the quarter-wavelength matching model. The
peak frequency ( fm) and the absorber thickness (tm) satisfy the
matching equation:49

t nc f n/(4 ) (where 1, 3, 5, ...)m m r rε μ= | || | = (4)

When tm and fm satisfy this equation, the incident and
reflected waves in the absorbers are out of phase by 180°,
leading to an extinction of the waves at the air−absorber
interface. In this case, the minimum RL reaches the maximum
value.30 As shown in Figure 8c(II)−e(II), the matching
thicknesses (tm

exp) are achieved from the RL curve marked
with red square. The tm (tm

fit) can be simulated according to eq
4. Obviously, all the experimental results are in accordance
with the curve, which implies that the microwave-absorbing
performances of the porous rGO 1 h, porous rGO 1.5 h, and
porous cocoon-like rGO obey the quarter-wavelength match-
ing model.

Figure 9. The calculated 2D/3D RL dependence on the frequency and the thickness of the porous cocoon-like rGO with mass filling ratios of 5.5
(a), 7.0 (b), 8.5 (c), and 10.0 wt % (d).

Figure 10. Schematic illustration of the microwave-absorption
mechanism of porous cocoon-like rGO.
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Moreover, the impedance matching is another important
factor for the absorbers to enhance the microwave absorption
property.50,51 As shown in eqs 1 and 2, when the materials
achieve a good impedance matching (Z = |Zin/Z0| is equal or
close to 1), more microwaves can enter the absorbers and then
will be converted to heat or attenuated through interference;
therefore, the best absorbing property could be obtained.28,52

Figure 8a(III)−e(III) shows the Z curves of GO and porous
rGO with different thicknesses. In Figure 8a(III), the values of
Z of GO are much greater than 1 for different thicknesses. It
indicates that the product is impedance mismatched. There-
fore, the lowest dielectric loss and serious impedance mismatch
of the GO result in very poor microwave absorption
performances. In Figure 8b(III)−d(III), all the values of the
porous rGO are significantly lower than that of the GO, the
maximum values of the porous rGO are getting closer and
closer to 1, and the values of Z near 1 correspond to the
strongest absorption. It implies that the high performance of
absorbers is dependent on the well-matched impedance. It is
the result of the impedance match caused by appropriate
permittivity, which is attributed to the high degree of reduction
of rGO. In Figure 8e-(III), the maximum values of the porous
cocoon-like rGO are slightly bigger than those of the porous
rGO 1.5 h, but they are also close to 1. The increased
maximum values of Z for the porous cocoon-like rGO are due
to the decreased permittivity, which is caused by the change in
the morphology and size of porous cocoon-like rGO. Porous
cocoon-like rGO shows a strong absorption as shown in Figure
8e-(I). Comparing the porous cocoon-like rGO to the porous
rGO 1.5 h, their reduction degrees are similar, although the
porous cocoon-like rGO exhibits the strongest absorption. It is
attributed to the highest porosity resulting from the unique
morphology of the porous cocoon-like rGO. Hence, the waves
can suffer multiple reflection and scattering loss in the inner
space of the porous cocoon-like rGO to improve the
absorption performance.53

The 2D/3D RL curves of the samples with different mass
filling ratios of porous cocoon-like rGO are shown in Figure 9.
Clearly, the mass filling ratio has a great effect on the
microwave-absorbing performance. As shown in Figure 9a, the
sample with 5.5 wt % porous cocoon-like rGO is almost invalid
for microwave, and the minimum RL only reaches −8.85 dB at
14.61 GHz. The microwave-absorbing performance of the
porous cocoon-like rGO with a mass filling ratio of 7.0 wt % is
enhanced obviously (Figure 9b). Its minimum RL reaches
−29.05 dB at 15.96 GHz and a thickness of 2.0 mm, and the

EAB (RL < −10 dB) is 5.27 GHz. The microwave-absorbing
performances of the samples decrease with the further increase
of mass filling ratios. In Figure 9c, the minimum RL of the
samples with a mass filling ratio of 8.5 wt % reaches −12.45 dB
at 5.42 GHz with a thickness of 4.0 mm, and the EAB is 2.5
GHz with a thickness of 2.5 mm. When the mass filling ratio of
the porous cocoon-like rGO is increased to 10.0 wt %, the
minimum RL of the sample reaches −9.62 dB at 11.54 GHz
with a thickness of 2.0 mm (Figure 9d). The results can also be
explained using the impedance matching characteristic. As
shown in Figure S2b(III), the values of Z of the porous
cocoon-like rGO with a mass filling ratio of 7.0 wt % are close
to 1 with the well-matched impedance. The inappropriate
permittivity caused by the lower and the higher mass filling
ratios results in the impedance mismatch, which leads to the
bad microwave-absorbing properties. Therefore, the optimum
mass filling ratio is 7.0 wt %.
The microwave-absorbing mechanism of porous cocoon-like

rGO is shown in Figure 10. First, the impedance match plays
an important role in the good microwave-absorbing perform-
ance of porous cocoon-like rGO. The high degree of reduction
and the special porous and cocoon-like structure of the sample
with low density lead to a good impedance match with a much
lower mass filling ratio. Therefore, more microwaves enter the
interior of the sample and can be absorbed. Second, as
mentioned above, there are some defects on the rGO sheets,
which act as polarized centers and improve the dielectric loss,
thus enhancing the microwave-absorbing performance.54

Furthermore, comparing with rGO sheets, the porous
cocoon-like rGO shows a 3D structure. In other words, it is
a conductive network and the hopping electrons occur
between the rGO sheets, which results in a higher conductive
loss.9,34,55 Moreover, the porous structure formed by
assembled rGO sheets and the pores on rGO sheets cause
multiple reflection and scattering of microwaves on the surface
of rGO sheets; therefore, most microwaves are converted into
heat energy and dissipated.54,56

The microwave-absorbing performances of carbon-based
materials reported in the recent literature are summarized in
Table 2. Porous cocoon-like rGO in this work exhibits an
effective absorption, and the absorption bandwidth is better
than most materials with a much lower mass filling ratio at a
rather thin thickness, suggesting the porous cocoon-like rGO is
a promising candidate as a thin and lightweight microwave
absorber.

Table 2. Microwave-Absorbing Performances of Carbon-Based Materials Reported in Recent Years

absorber mass filling ratio (wt %) minimum RL (dB) thickness (mm) EAB (GHz) ref

PCHMs 20.0 −84 3.9 4.8 28
rGO 30.0 −37.2 3.5 34
NG 30.0 −11.3 3.0 2.1 57
graphene microflowers 10.0 −42.9 4.0 5.59 58
MWCNT/CGFs 100.0 −39.5 10.0 16 35
CNPs/rGO 40.0 −43.4 1.5 3.6 59
NiFe2O4-h/G 15.0 −40.9 3.5 2.8 60

CoNi/NG 30.0 −22 2.0 8
NiCo2/GNS 50.0 −30 1.6 61
Fe3O4@LAS/rGO 50.0 −65 2.1 4 62
MoS2/GN 15.0 −55.3 5.6 1.6 63
rGO/h-BN 25.0 −40.5 1.6 5 18
porous cocoon-like rGO 7.0 −29.05 2.0 5.27 this work
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4. CONCLUSIONS
In summary, we reported a novel porous cocoon-like rGO as a
microwave absorber. The rGO displays a special porous
cocoon-like morphology, a high porosity of 94.57%, a very low
density of 28.49 mg/cm3, and an excellent microwave-
absorbing property with a low mass filling ratio. The minimum
RL is −29.05 dB at 2.0 mm thickness with a mass filling ratio
of 7.0 wt %, and the EAB is 5.27 GHz with a thickness of 2.5
mm. The microwave-absorbing performance of porous
cocoon-like rGO is much better than that of GO and other
porous rGOs. The high reduction degree and porosity are
important for enhancing the microwave-absorbing perform-
ances. The porous cocoon-like rGO prepared using an
environmentally friendly route is promising as a practical
microwave absorption material.
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