
lable at ScienceDirect

Composites Part B 135 (2018) 119e128
Contents lists avai
Composites Part B

journal homepage: www.elsevier .com/locate/compositesb
Microwave absorption properties of holey graphene/silicone rubber
composites

Chun-Yu Chen a, b, Nen-Wen Pu a, *, Yih-Ming Liu c, Li-Hang Chen c, Chia-Hung Wu d,
Tsai-Yi Cheng a, Ming-Hsien Lin c, Ming-Der Ger c, **, Yann-Jang Gong b, You-Yu Peng b,
Peter M. Grubb e, Ray T. Chen e

a Department of Photonics Engineering, Yuan Ze University, Zhongli, Taoyuan 320, Taiwan
b Chemical System Research Division, National Chung Shan Institute of Science and Technology, Longtan, Taoyuan 325, Taiwan
c Department of Chemical & Materials Engineering, Chung Cheng Institute of Technology, National Defense University, Dasi, Taoyuan 335, Taiwan
d School of Defense Science, Chung Cheng Institute of Technology, National Defense University, Dasi, Taoyuan 335, Taiwan
e Department of Electrical and Computer Engineering, University of Texas, Austin, TX 78701, USA
a r t i c l e i n f o

Article history:
Received 16 June 2017
Received in revised form
16 September 2017
Accepted 1 October 2017
Available online 7 October 2017

Keywords:
Silicone rubber composite
Holey graphene
Microwave absorption
Low filler loading
* Corresponding author.
** Corresponding author.

E-mail addresses: nwpuccit@saturn.yzu.edu.tw (N
com (M.-D. Ger).

https://doi.org/10.1016/j.compositesb.2017.10.001
1359-8368/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

The complex permittivity and return loss (RL) for the composites of silicone rubber filled with holey
graphene nanosheets (HGNS, prepared by ultra-rapid heating during the step of thermal reduction/
exfoliation of graphite oxide) were measured in the 3e18 GHz range. HGNS-based composites were
found to have significantly higher microwave absorption than composites incorporating other types of
graphene reduced at lower heating rates. Even with only 1 wt.% loading, its experimentally measured RL
reached �32.1 dB at 13.2 GHz with a thickness of 2 mm, and simulation suggested that at a thickness of
3 mm its RL can be as low as �45.3 dB at 7.8 GHz. Material characterization indicated that the density of
the holes increased with the temperature ramp rate, and the hole sizes ranged from 5 to 300 nm.
Compared to other graphene samples, HGNS possessed significantly larger specific surface area and
higher density of defects, suggesting that defect-induced losses, interfacial polarization, and multiple
reflection/scattering at the interfaces are the major loss mechanisms. Our simple and low-cost process as
well as the very low loading ratio of HGNS are advantageous for cost reduction in future applications.

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

Due to their wide applications in consumer electronics,
communication devices, and stealth technology, extensive studies
have been carried out on the development of microwave absorbers
and shields [1e13]. There have also been wide studies on polymer-
based composites containing microwave-absorbing carbon in-
gredients, such as carbon black, graphite, expanded graphite, car-
bon fiber, CNTs, and graphene (or reduced graphene oxide, RGO)
[14e34]. These efforts have been motivated by their advantages
of high absorption ability, wide band, light weight, thinness, flexi-
bility, low cost, and stable thermal and chemical properties. In
particular, carbon nanotubes (CNTs) [18e20,24] and graphene
.-W. Pu), mingderger@gmail.
[12,13,21e25,30e34] have the greatest potential as high-
performance absorbing materials owing to their many desirable
properties, including unique geometry effects, high specific surface
area, and high conductivity. In 2008, Liang et al. [31] first reported a
microwave shielding effectiveness of 21 dB at 8.2 GHz in epoxy
composites filled with 15 wt.% of graphene. In 2011, Bai et al. [21]
and Wang et al. [22] separately discovered that graphene could
also provide remarkable microwave absorption. Subsequently,
Bhattacharya et al. [24] found that graphene can offer higher mi-
crowave absorption than CNT, and Wen et al. [32] reported that
RGO outperforms graphite nanoplatelets in microwave shielding.
To explain why graphene is superior to other nano-carbon micro-
wave absorbers, some researchers proposed that graphene has a
unique loss mechanism: multiple reflections from the dihedral
angle formed between neighboring graphene sheets [21,23] and
multiple scattering from the corrugated graphene surfaces [32].
Recently we have reported that well-dispersed, highly exfoliated
graphene is capable of providing excellent microwave absorption
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(�37.8 dB at 12.3 GHz) at very low loading of 1 wt.% [30]. Additional
studies on the temperature-dependent microwave shielding [33]
and absorption [34] performances of graphene have confirmed its
usefulness at elevated temperatures. Combinations of graphene
with other dielectric or magnetic nano-fillers, such as CNTs [25],
Fe3O4 [35], hematite [36], a-Fe [37], CuS [38], Ni [39], and NiFe2O4
[40], have also been demonstrated. These hybrid fillers have
exhibited improved microwave absorption compared to pure gra-
phene. Here we present a study on the extraordinary microwave
absorption performances of holey grapheneda new type of gra-
phene full of holes, which can considerably affect its electromag-
netic properties.

Due to its two-dimensional (2-D) geometry, graphene easily
restacks during the fabrication process in many applications and
thus loses its exceptional physical properties to a great extent. For
example, restacking of graphene leads to lower capacity and rate
capability in applications of Li ion batteries (LIBs) [41e43] and
supercapacitors (SCs) [44]. Therefore, creating anti-restacking 3-
dimensional (3-D) structures [45e54] is important for realizing
the full advantage of graphene. Researchers have reported excellent
microwave absorption properties of many well-designed 3-D
porous materials, which have complicated structures and anti-
restacking capability. For example, hierarchical porous ZnO
flowers [55], hollow porous Ni/SnO2 hybrids [56], hierarchical
hollow CuS microspheres [57], ordered honeycomb SnO2 foams
[58], flower-like CuS hollow microspheres composed of nanoflakes
[59], yolk�shell structured composites [60,61], 3-D free-standing
graphene foam [62], and graphene/polymer foam [63] have been
successfully synthesized and their superior microwave absorption/
shielding properties have been demonstrated.

Alternatively, we have found that creating a holey structure on
graphene nanosheets with outward-opening hole edges and a
significantly roughened surface morphology resulted in good
resistance to restacking [44]. Using such kind of holey graphene,
improvements in the performances of LIBs [64e67] and SCs
[44,68,69] have been achieved because the holes offer shortcuts for
the ions to diffuse rapidly into the interlayer space. Several
methods have been proposed to produce holey graphene by
different research groups [64e71], and studies on its applications to
LIBs and SCs have been reported recently. Another unique feature of
holey graphene is the high density of defects around the hole edges,
which can serve as active sites for capturing extra Li ions and thus
improve the electrochemical properties of LIBs [72,73]. These de-
fects can equally play an important role in microwave absorption
according to many previous studies [22,33,35,36,74e76]. The
attractive properties of holey graphenedthe anti-restacking ability
and high defect densitydsuggest that it should be very suitable for
the application in microwave absorption as well. We demonstrate
here the excellent microwave absorbing performance of holey
graphene produced by an ultra-rapid heating method.
2. Experimental details

2.1. Materials

The starting material for the production of graphene nanosheets
(GNS) and holey graphene nanosheets (HGNS) was natural graphite
powder (200 mesh, or particle sizes � 74 mm, acquired from Alfa
Aesar), which has 99.9995% purity and 2.25 g/cm3 density.

The silicone rubber (Momentive, RTV-615A and B) was a two-
component (base A and curative B) liquid product, which cures
by mixing the base and the curative in a 10:1 wt ratio. The curing
takes 24 h at 25 �C to permit handling, but the time can be short-
ened considerably by heating.
2.2. Preparation of GNSs with various heating rates

Natural graphite was oxidized by the Staudenmaier method to
form graphite oxide (GO). The GO powder was then thermally
reduced/exfoliated into various kinds of GNSs (or RGO) by heating
to 300 �C in an air-filled quartz tube at different temperature ramp
rates. The GNS samples prepared at temperature ramp rates of 1, 10,
and 30 �C/min were named GNS300-1, GNS300-10, and GNS300-
30, respectively.

2.3. Preparation of HGNS

The HGNS sample was obtained using an ultra-rapid heating
method [44]. To achieve an extremely high temperature ramp rate,
GO powder was dumped onto the central zone of the quartz tube
surface preheated to 300 �C using a long metal tool, and instanta-
neously reduced/exfoliated into HGNS. An ultra-high temperature
ramp rate of about 100 �C/s (6000 �C/min) was achieved by this
means, and the GO was rapidly reduced while CO2 gas was gener-
ated between neighboring layers much faster than it could escape.
The huge pressure not only exfoliated the layers but also created
numerous holes at weak spots in the graphene sheets.

2.4. Material analysis

Observation of the morphology of the GNS and HGNS samples
was carried out using a scanning electron microscope (SEM, Hita-
chi, S-3000N) and a transmission electron microscope (TEM, FEI,
Tecnai G2 F30). X-ray diffractometry (XRD, Rigaku D/Max 2200)
was utilized to examine the crystal structure of graphene.
Furthermore, a Renishaw inVia Raman Microscope was used to
characterize the D and G bands of GNS and HGNS samples. Nitrogen
adsorption isotherms were measured at 77 K with a Micromeritics
ASAP 2010 Surface Area and Porosity Analyzer to determine the
Brunauer-Emmett-Teller (BET) specific surface area (SSA) for GNS
and HGNS samples. We also employed elemental analysis (EA,
Thermo Scientific, Flash EA2000 CHNS/O Analyzer) for analyzing
the O and C atomic contents of the GNSs and HGNS.

2.5. Preparation of the microwave absorbing composite sheets

Uniform dispersion of graphene in the matrix is of utmost
importance for maximizing the performance of the composite. Pre-
mixing using a planetary mixer in combination with repetitive
calendering (three roll milling) was employed to ensure a high
degree of graphene dispersion. A planetary centrifugal mixer
(Thinky, AR-250) was employed in premixing graphene (GNS300-1,
GNS300-10, GNS300-30, or HGNS) powder with silicone rubber
base (RTV-615A) for 10 min before degassing for 5 min. Once pre-
mixing was complete, the viscous solution was further mixed by
a three roll mill (Exakt, 80E). This was repeated 9 times so that
uniform dispersion of GNS or HGNS could be attained. The angular
speed ratio of the three rollers was 1:3:9, with adjacent rollers
rotating in the opposite directions. Agglomerates were effectively
ripped apart by the large shear forces created by the speed differ-
ences of rollers. To ensure uniform distribution of graphene fillers
throughout the matrix, the gaps at the front (between the 1st and
2nd roller) and at the rear (between the 2nd and 3rd rollers) were
gradually reduced to 35 mm and 25 mm, respectively, down from
original 90 mm and 80 mm. Finally, the curative (RTV-615B) was
added and the mixture was further mixed by the planetary mixer
for an additional 5 min and then degassed for 2.5 min.

With the curative and graphene fully dispersed in the base, the
liquid mixture was ready to be shaped. This was accomplished by
pouring the viscous mixture into a 16 cm� 16 cm panel mold 2mm
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thick. To effectively shorten the vulcanization time for silicone
rubber, the compositewas cured at 120 �C, under pressure of 3MPa,
for 1 h in a hot compression machine. This 1-wt.% GNS/ or HGNS/
silicone rubber composite absorber sheet was then trimmed to
15 cm � 15 cm, which was the required dimensions of the micro-
wave absorber sheet for the EM characterization system.
2.6. Characterization of EM properties

A free-space microwave measurement (FSMM) system
[30,77,78] was adopted for the characterization of EM properties of
the composite absorbers. In the FSMM setup, a microwave propa-
gating in free space was emitted and received by two horn an-
tennas. The complex permittivity and permeability from 3 to
18 GHz were extracted from the S-parameters measured with a
vector network analyzer (Agilent, PNA E8362B, 10 MHz - 20 GHz).

Compared to waveguide- or transmission-line-based systems
there are several advantages to an FSMM geometry. Most impor-
tantly, it is difficult to achieve a seamless contact necessary to
prevent air gaps and subsequent losses of measurement accuracy
for waveguide- or coaxial-transmission-line-based measurement.
By contrast, as a non-contact method, FSMM is less stringent in
sample preparation requirement, facilitating more reliable and
reproducible results.

Our FSMM system was utilized not only to measure the
permittivity and permeability of the sample, but also to directly
obtain the value of return loss (RL), which is the key indicator of
microwave-absorbing performance. In the RL measurements, the
absorber sheet under test was mounted onto an aluminum plate.
All the measurements were performed at room temperature.
3. Results and discussion

3.1. Material characteristics of GNSs and HGNS

The SEMmicrographs showing the morphology of the graphene
samples (GNS300-1, GNS300-10, GNS300-30, and HGNS300) are
displayed in Fig. 1. Evidently the number and size of holes on the
graphene surface increased as the heating rate was raised. Rather
flat and smooth surface morphology are observed for GNS300-1
Fig. 1. SEM images of (a) GNS300-1, (b) GNS300-10, (c) GNS300-30, and (d) HGNS300. (e) H
opening edges of the holes). (For interpretation of the references to colour in this figure le
(Fig. 1 (a)). As the heating rate increased, the morphology rough-
ened and the volume expanded due to exfoliation. When the
heating rate was increased to 30 �C/min (Fig. 1 (c)), small holes
started to appear on the graphene surface. Ultimately, when the GO
was exfoliated at the maximum achievable heating rate
(HGNS300), the largest amount of holes with the largest sizes
(5e300 nm) were created (Fig. 1(d) and (e)). This result indicates
that the heating rate of the exfoliation process significantly affects
the hole formation. This phenomenon can be explained by the
mechanism of the thermal reduction/exfoliation of GO. There are
many defective regionswhich have lowermechanical strength than
other areas on the GO sheets due to severe oxidation and chemical
reaction [79]. Therefore, when the GO was heated up to the target
temperature ultra-rapidly (about 6000 �C/min), the gas produced
from the decomposition of functional groups built up a high pres-
sure, which punched the defective sites and created through-holes.
The magnified SEM image in Fig. 1(e) clearly showed that the edges
of these holes opened outward (see the red circles), which supports
this mechanism. Such a protruding-edge structure can effectively
prevent face-to-face restacking of the exfoliated sheets during the
subsequent manufacturing of microwave-absorbing sheets. In
addition, HGNS300 in Fig. 1(e) showed much rougher surface
morphology, which can also alleviate the restacking problem. This
anti-restacking property of HGNS300 is beneficial for enhancing
the microwave absorption performance, as will be discussed in Sec
3.3.

The degree of exfoliation and crystallinity of HGNS could be
characterized by XRD. In Fig. 2, natural graphite with a typical
interlayer space of 0.34 nm exhibited a sharp (002) peak at
2q ¼ 26.5�. After oxidation, the GO sample showed a characteristic
peak at a much smaller 2q angle of 11.5�, which corresponded to a
significantly enlarged interlayer distance from 0.34 to 0.78 nm due
to the formation of oxygen functional groups between graphite
layers. For GNS300-1, GNS300-10, GNS300-30, and HGNS300, the
(002) peak disappeared totally as a result of a high degree of
exfoliation after the thermal exfoliation/reduction of GO.

TEM images of the GNS and HGNS samples are shown in Fig. 3.
All samples exhibited the distinct feature of numerous wrinkles
common to all thermally exfoliated Staudenmaier graphene.
GNS300-1, which was reduced at the lowest heating rate, was very
igh-magnification image of the HGNS300 sample (the red circles reveal the outward-
gend, the reader is referred to the web version of this article.)



Fig. 2. The XRD patterns of graphite (�1/40), GO (�1/4), GNS300-1, GNS300-10,
GNS300-30, and HGNS300.
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poorly exfoliated, as shown in Fig. 3(a). As the heating rate
increased, the image transparency increased, indicating a higher
degree of exfoliation. The number of holes on graphene also
increased with increasing heating rate: GNS300-1 and GNS300-10
were basically non-holey; GNS300-30 started to show signs of
holes; and HGNS300 showed unambiguously the presence of
numerous holes (the red circles indicate the areas containing
holes). The TEM image for HGNS300 revealed that its hole sizes can
be as small as ~5 nm.

Fig. 4 displays the high-resolution (HR) TEM image of HGNS300.
There are 4e5 layers in this holey graphene, determined from the
lattice fringes (indicated by the red lines) at the folded edges. The
inset in Fig. 4 shows the spacing (0.34 nm) between atomic layers.

Raman analysis was employed to further investigate the struc-
ture of the GNSs and HGNS. The in-plane vibration of graphitic
lattice correlates with the G band, whereas the D band is associated
Fig. 3. The TEM images of (a) GNS300-1, (b) GNS300-10, (c) GNS300-30, and (d) HGNS30
references to colour in this figure legend, the reader is referred to the web version of this
with the disorders such as nano-sized crystallites, impurities, im-
perfections, and edges. As shown in Fig. 5, the D-band intensity of
GNS gradually increased with the heating rate during exfoliation.
The ID/IG ratio calculated from the Raman spectra is often used as an
indicator of the structure quality of graphene. As shown in Table 1,
the ID/IG ratio increased monotonously from 1.165 for GNS-1 to
1.354 for GNS-30, and eventually reached 1.872 for the HGNS300
sample. This result was attributed to the increase in the defect sites
on the hole edges of graphene.

The contents of residual oxygen functional groups are another
factor that might affect the microwave absorption ability of RGOs.
To compare the amount of these groups in the four different gra-
phene samples, their C and O contents were measured by EA, and
the results are listed in Table 1. Since all four samples were reduced
at the same temperature (300 �C), their C/O ratios were very close
despite the different heating rates.

Also shown in Table 1 is the SSA measured by the BET method.
The sample reduced at the lowest heating rate (GNS300-1) had the
lowest SSA of 399 m2/g. In contrast, HGNS300, which was reduced
ultra-rapidly, showed the highest SSA of 636 m2/g. This highest SSA
of HGNS300 might be attributed to its high degree of exfoliation as
well as its rough surface morphology, which can effectively prevent
restacking.
3.2. Measurements of microwave characteristics

To determine the microwave characteristics of the composite
absorbers, their complex relative permittivity (εr ¼ ε

0- jε00) and
permeability (mr ¼ m0- jm00) were then measured with the FSMM
system in the range of 3e18 GHz. These curves of εr and mr can be
utilized to theoretically simulate the RL vs. frequency. Alternatively,
the real RL curves for an absorber sheet can be directly measured
with the same FSMM system. Bothmethods were performed in this
study and the results were compared in order to cross-check the
validity of theoretical simulation. Fig. 6 (a) and (b) display,
respectively, the measured real (ε0) and imaginary (ε00) parts of the
0. The red circles in (d) indicate the areas containing holes. (For interpretation of the
article.)



Fig. 4. HR-TEM image of HGNS300. The number of atomic layers are indicated by the
red lines. The inset shows the spacing (0.34 nm) between atomic layers. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 5. Raman spectra of GNS300-1, GNS300-10, GNS300-30, and HGNS300 samples.

Table 1
Raman analysis, elemental analysis, and BET surface area analysis of GNS and HGNS
samples.

ID/IGa C (at.%)b O (at.%)b C/O SSA (m2/g)c

GNS300-1 1.165 78.4 21.5 3.64 399
GNS300-10 1.316 80.5 19.4 4.15 544
GNS300-30 1.354 77.1 22.8 3.38 528
HGNS300 1.872 77.9 21.9 3.56 636

a The intensity ratio of D-band to G-band on Raman spectrum.
b From elemental analysis.
c BET specific surface area.

Fig. 6. Dispersion curves of the (a) real and (b) imaginary parts of the relative
permittivity for composites with 1 wt.% of GNS or HGNS fillers.
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relative permittivity for all of the 1-wt.% microwave absorbing
composites. With GNS300s, HGNS300, and silicone rubber being
non-magnetic, all of the composite absorbers had a m0 value of ~1
and a negligible m00 (not shown). Consequently, their microwave
absorbing capability should derive from the electric losses only.
Neat silicone rubber (not shown) has an ε
0 value of ~3 and a

negligible ε
00 (3e18 GHz).

ε
0 and ε

00 are associated with the storage and dissipation of
electric energy, respectively. As shown in Fig. 6 (a) and (b),
HGNS300 performedmuch better in terms of both ε

0 and ε
00 than all

other GNS300 samples at 1 wt.% loading. Its ε
0 values ranged be-

tween 7.7 and 20.6, and its ε
00, which is a critical factor for the

absorber performance, was in the range 2.3e3.2. Note that exces-
sively large ε

0 and ε
00 would cause high surface reflection due to a

large impedance mismatch between air and the dielectric. The
permittivity values for our HGNS300/silicone rubber composite lie
within the range of acceptable impedance mismatch. For example,
similar non-magnetic dielectric microwave absorbers have been
studied in Refs. [21,23,24,30,80], and their permittivity values
roughly lie within this range for the optimized performances.

Fig. 7 displays the dielectric loss tangents tandε (¼ ε
00/ε0) for all of

the composites. Clearly HGNS300 exhibited a larger tandε than the
other GNS samples, confirming that it had a higher dielectric loss
than the others. Moreover, its dielectric loss covered a wide fre-
quency range (its loss tangent was greater than 0.2 from 4 to
18 GHz).



Fig. 7. Dielectric loss tangents for all specimens.
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Fig. 8 depicts the experimental RL vs. frequency curves, obtained
from direct measurement with the FSMM system, of all the com-
posite sheets (2 mm thick) containing 1 wt.% of various graphene.
RL (dB) is defined by: RL ¼ 10 log10Pr/Pi, where Pr and Pi are the
measured powers of the incident and reflected microwaves. All
specimens except HGNS300 exhibited similar RL curves with a
minimum of �7.9 to �8.3 dB at 16.5 GHz. These RL values are
actually quite good considering that the loading level is so low.
However, merely 1 wt.% of HGNS300 can offer an extraordinarily
good RL of �32.1 dB at 13.2 GHz, and the bandwidth of RL less
than �10 dB (equivalent to 90% absorption [35,81,82]) was as large
as 5 GHz (from 11.3 to 16.3 GHz). These results suggest that the
holey structure can significantly improve the microwave absorbing
performance of graphene.

The minimum value of RL and the resonance frequency can be
adjusted by altering the absorber thickness. Theoretically, the RL at
normal incidence for an absorber layer with thickness, d, backed by
a conductor can be calculated from the measured complex εr and mr
versus frequency, f, by exploiting the following formula [77]:
Fig. 8. Experimentally measured RL vs. frequency for composites with 1 wt.% of GNS or
HGNS fillers at a fixed thickness of 2 mm.
RLðdBÞ ¼ 20 log
����zin � 1
zin þ 1

����;

where zin is the normalized input impedance of the absorber sheet
backed by an ideal conductor. zin is defined as

zin ¼
ffiffiffiffiffi
mr
εr

r
tanh

�
j
�
2pfd
c

� ffiffiffiffiffiffiffiffiffi
mrεr

p �
;

where c is the speed of light in free space.
The calculated theoretical RL curves for the composite filled

with 1 wt.% of HGNS300 with various thicknesses are depicted in
Fig. 9. We may compare the theoretical RL curve for thickness
d ¼ 2.0 mm (pink circles) with the corresponding experimentally
measured RL curve (pink triangles, the one for 1 wt.% HGNS300) in
Fig. 8. Given the complexity of an EM absorption characterization
system, the theoretical and experimental RL curves matched quite
well in the trend, value, and resonant frequency. Fig. 9 clearly
shows that, as the thickness (d) increased, the absorption resonance
downshifted towards lower frequencies. At d ¼ 3.0 mm, an optimal
RL of �45.3 dB was obtained at 7.8 GHz, and the absorption
bandwidth (for RL less than �10 dB, i.e., 90% absorption) amounted
up to 3.2 GHz (from 6.5 to 9.7 GHz). Fig. 9 also suggests that EM
absorbers for a wide microwave frequency rangedfrom 5 to
18 GHzdcan be fabricated using this composite material with
d ¼ 2e4 mm. Given such a low content of microwave absorbing
fillers, these RL values and bandwidths of the composite absorber
are truly remarkable.

High-temperature post annealing can further remove the re-
sidual oxygen functional groups on graphene, and consequently
may change its microwave absorption properties. To investigate
this effect, we used three different temperatures (300, 700, and
1100 �C) to prepare annealed HGNS300 samples, which were
named HGNS300/300, HGNS300/700, and HGNS300/1100,
respectively. The Raman spectra of the annealed samples are shown
in Fig. S1 (supplementary content). Their ID/IG ratios (listed in
Table S1) were nearly the same because the lattice defects were
hardly affected at these temperatures. In contrast, the C/O atomic
ratio (also listed in Table S1) increased drastically (from 4.8 to 44.5)
with increasing annealing temperature due to the removal of ox-
ygen functional groups. Table S1 also reveals that the BET surface
Fig. 9. Calculated RL vs. frequency for the composite with 1 wt.% of HGNS300 at
different thicknesses.



Table 3
Resistivity (r) of silicone rubber composites filled with various GNSs or HGNS.

Filler type Loading content (wt.%) r (U-cm)

GNS300-1 1 >1.5*1015a

GNS300-10 1 >1.5*1015

GNS300-30 1 >1.5*1015

HGNS300 1 2.3*1013

a The upper limit of our measurement equipment.
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area of HGNS300 was not affected by annealing. The measured RL
vs. frequency curves for the 2-mm-thick composites filled with
1wt.% of HGNS300/300, HGNS300/700, or HGNS300/1100 are
displayed in Fig. S2. All three absorbers exhibited good microwave
absorption properties with slight differences. Compared to
HGNS300/300, HGNS300/1100 had a slightly better minimum
RL (�32.3 dB) at a lower frequency (12.6 GHz) with a smaller
bandwidth (4 GHz), whereas HGNS300/700 had a higher mini-
mum RL (�23.1 dB) at the same frequency (13.2 GHz) with a much
larger bandwidth (>7.6 GHz). Given the similar BET surface area
and defect level, these differences most probably resulted from
their distinct amounts of oxygen functional groups, which affected
both the dipole relaxation loss and the conductivity of HGNS.

There were two reasons for our choice of such a low loading
content at 1 wt.%. First, high-quality well-exfoliated graphene are
still quite expensive, so we wished to minimize the amount of
graphene without sacrificing the microwave absorption perfor-
mance. Second, given the large specific surface area of our
HGNS300, it was not easy to attain uniform dispersion in silicone
rubber. As the loading content increased, the viscosity of the
mixture increased rapidly, indicating poorer dispersion of the
nano-fillers in the matrix. Nevertheless, 2-mm-thick composite
absorber sheets with 1.5 and 2 wt.% of HGNS300 were fabricated
and their microwave absorption performances were measured.
Their RL vs. frequency curves are displayed in Figs. S3 and S4
(supplementary content). Both of them were also very effective
absorbers in X-band and Ku-band, although their RL values were
slightly higher than those of the 1-wt.%. counterpart (see Fig. 9).
This might be attributed to their lower degree of dispersion uni-
formity and/or impedance mismatch due to the increases in
permittivity and conductivity. When the HGNS300 amount was
further increased (i.e., above 2 wt.%), the mixture became too
viscous to be properly processed by our procedure.

Table 2 uses results from the literature and this work to compare
the key performance indicators for composites incorporating gra-
phene or graphene-containing hybrid fillers at various loading
levels, including the minimum RL, central frequency, and band-
width. As can be seen, our HGNS300 surpassed all the others at
1 wt.% loading. Amazingly, our results can even rival the most so-
phisticated composite absorbers using dielectric/magnetic hybrid
fillers (i.e., graphene decorated, coated, or mixed with magnetic or
dielectric particles), which have loading contents much higher than
Table 2
Microwave absorber performances at 2e18 GHz using various graphene fillers or hybrid

Filler type Matrix type Filler loading (wt.%

Holey graphene Silicone rubber 1
RGO (Hummers) Poly-(ethylene oxide) ~4.2 (2.6 vol.%)

~0.9 (0.54 vol.%)
RGO (Hummers) Not mentioned Not mentioned
RGO (Hummers) Nitrile butadiene rubber 2

4
10

RGO (Staudenmaier) Silicone rubber 1
RGO Poly (dimethyl siloxane) 5
Acid-modified RGO Thermoplastic polyurethane 10
CNTs/RGO Poly (dimethyl siloxane) 5
NiFe2O4/RGO Paraffin 70
Fe3O4/RGO Paraffin 50
Hematite/RGO Paraffin 15
a-Fe/RGO Paraffin 40
CuS/RGO Polyvinylidene fluoride 5
Ni/RGO Paraffin 23

a The results summarized here include only the studies using the configuration of a si
b The frequency range for RL < �10 dB.
1 wt.%. The low filler loading level required to achieve high per-
formance implies that lightweight microwave absorber sheets can
be fabricated, which will be very attractive in many applications.
Furthermore, because high-quality graphene products are still
quite expensive, a low loading content is very advantageous for
practical applications from the point of view of fabrication cost.
3.3. Microwave absorbing mechanisms of holey graphene

Table 2 reveals that it is quite uncommon that such a good
performance can be obtained with only 1 wt.% filler loading. To
understand the key mechanism for the excellent microwave ab-
sorption of HGNS300, we should examine all kinds of loss mecha-
nisms. With silicone rubber and graphene both being non-
magnetic, the microwave absorption must derive entirely from
dielectric losses and/or conductive dissipation. Table 3 listed the
resistivity values of the composite absorbers measured with an
ultra-high resistance meter (Hioki, SM-8200 Digital Super
Megohmmeter). As 1 wt.% filler loading was below the percolation
threshold, all the composites were virtually non-conductive. This
allows us to neglect the absorption caused by conductive dissipa-
tion and focus on dielectric losses.

Dielectric losses can be attributed to a number of possible
sources, including dipolar polarization, interfacial or Maxwell-
Wagner-Sillars (MWS) polarization effect, defect-induced polari-
zation or loss, oxygen functional groups on the surface of graphene.
Many researchers [22,35,36,74,83] have reported extra dipole
relaxation offered by residual oxygen functional groups, which
create losses in the electric field due to the twisting and vibrating of
the permanent electric dipoles. But since the four samples were all
reduced at the same temperature of 300 �C, they had similar oxy-
gen contents (see Table 1). Thus it is unlikely that oxygen functional
fillers made of graphene decorated or mixed with other materials.a

) Minimum RL (dB) Frequency & bandwidthb

(GHz, GHz)
Refs.

�45.3 (7.8, 3.2) This work
�38.8
�16

(16.5, 4.1)
(7.1, ~2.5)

[21]

�6.9 (7, 0) [22]
~ �10
~ �17
�57

(~10.3, 0)
(~11.5, >2)
(9.6, 4.5)

[23]

�37.8 (12.3, 4.8) [30]
�14 (11.5, ~3) [25]
�12.6 (10.4, ~0.3) [24]
�55 (10.1, 3.5) [25]
�42 (6.6, ~2.8) [40]
�44.6 (6.6, 2) [35]
�78 (15.4, >6.7) [36]
�45 (7.5, ~2.5) [37]
�32.7 (10.7, ~3.7) [38]
�16.5 (12, >5) [39]

ngle-layer absorber.



Fig. 11. Cole-Cole plot for the 1-wt.% HGNS300 composite absorber.
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groups were the cause for the great differences in RL.
There are two most noticeable features of HGNS300 compared

to the other samples: (1) its significantly higher ID/IG ratio, which
indicated a high density of defects; (2) its extremely high SSA,
which might be attributed to its good resistance against restacking
as a result of its rough surface morphology and outward-opening
hole edges. Consequently, HGNS300's remarkable microwave
absorbing performance at such a low loading content might be
attributed to the following mechanisms: defect-induced losses,
multiple reflection of microwave in between the surfaces of better-
exfoliated graphene sheets, and enhanced MWS interfacial
polarization.

First of all, high defect density may significantly improve mi-
crowave absorption. Several research groups have reported that
defects [22,33,35,36,74e76] on the graphene surface are beneficial
rather than harmful for microwave absorption applications because
they offer extra loss mechanisms. Watts et al. [76] have found that
defective CNTs displayed higher permittivity than graphitic CNTs
because the defects acted as polarization centers, which would
cause losses under the altering EM field. For our HGNS300, on the
edges of numerous holes, there are plenty of dangling bonds and
unsaturated coordination, which might give rise to orientational
polarization [74]. Belavin et al. [84] have also reported that lattice
defects on CNTs can create localized states near the Fermi level, and
incident EM energy can be absorbed by the transition from
contiguous states to the Fermi level [76]. Theoretical calculations
have predicted that on the zigzag edges of graphene nanoribbons,
RGO, and nanographite, in the proximity of the Fermi level, lies a
localized edge state [85,86], whose existence were verified exper-
imentally by near-edge x-ray absorption fine-structure spectrum
[87e90] as well as ultraviolet photoelectron spectrum [88]. Tran-
sition from the top of the valence band into the edge state by
absorbing a microwave photon is allowed quantum mechanically
because of the nonzero transition matrix element and the little
energy required for this process. The abundant edge sites around
the holes on our HGNS may offer many such edge-derived states,
which can enhance absorption of microwave.

Secondly, multiple reflections and scattering of microwave be-
tween the graphene sheets can considerably lengthen the absorp-
tion paths and hence increase the microwave absorption
[22,23,32,83]. The highest SSA of HGNS300 as well as its anti-
restacking property resulted in more interfaces between HGNS
and thematrix, leading to enhancedmultiple reflections. Moreover,
the numerous hole edges increased the scattering effect
significantly.

Thirdly, the MWS interfacial polarization effect can offer addi-
tional dielectric loss [25,35,36,74,81,83,91]. The highest degree of
Fig. 10. Schematic of possible microwav
exfoliation of HGNS led to the largest area of filler-matrix interfaces,
which gave rise to strong MWS effect. This polarization effect was
caused by the accumulation of graphene's delocalized electrons at
the HGNS-silicone rubber interface when they were driven by the
applied electric field. While MWS effect is usually observed in the
MHz range or below, in composites filled with nanocarbon-based
additives, such as CNT/graphene [25], Fe3O4/RGO [35], Ag/RGO
[91], and graphene nanoribbons [83], many researchers have
identified its presence at GHz frequencies. These possible micro-
wave absorption mechanisms in our HGNS300 composite absorber
are schematically illustrated in Fig. 10.

Many researchers [25,35,36,38,74,83] have reported that the
number of relaxation mechanisms in a dielectric material is re-
flected in the number of semicircle segments on the ε

0eε00 curve, or
the Cole-Cole plot [92]. In Fig. 11, the Cole-Cole plot for the 1-wt.%
HGNS300 composite absorber reveals the presence of three over-
lapping semicircles, suggesting that there were three dielectric loss
mechanisms involved in its microwave absorption. This supports
our speculation of the three aforementioned mechanisms in our
composite absorber.

We believe the three loss mechanisms, namely, high defect
density, increased multiple reflections and scattering, and
enhanced MWS effect, jointly brought about the high RL and large
absorption bandwidth for HGNS300 at 1 wt.% loading.
e absorption mechanisms in HGNS.
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4. Conclusions

A comparison of the microwave absorption performance of sil-
icone rubber absorbers filled with various graphene products
produced by reducing GO with different heating rates was made.
Holey graphene (HGNS300) prepared by a facile ultra-rapid heating
method exhibited considerably higher increases in the dielectric
permittivity, as well as RL improvements over the other graphene
samples prepared at lower heating rates. With a very low loading
level (1 wt.%) of HGNS300, the experimentally measured RL was as
low as �32.1 dB at 13.2 GHz for an absorber thickness of 2.0 mm.
The bandwidth (RL < 10 dB) of this absorber sheet was as wide as
5.0 GHz (from 11.3 to 16.3 GHz). Moreover, calculations revealed
that an optimum RL of �45.3 dB can be attained at 7.8 GHz using a
thickness of 3.0 mm. Comparison was made among the material
properties of all samples, including surface morphology, Raman
spectrum, C/O ratio, and SSA, in order to determine the causes
leading to the extraordinary performance of HGNS300 at such a low
loading level. The results indicated that HGNS300 possessed the
highest density of defects and the largest SSA. The largest SSA
indicated that it had the highest degree of exfoliation as well as the
best anti-restacking ability, which was probably due to its roughest
surface morphology and the outward opening hole edges. Conse-
quently, defect-induced losses combined with the increased mul-
tiple reflections/scattering and MWS interfacial polarization
resulted in the significantly enhanced microwave absorption. The
holey graphene microwave absorber shows great potential for
practical applications, given the low processing cost and the low
filler loading required for high performance.
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