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Ultra-stable graphene aerogels for electromagnetic

interference shielding

Enhui Zhu!, Kai Pang!*, Yanru Chen!, Senping Liu!, Xiaoting Liu'*, Zhen Xu', Yingjun Liu'**, Chao

Gao!”

ABSTRACT Graphene aerogels (GAs) are prevailing to
solve electromagnetic interference (EMI) issues in
next-generation electronic devices. However, the
practical EMI shielding application of lightweight GAs
is still a great challenge because of their structural
instability confronted with complex conditions. Here,
we report a class of ultra-stable GAs with excellent and
reliable EMI shielding performances. The GA (p = 3.7
mg/cm3) with face-to-face stacked structure exhibits a
high shielding effectiveness (SE) of 64.1 dB at the
thickness of 1 mm. The specific EMI SE reach 173243
dB-cm?/g, far beyond the previous carbon-based
materials. Meanwhile, the structural stability endows
the GAs with outstanding resistance to external stimuli,
such as mechanical deformation, extreme temperature,
flame and underwater environments. The intrinsic
conflict of low density and oversized volume is solved
by vacuum bagging without structure and performance
loss. Our GAs have paved the way to the practical EMI
shielding materials and greatly broadened applied
scenes, such as aerospace, warcraft and ocean fields.

Keywords: graphene aerogel, mechanical stability,
electromagnetic shielding, vacuum bagging, environmental
adaptiveness

INTRODUCTION

With  the development of electronic devices,
electromagnetic interference (EMI) issues inevitably arise,
and the superfluous electromagnetic waves (EMWs) may
cause the disclosure of information, shorten the lifespan of
precision instruments or even affect human health [1-4].
Compared with conventionally easy-corrosive and heavy
metal materials, carbon nanomaterials especially two-
dimensional graphene [5-8] hold great potential for next-
generation EMI shielding materials due to relatively high
electrical conductivity and excellent flexibility. In addition
to forming a well-defined conductive network, being as
lightweight as possible is also a critical demand. Therefore,
the highly porous graphene aerogels (GAs) with low

density are promising for EMI shielding. However,
monolithic GAs suffered from severe deterioration of bulk
electrical conductivity because of the extremely diluted
connections and weak joints in their porous networks,
which hindered the electron transfer in graphene sheets.

Many efforts have been explored to enhance the
electrical conductivity and improve the EMI shielding
performance of GAs. The prevailing approach is the
introduction of other conductive components. Liang et al.
have blended silver platelets and graphene oxide (GO) to
improve the electrical conductivity of GAs from 0.1 to 45.3
S/m. The corresponding EMI shielding effectiveness (SE)
reached ~58 dB at the thickness of 3 mm [9]. Kong et al.
introduced 1D CNT to prepare GA composite materials
and the EMI SE reached ~36 dB at the thickness of 1.6 mm
[10]. Another approach is to regulate the sheets orientation
of GAs. Li et al. controlled the spatial distribution of
graphene sheets by mechanical compression. The electrical
conductivity of GAs increased to 181.8 S/m and EMI SE
reached ~43 dB at the thickness of 2.5 mm [11]. The GAs
made by directional-freezing method exhibited EMI SE of
32 dB along the radial direction with a slightly decreased
shielding effectiveness of 25 dB along the axial direction
at the thickness of 4 mm [12]. Despite the electrical
conductivity and EMI shielding performance were
improved by these strategies, the intrinsically dilute
connection of GA still remains and results the poor
structural robustness, which greatly limited their practical
applications in diversified environments. Therefore, how
to fabricate highly conductive GAs with extremely
mechanical integrity is still a challenge.

Herein, we proposed a class of ultra-stable GAs
within extreme environments with excellent EMI shielding
performances. As-prepared GAs hold with higher contact
areas by face-to-face connected graphene sheets along the
plane direction, which constructed more electron transfer
paths and owned with electrical conductivity of 490.2 S/m
at density of 3.7 mg/cm®. By the synergistic effect of
excellent conductivity and multiple interfaces, the EMI SE
of GAs can reach 64.1 dB at the thickness of 1 mm. As
comparison, our GAs possess highest specific EMI SE than
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other reported lightweight materials. The face-to-face
connection endows GAs with outstanding mechanical
integrity, which can keep stable and reliable EMI shielding
performance in mechanical deformation, extreme
temperature, flame and underwater environments.
Importantly, our GAs can solve the intrinsic conflict of low
density and oversized volume that can be transported by
vacuum bagging without structural damage and
performance degradation, solving key problems for
industrial applications.

EXPERIMENTAL SECTION

Preparation of HGA

Fig. 1a schematically illustrates the fabrication process of
GAs by hydroplastic foaming (HPF) [13]. We adopted the
GO with typical height of ~1 nm as the raw material (Fig.
S1). Firstly, GO suspension (10 mg/ml) was coated on a
Teflon plate to fabricate GO film. Then, the GO film was
put into hydrazine (30 wt.%) solution to fabricate GO
aerogel by HPF. As-prepared GO aerogel was washed by
ethanol to remove residual water and hydrazine. Lastly,
GO aerogel was chemically reduced under 90 °C
(hydroiodic acid/acetic acid in a volume ratio of 1:1) for 12
h and annealed at 1600 °C for 1 h in a flowing argon
atmosphere to obtain hyperbolic graphene aerogels
(HGAs).

Characterization

Scanning electron microscope (SEM) images were taken
on a Hitachi S4800 field-emission SEM system. The
electrical conductivity was measured by source meter
(Keithley 2400) using four-probe method. As shown in Fig.
S2, silver glue was selected as electrodes and HGA was cut
into a cuboid to measure the electrical conductivity. The
compressive tests were conducted on a microcomputer
control electronic universal testing machine (RGWT-4000-
20, REGER, Fig. S3). The compressive direction of HGA
was along with face-to-face stacked direction. EMI
shielding performances test was taken on a vector network
analyzer (ZNB 40, Rohde & Schwarz, Germany) using

waveguide method (TT-EMWG-X, 8.2-12.4 GHz, Fig. S4).

The HGA was cut to fit the size of the holder (length =
22.86 mm, width = 10.16 mm) and the holders were tightly
connected with screws to reduce contact resistance. EMI
SE was calculated with those scattering parameters (Si;,
S»2, S12, S,1) that obtained by vector network analyzer:

R =511 = §,,° (1)

T = S12% = §5,° ()
A=1—R-T 3)
SEr=—10log1o T 4)
SEg=—10log1o (1 —R) (5)

SEAZSET—SER (6)

Where R, T, and A represent reflection, transmission and
absorption power coefficient. SEp, SEg, and SE,
represent the total, reflective, and absorptive shielding
effectiveness, respectively.

RESULTS AND DISCUSSION
We have investigated the structural differences between
HGAs and directly annealed graphene film (Fig. 1b and c).
The graphene film with 77.28% porosity was fabricated
from GO film by chemical reduction and thermal annealing
(1600 °C). The removal of oxygen resulted serious
delamination by gas escaping (Fig. 1b). In contrast, HGAs
kept hyperbolically connected framework without
delamination due to the highly porous channels for gas
releasing (Fig. 1c). The surface morphologies of graphene
film and HGAs both exhibited dense structures (Fig. 1b and
c) with less vertical pores. Therefore, the gas foaming
mainly occupied between the graphene sheets without
disrupting the oriented structure of intrinsically anisotropic
GO films. The graphene blocks of HGAs can be regarded
as being sandwiched between two space layers with 3D
porous curvatures. The HGAs shows highly ordered and
oriented pores that can be controlled by the foaming time
from several micrometers to hundreds of micrometers (Fig.
S5a-c). The HR-TEM image (Fig. S5d) demonstrated the
graphene walls of HGA consisted of ~15 nm carbon layers.
The density of HGA and corresponding thickness with
foaming time is shown in Fig. S6, and the micro-thick GO
film (~20 um) can be transformed into thick HGAs of ~7.8
mm with extremely low density (3.7 mg/cm®). From
Raman spectra (Fig. S7), D bands at 1350 cm’!
(representative of defects in graphite unit) shows nearly the
same intensity for graphene film and HGAs with different
density, suggesting that the increment of pore size cannot
influence the graphene restoration after 1600 °C treatment.
The electrical conductivity and EMI shielding
performance of HGAs are systematically studied in Fig. 2.
As known, the electrical conductivity is a key factor to
determine the electromagnetic shielding performance. In
general, higher electrical conductivity means more
effective EMI shielding effectiveness of materials.
Electrical conductivity measurement had been conducted
with different thickness, width and length of HGA for a
given density and different density for a given thickness to
ensure the accuracy (Fig. S8). The electrical conductivity
of our HGAs reached 490.2 S/m at the density of 3.7
mg/cm? (Fig. 2a), which was lower than graphene films
(13000 S/m) at the density of 500 mg/cm3. However, we
found the EMI SE of lightweight HGAs (112.2 dB) is about
two times higher than graphene film (60.2 dB), implying
~99.9999999994% incident radiation is blocked and only
0.0000000006% transmittance. The improved EMI
shielding performance of HGAs with lower electrical
conductivity can be explained by Simon formalism [14]:

EMI SE = 50 + 10logyo 7 +1.7¢(af)* )

where o, t, f represents the electrical conductivity, sample
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thickness and EMWs frequency, respectively. Besides the
electrical conductivity, the sample thickness of HGAs
induced by air layers also plays a critical role for EMI
shielding. We have also analyzed reflection coefficients (R)
and absorption coefficients (4) of HGAs with different
density and thickness (Fig. 2b, Fig. S9). The R is higher
than A4, suggesting the reflection is primary shielding
mechanisms. Besides, the A increased with the decreased
density, indicting the air pores were beneficial to the
EMWs’ absorption by multiple reflection within pores
[15,16]. In general, EMI shielding mechanism can be such
expressed: a portion of incident EMWs are directly
reflected due to free electrons distributed on the surface
and residual EMWs suffered with the dielectric loss
including polarization relaxation and energy dissipating
[17]. Above process is repeated when EMWs pass through
the surface and encounter with the next interface until
completely disappeared. As comparison, the reflection
shielding of graphene film dominates by impedance
mismatch and tightly interlayer bonding (Fig. 2c), however,
the dielectric loss can be promoted additionally in HGA
because of wider propagation paths and multiple interfaces
within air pores [18]. We think the anisotropic pores and
consecutively conductive pathways in HGA should be
responsible for the enhanced EMI shielding performance.
Moreover, we have employed the GO with different
thickness and aspect ratio as raw materials to fabricated
HGAs. As shown in Fig. S10, the giant and single-layered
GO can endow the HGAs with higher electrical
conductivity and EMI SE because of less electron trapping
sites and sheets aggregation [19,20].

All HGAs samples were cut into 1 mm to conduct
EMI shielding tests in X bands (Fig. 2d) at different density.
When the density decreased from 13.0 mg/cm? to 3.7
mg/cm?, the EMI SE exhibits descending trend from 98.7
to 64.1 dB own to less internal interfaces and free electrons.
To further evaluate the EMI shielding performance, we
have introduced the specific shielding effectiveness which
is divided by thickness (SSE/t) as a general standard to
normalize the effect of density and thickness. From Fig. 2e,
our HGAs exhibits superb SSE/t of 173243 dB * cm?/g at
the thickness of 1 mm (3.7 mg/cm?), ranking at the top of
the carbon-based materials including graphite, graphene,
MXene and CNT [21-52]. Moreover, the EMI SE of HGAs
can also exceed the other reported carbon-based porous
materials and composites (Table S1), exhibiting great
practical application values.

The HGAs possess excellent mechanical stability,
which is the prerequisite for the practical application. The
compressive curves of HGA (Fig. S11) shows that the
HGA always kept stable during fatigue cycles and can
easily recover to its original state. The stress remaining and
plastic deformation during compressions at an extreme
deformation of 95% were exhibited in Fig. 3a. The HGA
retains 60% of the maximum stress and the plastic
deformation is only 5% after 10000-cycles compression,
which is difficult to be achieved in GAs by conventional
freeze drying and chemical vapor deposition methods. The
energy loss coefficient was about 50% during compressive
tests.It should be noticed that the EMI SE is stable and

maintain with high level during compressive cycles (Fig.
4b), suggesting the reflective interfaces and inner
structures of HGA were not damaged during cycling
compression. Besides, we demonstrated the GAs after
1600°C  treatment possess better EMI shielding
performance and compressive resilience than those after
300, 600, 900 and 1200°C treatment, which attributed by
the structural restoration of graphene at higher temperature
(Fig. S12).

For the commercial conductive polymer composites,
the stress relaxation is the intrinsic weakness due to the
slippage of polymer molecules. Therefore, we have
investigated the stress relaxation behaviors of HGAs at 99%
strain for 30 days (Fig. 3¢). HGA presents negligible stress
loss in 30 days as well as EMI SE (Fig. 3d), exhibiting the
overwhelming mechanical stability than the most
commercial EMI shielding materials. The HGAs owned
with small Poisson's ratio (~0.08, Fig. S13), indicating the
compressive loads can be dispersed by inner wrinkles on
hyperbolic graphene sheets rather than the transverse
bulging. We think the excellent mechanical performances
of HGAs were originated by the hyperbolic structures with
positive Gaussian curvatures of graphene walls that can
easily sustain with external loads by stress distribution
along the dimensions of surface curvature to avoid bending
stress concentration and structural damage.

For the most of lightweight aerogels, the low density
and large volume are the intrinsic conflicts. HGA materials
with high porosity (above 95%) fills the gap by providing
a vacuum bagging method. The superior flexibility of
HGAs (Fig. S14) is the precondition for vacuum bagging.
Firstly, many HGAs monoliths (bulk volume of ~240 cm?)
were stacked into a PVC vacuum bag (the left of Fig. 4a)
and then a vacuum sealer (with vacuum pressure of 70 kPa)
was employed to extrude the extra air in vacuum bag for 1
min. After extrusion process, the vacuum bag with HGAs
samples was sealed with hot laminating by vacuum sealer,
which owned with limited volume of ~20 ¢cm? (the middle
of Fig. 4a). Finally, the bag with negative pressure was tore
at normal pressure which can achieve the air inflation
spontaneously, and the inflated HGAs monoliths can easily
recover to initial shape (the right of Fig. 4a). The detailed
process can be seen in Movie S1. In the middle picture of
Fig. 4a, we can see that the HGAs were suffering with
complex deformations, such as bending, folding, tearing
and tension, exhibited the excellent structural stability to
withstand three-dimensional deformations. Moreover,
those HGAs still keep high and stable EMI SE after 10-
cycles vacuum bagging processes (Fig. 4b). These
characteristics ensure the HGAs can be easily packed and
transported in practical applications.

For EMI shielding applications especially in building
trades, the environmental adaptiveness of shielding
materials is an important parameter. We have demonstrated
the HGAs showed extreme stability within harsh condition
(Fig. 5). The HGA displays excellent flame-retardant in
burning process with little residual carbon production on
the surface (Fig. 5a). Fig. 5b shows the thermal infrared
image of the HGA. The color of the area above the HGA is
blue rather than red, indicating its ability to suppress
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radiation. In general, conduction and radiation heat transfer
are the key factors for thermal conductivity [53]. The high
porosity HGA that fills with air is believed to hinder
thermal radiation. Meanwhile, the EMI SE of HGA only
keeps minimal reduction at the initial stages and then holds
stable. These flame-retardant properties of EMI shielding
materials can provide great security for the human and
facility.

Moreover, we also evaluated the total EMI SE of
HGA after extreme treatment at 400 °C (air environment)
and -196 °C (liquid nitrogen), which can keep nearly
unchanged (Fig. 5¢). Beyond the high stability at extreme
temperatures, the HGA shows negligible variation of EMI
SE after compression in water (Fig. 5d). It still possesses
great resilience during the repeated water squeezing and
keep reliable EMI shielding performance. The extremely
environmental adaptiveness of HGAs can provide the all-
round protection and increase their economic values in
EMI shielding applications.

CONCLUSION

In summary, we have fabricated an ultra-stable HGA with
excellent EMI shielding performance which can reach 64.1
dB at the thickness of 1 mm and density of 3.7 mg/cm’.
The specific shielding effectiveness reached up to 173243
dB-cm?/g, which is the highest among previous lightweight
carbon-based materials. As-prepared HGAs exhibited
excellent mechanical stability, kept stable EMI shielding
performance during 10000-cycles and long-term (30 days)
compression. Benefiting from the face-to-face connection
of graphene, the HGAs can be easily packed by vacuum
bagging without the loss of EMI SE, indicating their
excellently mechanical integrity to confront with complex
deformations. Even in some extreme environments, the
HGASs can operate stably for EMI shielding. Our HGAs can
satisfy most of the demands in EMI shielding fields and
their stability exhibits great potential in the practical uses
for civil, military and national defense.
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Figure 1 (a) Schematic illustration of fabrication processes of HGA. Cross-section view and top-view SEM images of graphene film (b) and HGA (c).
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Figure 3 (a) Stress remaining, plastic deformation and energy loss coefficient during 10000-cycles compressive test at 95 % strain of HGA with density

of 3.7 mg/cm? (b) EMI SE of HGA at X band during compressive cycles. (c) Stress relaxation curve of HGA with 99% strain for 30 days. (d) EMI SE

of HGA at X band during long-term stress relaxation.

© Science China Press and Springer-Verlag Berlin Heidelberg 2016

mater.scichina.com



Page 11 of 30 SCIENCE CHINA Materials

oNOYTULT D WN =

ARTICLES SCIENCE CHINA Materials

Original uum bagging

......... 4Vacuum ¢ Sealer »

h o
! &1/
Randomly ¥ A : Without
stacked “‘\v Vaguus damage
b 120
. 90+
m
s
|.L| 60"
w
S 30-
&5 30
04

0 1 2 3 4 5 6 7 8 9 10
Extruded cycles

Figure 4 (a) Digital cameras image of HGA during vacuum bagging. (b) EMI SE of HGA at X bands after vacuum bagging repeatedly.
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Figure S1 (a) Atomic force microscope image and height profile of GO sheet. (b) SEM image of GO sheets.
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Figure S2 The drawing of electrical conductivity test.
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Figure S3 Digital camera image of compression machine.

mater.scichina.com

Page 16 of 30



Page 17 of 30

oNOYTULT D WN =

SCIENCE CHINA Materials

115 [T TR il T TSI TR I T T
) X J‘J 5 708

9 10 11 12 3 14 IS,

T

Y b

Figure S4 Digital camera image of TT-EMWG-X waveguide holder.
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Figure S5 (a-c) Cross-section view SEM image of HGAs from high density to low density. (d) TEM image of HGAs with

density of 3.7 mg/cm?®.
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Figure S7 (a) The Raman spectra of HGA and rGO aerogel. (b) The Raman spectra of HGA with different density and graphene

film (GF).
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Table S1 EMI shielding performance comparison of carbon-based materials and metal.
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Type Density Thick EMISE SSE SSE/t
(mg/cm®  ness (dB) (dB/ (dB

(mm) mm)  cm?/g)

3.7 1 64.1409 64.1 173243

4.7 1 76.44.5 764 162553

HGA (This work) 5.7 1  813+14 813 142631

8.0 1 929#49 929 116125

- 13.0 1  96.9+25 969 74538
S Carbon foam!!! 150 2 51.2 25.6 1706
3 Carbon foam!?! 166 2 40 20 1205
Carbon foam!®! 121 10 51 5.1 421
Graphene aerogel*! 12.5 2.5 43.29 17.3 17316

rGO foam® \ 1.2 42 35 \

Graphene aerogel!® 5.5 2.5 20.4 8.2 14836
rGO/PEI"! 300 2.3 12.8 5.6 186

o rGO/PS!®! 450 2 29 145 1913
3 rGO/P|¥! 224 0.8 21 262 11712
S SWCNT/PS™ 561 1.2 18.5 15.4 275
& MWCNT/WpUM 39 1 21.1 21.1 5410
rGO/PEI/Fel*? 409 2.5 18 7.2 176
Flexible graphite™ 1121 0.127 57 449 4489

Al foill*® 2700 0.016 65 4063 15046

. Cu boil*¥ 8960 0.01 70 7000 7812
5 MXene filmt** 2390 0.008 57 7125 29811
MXene film!** 2310 0.01 92 9200 8850
Graphene film!**! 1100 0.05 60 1200 10909

CNT filml*® 2934 0.8 80 100 3408

mater.scichina.com

Page 28 of 30



Page 29 of 30 SCIENCE CHINA Materials

Movie S1 The proceeding of vacuum bagging. It could be viewed online.
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