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Robust graphene/silver nanowires (AgNWSs) hybrid aerogels were fabricated by facile processes including
mixing directly, reducing, and ambient pressure drying. The mechanical properties and electromagnetic
interference (EMI)-shielding performance of the resultant hybrid aerogels were investigated in detail.
Because silver nanowires with a high aspect ratio have been acting as crosslinkers to bridge two-
dimensional graphene sheets, a highly porous and electrically conducting framework can resist high
external loading to prevent major deformation and act as an express way for electron transport.
Consequently, the hybrid aerogel exhibits large mechanical strength of 42 kPa, 35 times larger than that

R 4 22nd Octoper 2018 of the neat reduced graphene oxide aerogel (1.2 kPa), which can resist great damage. More importantly,
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Accepted 5th December 2018 the as-prepared aerogel possesses high EMI-shielding performance of up to ~45.2 dB due to its unique
nanostructure and good electrical properties. These results indicate that graphene/AgNWs hybrid

DOI: 10.1035/c8ra08738e aerogel prepared using this simplified method promises to be an ideal functional component for
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1 Introduction

With extensive applications in electronic and wireless technol-
ogies, materials with high electromagnetic interference (EMI)-
shielding performance have been in high demand to prevent
pollution by electromagnetic waves, affecting the performance
and lifetime of electronic devices as well as human health.'*
Conventionally, the strategy for EMI-shielding in practical
applications involves metal-based materials equipped with
prominent EMI-shielding effectiveness (SE) and a convenient
assembly process. Yet high density and poor environmental
stability have severely impeded their further development.>®
Apart from excellent EMI-SE, a light weight and chemical
stability are other critical factors for electromagnetic shielding
materials, especially in the automobile and portable electronics
industries.

Due to the low density, superior electrical conductivity, and
good chemical resistance, carbon materials (especially gra-
phene and carbon nanotubes) have been designed to combat
EMI interference for controlling or mitigating electromagnetic-
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mechanically robust and high-performance EMI-shielding nanocomposites.

radiation pollution and have achieved substantial progress.®
Chemical vapour deposition (CVD)'*** and high-temperature
carbonization of carbon precursors are the main strategies to
achieve three-dimensional porous materials with a defect-free
structure for EMI-shielding applications. Wei et al.*® reported
a CNT-multilayered graphene edge plane core-shell hybrid
foam using CVD methods for high EMI-SE; the hybrids exhibi-
ted great prospects as nano-reinforcements for fabricating high-
strength polymer-based composites. Shen et al.” and Xi et al.**
used thermal annealing at 2000 and 3000 °C for graphene oxide
films to obtain high shielding performance. Nevertheless,
either CVD or carbonization consumes a large amount of energy
in materials processing, hindering the large-scale application of
EMI-shielding materials. Moreover, graphene aerogels reduced
by highly toxic reagents such as hydrazine hydrate and hydro-
iodic acid have limited SE below 35 dB over the entire frequency
range.”™® Other relatively simple methods reported in the
literature have no clear electromagnetic SE.***° Thus, it is
urgent to develop a scalable and economical way to prepare
impressive materials for highly efficient shielding applications.

In this work, we successfully fabricated robust reduced gra-
phene oxide (RGO)/AgNWs hybrid aerogels using a facile and
energy-saving method without a high-temperature process or
polluted reagent. Based on the bridging effect of mechanically
strong AgNWs with a high aspect ratio, the hybrid aerogel shows
increased mechanical strength (42 kPa) by 35 times compared
to the neat RGO aerogel (1.2 kPa). Moreover, the addition of
AgNWs for higher carrier concentration endows the aerogels
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with good electrical properties. Therefore, the as-prepared RGO/
AgNWs hybrid aerogel with density as low as 0.019 g cm ™
exhibits remarkable EMI-SE, approximately 45.2 dB in the
frequency range of 8.2-12.4 GHz, a remarkable increase of
264% compared with pure RGO aerogel (roughly 17.1 dB).

2 Experimental
2.1 Materials

Graphene oxide (GO, 10 mg mL ') dispersion was obtained
from Hangzhou Gaoxi Technology Co., Ltd. Silver nitrate
(AgNOs3, 99%), ethylene glycol (EG, 99.8%), polyvinylpyrrolidone
(PVP, M, of 360 000), and ferric chloride (FeCls;, 98%) were
purchased from Aladdin Ind Co. in China. Ethanol and ascorbic
acid were provided by Sinopharm Chemical Reagent Co., Ltd.
All chemicals were used without further purification.

2.2 Preparation of silver nanowires

Silver nanowires were synthesized by reducing AgNO; with EG
in the presence of PVP and FeCl;. In the synthesis process,
22 mL of EG containing 0.08 g of PVP was added to a round-
bottom flask and heated for 30 min at 140 °C. Then, freshly
prepared 2.5 mL of 600 uM FeCl; in EG and 3 mL of 0.06 g mL ™"
AgNO; in EG were injected dropwise into the above solution
within 1 min. The temperature was maintained under vigorous
stirring for 1 h. After nanowire formation, the solution was
cooled to room temperature. Then, 100 mL of acetone was
poured into the solution to static settlement for at least 12 h,
after which the precipitate was obtained by removing the liquid
supernatant. The precipitate was centrifuged at 2000 rpm for
6 min using ethanol for several times to remove excess solvent
and other impurities in the supernatant. Later, AQNWs were
resuspended in water to obtain a certain concentration of
AgNWs.

2.3 Preparation of RGO/AgNWs hybrid aerogels

A simplified and cost-effective fabrication process of hybrid
aerogel was introduced in this paper. First, 2 mL of GO aqueous
dispersion was poured into a glass vial; then, AgNWs with
different masses were added by adjusting the concentration of
the AgNWs dispersion to obtain 4 mL of mixed solution before
being stirred continuously until a homogenous GO/AgNWs
solution formed. The mass ratio of GO and AgNWs in the
mixed solutionwas 8:1,4:1,2:1,1:1,and 1 : 2, respectively.
As a reducing agent, 40 mg of ascorbic acid was dissolved into
the mixed solution later. Second, a sealed glass vial was heated
for 1 h at 70 °C to synthesize partially reduced graphene
hydrogel. Then, the weak hydrogels were held at —20 °C for 8 h
to ensure complete freezing. Third, the thawed hydrogels were
further reduced for 5 h at 95 °C to obtain fully reduced graphene
hydrogels. Finally, the hydrogels were washed in water and
dried in an oven at 60 °C for 24 h to obtain ambient-pressure-
dried aerogels. Pure RGO aerogel was prepared for comparison.
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2.4 Characterization

Sample morphologies were characterized by scanning electron
microscopy (SEM; SU-8010, Hitachi, Japan) and transmission
electron microscopy (TEM; HT-7700, Hitachi, Japan). Raman
microscopy (LabRAM HR Evolution, France) was performed at
532 nm laser excitation. X-ray photoelectron spectroscopy (XPS;
250XI, Japan) was used to identify the elemental compositions
of RGO and RGO/AgNWs aerogels. X-ray diffractometry (XRD;
APEXII, Bruker, Germany) was used to identify the crystal
structure of obtained samples using Ni-filtered Cu Ka radiation
(k = 0.154 nm). The mechanical properties of aerogels were
tested using a dynamic mechanical analyzer (DMA; Q800, USA)
at a strain ramp of 5% per min. The electrical conductivity was
calculated from resistance, which was measured using
a universal meter. EMI-shielding performance was measured in
the frequency ranges of 8.2-12.4 GHz and 12.4-18 GHz at room
temperature using a vector network analyzer (VNA; R&s ZNB20)
combined with two waveguide-to-coaxial adaptors connected
face to face. The VNA was properly calibrated before measuring
the scattering parameters S. Samples were cut into 22.9 x 10.2
x 5.0 mm and 15.8 x 7.9 x 5.0 mm (length x width x thick-
ness) pieces to fit the waveguide holders corresponding to the
two frequency band mentioned above, respectively. EMI
shielding performance including total SE, SE reflection, and SE
absorption (denoted, respectively, as SEy, SEg, and SE,) was
calculated based on scattering parameters (S;; and S,q).

3 Results and discussion

3.1 Morphologies and characteristics of RGO/AgNWs hybrid
aerogels

Fig. 1a illustrates the fabrication process of RGO/AgNWs aerogel
and corresponding digital photos. The GO sheets and AgNWs
were dispersed stably in aqueous solution individually. By
strong agitation, a homogenous GO/AgNWs mixed aqueous
solution was obtained. During the pre-reduction procedure, the
complex solution was converted to a weak, partially cross-linked
hydrogel due to slight restacking of RGO sheets. Further
reduction followed, the removal of more oxygen-containing
groups on the GO sheets promoted an increase in hydro-
phobic and ©- interactions,**> and RGO sheets agglomerated
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Fig. 1 (a) Schematic illustration of fabrication process of AQNWs/GO
hybrid aerogel and corresponding digital photos; (b), (c) typical SEM
and TEM images of GO and AgNWs individually; (d) SEM images of
composite aerogel at different magnifications.
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and generated a stable monolithic assembly that floated
completely in water. Throughout this process, the color of the
sample in the vial changed from brown to black at a macro-
scopic level. Typical TEM and SEM images are displayed in
Fig. 1b and c and S1f to characterize the morphologies of the
GO sheets, AgNWs, and GO/AgNWs in the aqueous solution.
The sizes of GO sheets were 5-8 um with folded wrinkles
dispersed over the substrate. AgNWs with an approximate
diameter of 60 nm was obtained with a length ranging from 20
to 30 pm, playing a critical role as a bridge in the linkage of GO
sheets. In the mixed solution, nanowires intersected with each
other and attached firmly to the wrinkled GO layers. As shown
in Fig. 1d, the obtained 3D network-structured RGO/AgNWs
hybrid aerogel exhibited an abundant porous structure, with
the pore size distributed over a range of a few microns to several
hundred microns. With further magnification, several nano-
wires were observed on the GO lamellas consisting of pore walls
and were interwoven together, indicating that AgNWs and RGO
combined well and the RGO/AgNWs hybrid aerogels were
prepared successfully.

The microstructure and chemical compositions of the as-
prepared aerogels were revealed in detail by XPS, Raman spec-
troscopy, and XRD. In XPS spectra (Fig. 2a), GO and RGO aer-
ogels showed a noticeable carbon peak at ~284 eV and oxygen
peaks at ~532 eV. However, the C/O atom ratio increased
remarkably from 2.6 of GO to 6.6 after reduction, suggesting
virtually successful elimination of oxygen functional groups.
The high-resolution C 1s scan spectra (inset in Fig. 2a) was
further fitted into three subpeaks at ~284.6, ~286.5 eV, and
~288.3 eV, belonging to C-C/C=C, C-O-C/C-OH, and C=0/0-
C=0, respectively. High-intensity peaks of C-O-C/C-OH and
C=0/0-C=0 were observed in the GO aerogel; only a C-C/C=
C component appeared in the RGO aerogel, verifying efficient
deoxygenation.*® Moreover, the two peaks in the Ag 3d XPS
spectrum of hybrid aerogels at 368.1 eV and 374.1 eV (Fig. 2b)
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Fig. 2 XPS analysis of (a) GO, RGO aerogel and (b) hybrid aerogel of
1:2 (insets: high-resolution C 1s and Ag 3d spectrum); (c) Raman
spectra of GO and hybrid aerogel of 1 : 2; (d) XRD patterns of GO and
all hybrid aerogels.
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corresponded to Ag 3ds/, and Ag 3d;,,” respectively, confirming
the effective combination of AgNWs and RGO. Raman spectra of
GO and the hybrid aerogel are displayed in Fig. 2c. The typical D
band at ~1350 cm ™' was linked to the presence of sp® orbitals
or edge structures, and the G band at ~1590 cm™* was associ-
ated with the sp> graphitic lattice.* The intensity ratio of the D
band to the G band increased from 2.08 to 1.59 after reduction,
indicating that the defects of graphene created by oxygen-
containing groups were partially repaired in the as-prepared
aerogel. Additionally, a broad and weak 2D band at
~2700 cm™* was observed in the Raman spectrum, related to
the ordered carbon structures. The absence of a diffraction peak
of GO at 10.9° and the appearance of a diffraction peak of RGO
at 24.5° in XRD data (Fig. 2d) also evidenced the reduction in
GO, consistent with the XPS and Raman results. In addition,
peaks at 38.1°, 45.6°, 64.3°, and 77.6° could be assigned to (111),
(200), (220), and (311) reflections of a face-centered cubic phase,
confirming the crystalline nature of AgNWs.”

3.2 Mechanical performance of hybrid aerogels

In the experimental process, we found that the addition of
AgNWs provided strong resistance for deformation under
external force. Mechanical measurements were performed to
investigate the effect of AgNWs on the compressive perfor-
mance of the hybrid aerogel. Fig. 3a and b show a comparison of
the compressive properties of RGO/AgNWs hybrid aerogels with
different mass ratios. As expected, all aerogels were compressed
by 60%, indicating good reversible compressibility. Notably,
clear mechanical reinforcement was achieved with an increased
loading content of silver nanowires; even when the mass ratio of
GO and AgNWs was 1 : 2, a 35-fold improvement in compressive
strength (42 kPa) was obtained compared to that of the neat
RGO aerogel (1.2 kPa). Therefore, one-dimensional silver
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Fig. 3 Compressive behaviors of RGO/AgNWSs hybrid aerogels: (a)
typical stress—strain curves of different mass ratios of AgNWs and GO
in composite aerogels; (b) compression strengths and energy loss
coefficients of hybrid aerogels; (c) stress—strain curves during
loading—unloading cycles at 60% strain by aerogel with GO/AgNWs
mass ratio of 4 : 1; (d) compression strength and stress remaining ratio
for each compression cycle.
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nanowires attached tightly to the surface of RGO sheets may act
as a bridge to link with sheets, consolidating resistance defor-
mation. Similarly, the trend of specific strength (the ratio of
compressive strength to density) of RGO/AgNWs aerogels is
shown in Fig. S2,1 which further indicates the dominate role of
AgNWs on the strength of aerogel rather than the density.
Furthermore, the energy loss coefficient, AU/U,** was calculated
according to Fig. 3a. As displayed in Fig. 3b, the hybrid aerogel
of 4 : 1 showed the lowest value in AU/U, whereas the energy
loss coefficient of the hybrid aerogel of 1 : 2 approached 0.9, at
which point dramatic energy depletion occurred. An effective
interpenetrating network developed by combining one-
dimensional silver nanowires and 2D RGO sheets to provide
good flexibility for recovery of the hybrid aerogel when the GO/
AgNWs mass ratio was 4 : 1. With increasing AgNWs loading
content, great friction and adhesion between nanowires and
sheets were produced during the loading-unloading process,
leading to more energy loss. Corresponding to the lowest loss,
the hybrid aerogel of 4 : 1 possessed optimal elasticity, as in the
compressive stress-strain curve exhibited in Fig. 3c. After 10
compression cycles, the hybrid aerogel completely recovered its
original shape with no obvious mechanical failure and main-
tained excellent recoverability as well as nearly constant
strength (Fig. 3d).

3.3 EMI-shielding performance and mechanism of hybrid
aerogels

Usually, main mechanisms for EMI-shielding are attributed to
reflection, absorption attenuation, and multiple reflection of
electromagnetic waves.'" Interactions between electromagnetic
waves and free charges on the surfaces of materials result in
reflection of electromagnetic radiations, facilitating EMI-SE by
reflection, SEg. Absorption reveals the ability of materials to
attenuate electromagnetic energy into thermal or internal
energy, expressed by SE,.** When the total SE exceeds 15 dB,
most multiply reflected waves can be further absorbed.** Thus,
the reflection and absorption were taken as primary mecha-
nisms for EMI-shielding in this work.

According to the literature, the total EMI-SE (SEy), is the
logarithm of the power ratio of incident EM waves (P;) to

transmitted waves (Py), measured by the S parameters, S;; and
521:36,37

ISul = v/ (Pr/P1) (2)
|S21| = /(Pr/Pr) 3)

Here, Py refers to the power of the reflected wave. The reflection
coefficient (R), transmission coefficient (7), absorption coeffi-
cient (4), and effective absorbance (A4.¢) can be calculated using
eqn (4)-(7)

R=[S] @)

T = |Sul? (5)
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A=1—-R-T (6)
A= (1 = R = DI/(1 = R) (7)

SEr and SE, can be derived from the power coefficients as
follows:*-42

SEg = —101log (1 — R) (8)
SEx = —10 log[T/(1 — R)] (9)

SEt = SEg + SEa (10)

We tested the S;; and S,; parameters of as-prepared RGO
and RGO/AgNWs hybrid aerogels to examine their EMI-
shielding performance at room temperature. Fig. 4 displays
the EMI-shielding performance of hybrid aerogels with different
mass ratios of GO/AgNWs in the frequency range of 8.2-12.4
GHz (X band). In general, an EMI-SE of ~20 dB is needed for
commercial applications.*” All hybrid aerogels demonstrated an
SEr value larger than 20 dB, which illustrates promise in prac-
tice. The average SE values appear in Fig. 4d. The pure RGO
aerogel had a lower EMI-SE value of 17.1 dB because of its lower
SEr and SE,4 values. As the content of AgNWs increased, the SEg
value remained significantly low, and SE, values demonstrated
sustained growth. When the mass ratio of GO/AgNWs was 1 : 2,
the average EMI-SE reached 45.2 dB, a tremendous improve-
ment of 264%. The as-prepared aerogel was therefore able to
shield 99.997% of the incident electromagnetic waves. The
improved EMI-SE could be ascribed to enhanced electrical
conductivity (Fig. S37), which was strongly associated with EMI-
shielding performance. More AgNWs loading could form an
effective electron conductive network and led to a stronger
interaction with incident electromagnetic waves, achieving an
improved SEr. To realize the stability of the resultant graphene/
AgNWs aerogel, we have tested the EMI SE of the hybrid aerogel
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(1:2) repeatedly after six months. The as-prepared aerogel
owns excellent stability and its shielding performances
(Fig. S41) has no obvious change after six months. We guess the
AgNWs are wrapped by the large GO nanosheets instead of
being exposed to the air directly, protecting the AgNWs from
oxidization. For lightweight and cellular shielding materials,
the ratio of EMI-SE to density (so-called ‘specific SE’, SSE)"* is
usually introduced for performance comparison. With low
densities ranging from 0.0059 to 0.019 g cm *, the hybrid aer-
ogels delivered high SSEs determined by normalizing SEt by the
composite density (Fig. 5a). An extraordinarily high SSE of 3401
dB cm® g~ ! was achieved by the hybrid aerogel with GO/AgNWs
mass ratio of 4 : 1, owing to its high SEr and low density. With
increasing density, the SSEs suffered and exhibited a lower SSE
of 2372 dB cm® g~ for the hybrid aerogel with a GO/AgNWs
mass ratio of 1: 2. Presumably, when the mass ratio of GO/
AgNWs reached 4 : 1, one-dimensional silver nanowires served
as a bridge to construct conductive networks with 2D RGO
sheets based on electron hopping, effectively attenuating elec-
tromagnetic waves with microwave absorption while main-
taining a lower structural density. However, continuing to add
silver nanowires led to a rapid increase in density and relatively
slow growth of EMI-SE values, resulting in lower SSE values.
This demonstrates the existence of an optimal loading of
constitutive fillers if both structural and shielding performance
requires to be balanced. This finding is encouraging compared
with other porous composites (Fig. 5b), which are fabricated by
relatively eco-friendly methods, and more materials from
available literatures with detailed information are listed in
Table S1.t And the hybrid aerogels also displayed high EMI-
shielding performance and similar regularity in the range of
12.4-18 GHz (Ku band), shown in Fig. S5.1 In combination with
the results in Fig. 3, the hybrid aerogel presented good EMI-SE
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and mechanical performances, further broadening the appli-
cation of the as-prepared aerogels.

As revealed in Fig. 4, the absorption of electromagnetic
waves exerted substantial influence on high EMI-shielding
performance, which was strongly associated with the syner-
getic effect of electrical conductivity and multiple reflections in
the aerogel. Generally, the shielding thickness (d) and skin
depth (0) are used to evaluate SE, according to the formula SE,
= 20(d/d)log e = 8.686(d/d), where ¢ is skin depth and defined as
the electromagnetic energy reducing to 1/e of the incident wave,
described as 6 = (mfou) Y if ¢ > 2mfe,, o is the electrical
conductivity, ¢, is the vacuum permittivity, and permeability u
= pottr (tto = 47 x 1077 Hm ') and (y, = 1).** As all samples
were fabricated with uniform thickness, the SE, value was
determined to be ¢ in this work, which is linked to dielectric
loss. A much higher SE, than SEr value suggests that
absorption-dominant EMI-shielding occurred. For one, the
current nanocomposite structure composed by RGO and
AgNWs does not provide very high conductivity which can result
in very exceptional reflection. For another, with RGO as
substrate with suitable conductivity, the one dimensional
nanowires help enhance the consumption of electromagnetic
energy based on the dipolar and interfacial polarization.*® In
addition, the existence of structural defects in hybrid aerogels
can also serve as active sites for further improving the dielectric
loss to promoting high absorption attenuation.*®

To better understand the EMI-shielding mechanism behind
RGO/AgNWs hybrid aerogels, the corresponding power coeffi-
cients of reflectivity (R), absorptivity (4), transmissivity (7), and
effective absorption of electromagnetic waves (A.¢) were calcu-
lated by S parameters.** R, A, T mirror the materials' capability
to reflect, absorb and transmit electromagnetic waves, respec-
tively. As displayed in Fig. 5c, the A and T values decreased, and
R continued growing as the content of silver nanowires
increased. Moreover, the value of A was always higher than R,
and the values of Ay (Fig. 5d) reached more than 99.5%,
aligning with the results in Fig. 4 where absorption was the
primary shielding mechanism of RGO/AgNWs hybrid aerogels.
However, from the variation trend in R values, as reflection
occurred first when the electromagnetic waves invaded, the
reflection ability of RGO/AgNWs hybrid aerogels was enhanced
with the construction of 3D networks between silver nanowires
as well as between silver nanowires and RGO, despite a lower
and nearly unchanged SEg.

From a microstructure perspective, when entering the
shielding materials, the free carriers (electrons and holes)
interacted with incident waves and produced induced currents
to dissipate energy from the electromagnetic waves. At the same
time, the movement of induced currents generated an induced
electromagnetic field in the materials to further decay incident
waves. With growing AgNWs content, enhanced conductivity
indicated more free carriers to move and consume electro-
magnetic waves. Certainly, AgNWs bridging between GO sheets
provided efficient channels for electron transfer to accelerate
the consumption of -electromagnetic energy. High SE,
benefitted from the attenuation of electromagnetic waves
caused by induced currents and induced electromagnetic fields,
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which interacted with incident waves and then transformed
into heat energy. In addition, the possibly shaped inter-
connected 3D network forms intricate structure and hence can
redistribute the electromagnetic field, which further promotes
the dissipation of electromagnetic energy. It follows these
analyses that a proper absorbing structure design can capitalize
on both the materials property and structure advantage. The
material-structure coupling proves to be an effective strategy to
acquire impressive attenuation of electromagnetic waves and
improved overall shielding.*>*°

4 Conclusions

In conclusion, mechanically strong RGO aerogels reinforced
with one-dimensional silver nanowires were fabricated using
a facile and energy-saving method. One-dimensional silver
nanowires attached to RGO sheets acted as a bridge linking the
sheets to facilitate formation of an electron-hopping conduct-
ing network. The addition of silver nanowires greatly enhanced
the mechanical strength of the aerogel (from 1.2 to 42 kPa).
Furthermore, excellent polarization loss and a unique nano-
structure contributed to an extraordinary EMI-SE (~45.2 dB) of
the hybrid aerogel with density as low as 0.019 g cm ™3, exhib-
iting a 264% improvement compared to the pure RGO aerogel
(~17.1 dB). These features enable potential applications of EMI-
shielding materials in areas where mechanical properties are
important. Accordingly, this study provides a facile approach
for large-scale fabrication of high-performance electromagnetic
shielding materials and broadens the applications of GO and
AgNWs in multifunctional materials.
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