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Reduced graphene oxide porous films containing SiC whiskers for
constructing multilayer electromagnetic shields

LI Jing*, ZHAO Shi-xiang, QIU Han-xun, YANG Jun-he, YANG Guang-zhi*

(School of Materials and Chemistry, University of Shanghai for Science and Technology, Shanghai 200093, China )

Qi Yi-quan,

Abstract:  Developing lightweight and flexible thin films for electromagnetic interference (EMI) shielding is of great importance.
Porous thin films of reduced graphene oxide containing SiC whiskers (SiC@RGO) for EMI shielding were prepared by a two-step
reduction of graphene oxide (GO), in which the two steps were chemical reduction by HI and the solid phase microwave irradiation.
A significant increase of the film thickness from around 20 to 200 pm was achieved due to the formation of a porous structure by
gases released during the 3 s of solid phase microwave irradiation. The total shielding effectiveness (SE;) and the reflective SE (SEj)
of the SiC@RGO porous thin films depended on the GO/SiC mass ratio. The highest SE; achieved was 35.6 dB while the SE; was
only 2.8 dB, when the GO/SiC mass ratio was 4 : 1. The addition of SiC whiskers was critical for the multi-reflection, interfacial po-
larization and dielectric attenuation of EM waves. A multilayer film with a gradient change of SE values was constructed using
SiC@RGO porous films and multi-walled carbon nanotubes buckypapers. The highest SE, of the multilayer films reached 75.1 dB
with a SE; of 2.7 dB for a film thickness of about 1.5 mm. These porous SiC@RGO thin films should find use in multilayer or sand-

wich structures for EMI absorption in packaging or lining.
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1 Introduction

Carbon-based

(EMI) shielding materials feature low density, diverse

electromagnetic  interference
forms and tunable properties. Electrical conductivity
of carbon materials has a wide range, depending on
their crystal structures, chirality, oxidation degree,

etc!!

. Compared to metal materials, carbon-based
materials give the opportunity to construct light-
weight, flexible, absorption-dominated EMI shielding
materials”),

Graphene-based thin films can be considered as a
two-dimensional (2D) assembly of graphene layers
which can be applied as the core layer in sandwich
structure, packaging and lining materials for EMI
shielding purpose'™’. Graphene oxide (GO) with a
large number of oxygen-containing functional groups
can be easily dispersed in water and aligned in thin
films by liquid casting, vacuum filtration and elec-
trodeposition. EMI shielding effects can be realized
by restoring the electrical conductivity of the thin
films upon reduction. However, the high electrical

conductivity of reduced GO (RGO) may promote the
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reflection of electromagnetic (EM) radiation, result-
ing in reduction in absorption'” because the reflection
of EM radiations is a result of the interactions
between the EM waves and free charges of carbon
materials'®. Todine-doped RGO papers with an elec-
trical conductivity of 10° S/cm showed an EMI shield-
ing effectiveness (SE) of 52.2 dB and SE reflection
(SE,) of 18.6 dB"!, which may cause secondary EMI
pollution.

RGO-based composite thin films were designed
to improve the absorption of EMI. The addition of
magnetic and semiconductive materials can promote
EM attenuation, such as Fe,0,", MnO® and SiC"".
SiC whiskers/MnO/RGO composites were construc-
ted for improving EMI absorption, where SiC
whiskers can dielectrically attenuate EM waves as a
semiconductor'"’. Synergistic effects on EMI shield-
ing were expected by combining SiC with an conduct-
ive phase, such as carbon nanotube-carbon
fiber/SiC!"* and SiC/MXene/polymer ! composites.

Compared with 2D composite thin films with
RGO layers, three-dimensional (3D) assembly of
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graphene or RGO layers provided graphene mono-
liths with high porosity and low density. The EMI SE
of RGO monoliths mainly came from the direct ab-
sorption and the absorption of multiple-reflected EM
radiations, which were facilitated by their high poros-
ity and large surface area'®. The EMI SE of RGO
monoliths can also be tuned by composite design,
such as infiltration of conductive polymers'®, Fe,O,,
carbon nanotubes'” and MXene!"”. Porous structure
was also reported for MXene/RGO flexible thin film,
which had a total SE (SE;) of 55.2 dB with a thick-
ness of only 32 pum, but the high electrical conductiv-
ity of 10’ S/cm, resulting in a SE, value of around
20 dB".

Construction of multilayer composites was an-
other strategy to improve the absorption of EM radi-
ation. The multilayer structure with varying EMI SE
of each layer could trap and attenuate the entered EM
waves by repeated adsorption, reflection, and scatter-
ing EMI SE of
the Fe,O,@RGO/MWCNT/waterborne polyurethane
(WPU) multilayer composites reached 35.9 dB using
MWCNT/WPU as the reflection layer''”. The gradi-
ents and sequence of the Fe,0,@RGO layers played

in the composite film. The

an important role on the absorption/reflection ratio. A
reflection layer with high electrical conductivity was
usually employed to reduce the EM transmission, in-
cluding  Ag/glass  fibers!"® MWCNT
buckypaper!”*”. EMI SE of over 100 dB was ob-

tained by a sandwich structure of multilayer buckypa-

and

per and wave-transmitting layers with a SE, of around
15 dB and a thickness of over 20 mm"”.

In this study, SiC@RGO porous thin films were
fabricated with the assistance of solid phase mi-
crowave irradiation. The amount of SiC whiskers in
the SIC@RGO thin films was critical for generating
the porous structure and controlling the reduction de-
gree of RGO. The absorption-dominated EMI shield-
ing was realized by the dielectric attenuation of EM
waves by SiC, the multi-reflection in the porous thin
films and the interfacial polarization between SiC and
RGO. In addition, a MWCNT buckypaper was ad-

hered to the SiIC@RGO porous film for further im-

proving EMI while remaining the flexibility.

2 Experimental

2.1 Preparation of SiC@RGO

4 g SiC whiskers (Hebei Chuancheng Metal Ma-
terials) was dispersed in 40 mL H,O, under stirring,
followed by washing, filtration and drying. Then, 3-
triethoxysilylpropylamine was hydrolyzed at a con-
centration of 2% when the pH value was adjusted to 4
by acetic acid. 4 g SiC powder reacted with 60 mL sil-
ane solution for 24 h at room temperature. The silane-
treated SiC was obtained after washing and filtration.
GO (5 mg-mL™', Angugiang Graphene Technology)
was mixed with the treated SiC by sonication for
30 min, The mixture was casted in a polytetrafluoro-
ethylene Petri dish and dried in the oven at 60 °C for
24 h to prepare SiC@GO thin films. The GO/SiC
weight ratios were 12 : 0, 12 : 1, 12:2, 12 : 3 and
12 : 4 for different samples.

The SiC@GO films were reduced firstly by HI
(55%—57%) in a hydrothermal autoclave at 90 °C for
1 h. After repeated washing and drying, the thin films
were then put into a microwave oven (M1-L213B,
output 700 W) for 3 s for secondary reduction to ob-
tain SIC@RGO thin films. The samples were named
SiC@RGOO0, SiC@RGO1, SiC@RGO2, SiC@RGO3
and SiC@RGOA4, according to the SiC content.

2.2 Fabrication of SiC@RGO/buckypaper mul-
tilayer composites

MWCNTs were dispersed in DI water at a con-
centration 0.5 mg/mL using 0.5% (mass fraction) of
Triton X-100 as the dispersant in an ultrasonic homo-
genizer (JY96-IIN) for 30 min. The suspension was
then filtered using a cellulose filter membrane (0.22
pum pore size) and the buckypaper was obtained after
washing and drying. The SiC@RGO thin films were
adhered to the buckypaper with WPU (WPU, New
City Engineering Plastics) by a glass rod. The fabrica-
tion procedure of SiC@RGO/buckypaper multilayer
composites was shown in Fig. 1.

2.3 Characterization

The morphology of the thin films was investig-

ated by scanning electron microscopy (SEM, FEI
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Quanta FEG). X-ray diffraction (XRD, D8 Advance,
Bruker), Raman spectrometer (LabRAM, Horiba) and
Fourier infrared spectrometer (FTIR, Spectrum 100
PerkinElmer) were employed to characterize the ma-
terial structure. The thermal stability of the thin films
was studied by thermal gravimetric analyzer (TGA,
Pyris 1). The specific surface area of the porous thin
films was analyzed by the Brunauer-Emmett-Teller
(BET) method using ASAP2020. The electrical con-
ductivity and the S (S11, S21, S22, S12) parameters of
the thin films were characterized using a four-probe
system (RTS-9, MTI Corporation) and a vector net-
work analyzer (Keysight E5063A), respectively. The
S parameters allow the calculation of the total SE
(SE;), absorption SE (SE,) and reflection SE (SE;),
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Multilayer composites

Fabrication procedure of SIC@RGO/buckypaper multilayer composites

according to the Equation 1-6, where the multiple in-
ternal reflections (SE,,) is negligible if EMI SE,;=
10 dB*"7.

= |Sn|2 = |Szz|2 ()

T= |Szl|2 = |S12|2 (2)
A=1-R-T 3)

SEz = —101g(1 - R) 4)
SE. = —101g[T/(1-R)] (6))
SE; = SEg + SE, + SE,, ©6)

3 Results and discussion

3.1 Structure and morphology of SiC@RGO thin
films
Fig. 2a shows the FTIR spectra of SiC before and
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Fig.2 FTIR spectra of (a) SiC whiskers before and after silanization. (b) FTIR spectra, (c) XRD patterns, (d) XPS spectra,
(e) Raman spectra and (f) TGA results of GO and SiC@RGO thin films
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after the silane-treatment, where the strong peak at
787 cm' came from C—Si bonding of SiC whis-
kers. The silane-treated SiC showed extra peaks at
3420, 2970, 1630 and 1049 cm™', corresponding to
N—H, C—H, NH, and Si—O—C stretching vibra-
tion, respectively, suggesting the grafting of amino-
silane molecules on SiC. Electrostatic interaction was
enhanced between the amino groups on SiC and the
carboxyl groups on GO during the assembly of
SiC@GO thin films.

The FTIR spectra of SiIC@RGO thin films were
shown in Fig. 2b. The characteristic peaks of GO in-
cluded 3440 cm”' (—OH), 1730 cm' (C=0),
1560 cm™' (C=C) and 1200 cm' (C—O0). The peaks
of C=0 and C—O disappeared upon reduction of
GO, while the peak at 1 630 cm ' appeared and attrib-
uted to the restore of C=C bonding. With increasing
the content of SiC, the peak of C—Si at 787 cm™' be-
came strong.

Upon reduction, the peak of GO (002) was
moved from 10° to 25° of RGO (002) due to the de-
creased interlayer distance (Fig. 2¢). The characterist-
ic peaks of B-SiC at 35°, 60° and 71.8° appeared with
the addition of SiC whiskers, corresponding to the
(111), (220) and (311) crystal planes, respectively!".
It’s worth noting that the peak intensity of RGO (002)
increased with the content of SiC in SIC@RGO thin
films, indicating the improved crystallinity and reduc-
tion degree of RGO. Table 1 listes the full width at
half maximum (FWHM) values and the crystal size
along RGO (002) plane calculated according to Scher-
rer equation. The FWHM of the RGO (002) peaks de-
creased and the crystal size increased with increasing
the SiC content, indicating that the reduction degree

of RGO was improved until the SiC content was 20%.

The addition of SiC facilitated the microwave absorp-
tion and the SIC@RGO thin film sparked during the
solid phase microwave irradiation for less than 1 s, as
shown in Fig. 1, while the sparks were not observed
for SIC@RGOO thin film. A large amount of heat was
generated during the strong arc discharge in a few
seconds”' . As a result, GO was quickly reduced and
the reduction degree could be tailored by the SiC con-
tent.

To confirm the effect of SiC content on the re-
duction degree of GO, XPS spectra were shown in
Fig. 2d. The C/O ratio clearly increased with the SiC
content of SiIC@RGO thin films and reached the
highest value of 7.8 when SiC content was 20%, as
listed in Table 1. The SIC@RGO thin films were re-
duced by a two-step reduction procedure, which was
chemical reduction by HI and heat reduction by the
solid phase microwave irradiation. Reduction by HI
increased the C/O of GO from 2.3 to 4, and the solid
phase microwave irradiation increased the C/O ratio
from 4 to 7.8 when the SiC content was 20%. Further
increase of the SiC content did not promote the reduc-
tion degree, which was consistent with the XRD res-
ults. Rapid reduction of GO into pristine graphene by
1-2 s of microwaves irradiation has been reported™”,
where GO showed strong absorption capacity due to
the existence of m—m conjugated regions and polyaro-
matic domains™®. SiC offered extra “heat points” as
the dispersed phase in the thin films because its high
dielectric constant facilitated the transformation of mi-
crowave energy to heat'”.

Raman spectra of SIC@RGO thin films showed
D and G peaks of graphene at 1350 and 1580 cm™'
(Fig. 2e), corresponding to the defects and sp” carbon,

respectively. The intensity ratio of the D and G peaks

Table1 FWHM, crystal size, C/O ratio, I,,/I;, surface area and average pore size of the SiC@RGO thin films

Samples FWHM/(°) Crystal size/nm C/O Iy < Ig Weight loss at 800 °C Surface area/(m’/g) Pore size/nm
GO - - 23 0.97 76.1% - -
SiC@RGO0 3.444 2.371 6.8 1.20 49.0% 24.28 9.24
SiC@RGO1 2.770 2.948 7.0 1.22 39.9% 20.89 13.53
SiC@RGO2 2.726 2.993 7.1 1.28 25.7% 15.06 18.15
SiC@RGO3 2.185 3.742 7.8 1.40 17.4% 12.87 16.85
SiC@RGO4 2.394 3410 7.6 1.44 15.2% 8.18 28.89
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(Ip/l;) increased gradually with the SiC content
(Table 1), suggesting the microwave absorption pro-
moted the formation of defects in the basal plane of
RGO. Thermal stability of the thin films increased
with the reduction degree (Fig. 2f). The weight loss of
GO was 76.1% due to the decomposition of oxygen-
containing functional groups at high temperature. The
weight loss was reduced significantly to 15.2% with
increasing the SiC content. The SiC@RGO3 and
SiC@RGOA4 thin films kept stable until 500 °C, sug-
gesting a high end-use temperature.

Morphology of the thin films with different SiC
contents was shown in Fig. 3a-f before and after the
microwave irradiation. Before the microwave irradi-
ation, a multilayer structure was featured and the
thickness of the thin films increased slightly with the
SiC content, ranging from 17 to 23 pum. After the mi-
crowave irradiation, a porous structure was featured
and a significant increase of the film thickness was
observed to 100-200 pm. The Ilargest distance
between the neighboring graphene layers was ob-
served over 50 pm. The porous structure was due to
the thermal shock generated by only 3 s of solid phase
microwave irradiation, which removed a large amount
of oxygen-containing functional groups and released
small molecules suddenly.

The average pore size of the RGO/SiC thin films
(Table 1) increased with the SiC content, agreeing
well with the SEM observation, although the specific
surface area decreased because SiC has a higher dens-

ity of 3.2 g/cm’ than RGO. Porous structure may lead
to fragile materials. This was the reason why the two-
step reduction of SiC@GO was employed. The chem-
ical reduction by HI will reduce the concentration of
oxygen-containing functional groups to a centain ex-
tent and the residue groups were reduced to release
small molecules, which expanded the layer space and
generated pores during the microwave irradiation, so
that the flexibility and porosity of the SIC@RGO thin
film were balanced.
3.2 EMI shielding performance of the SIC@RGO
thin films

The electrical conductivities of SIC@RGO films
before and after the microwave irradiation were
shown in Fig. 4. The electrical conductivity of pure
RGO films reached 14.6 S/cm after the reduction by
HI, and then decreased to 5.2 S/cm after the mi-
crowave irradiation. For all the SiC@RGO thin films,
the microwave irradiation decreased the electrical
conductivity for over 50%. However, the microwave
irradiation increased the degree of reduction as proven
by the C/O ratio shown in Fig. 2d. The reason for the
decreased electrical conductivity was the significant
amount of pores generated by microwave irradiation,
which reduced the electrical contacts between neigh-
boring graphene layers. The electrical conductivity of
the SIC@RGO films decreased consistently with the
content of SiC before the microwave irradiation be-
nonconductive.

cause the SiC whiskers were

However, the electrical conductivities of SIC@RGO1

Fig. 3 Cross-section morphology of SiC@RGO0, SiC@RGO1, SiC@RGO2 and SiC@RGO3 thin films (a-d) before and (e-f) after microwave irradiation
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Fig. 4 Electrical conductivities of SiIC@RGO thin films before and after

microwave irradiation

and SiC@RGO2 were higher a little bit than
SiC@RGOO after the microwave irradiation because 3
effects were combined, namely the reduction degree
of RGO, the SiC content and the porosity.

The EMI SE of the thin films was measured in
the frequency range of 8.2-12.4 GHz (Fig. 5). The
SE; increased with the SiC content and reached a
maximum value of 29.5 dB for SIC@RGO3 before
the microwave irradiation. The improvement was at-
tributed completely to the increase of SE,, which was
dominated and counted for 27.1 dB, while the SE,

(a) 40

—— SIC@RGO0
—— SIC@RGO1
—— SIC@RGO2
—— SIC@RGO3

10 b

—— SIC@RG0O4
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SE./dB

9 10
Frequency/GHz

Fig. 5

ficantly the absorption of the EM waves by dielectric
attenuation, which was consistent with its effect on
microwave absorption. Excessive amount of SiC re-
duced the EMI SE of the SiC@RGO4 thin films prob-
ably due to its agglomeration.

The SE; of the thin film was further improved for
over 20% by the microwave irradiation, as shown in
Fig. 6, although the electrical conductivity of the thin
films was reduced. The reasons for the significant im-
provement lied in two aspects, one is the reduction de-
gree of RGO, the other is the generation of the pores
in the films. The improvement was again mainly at-
tributed to the SE,, noting that the SE, values were
barely changed before and after the microwave irradi-
ation. The enhanced reduction degree of RGO facilit-
ated the interaction between the EM waves and free
charges on each RGO layers in a highly localized
scale. In a larger scale, the EM waves underwent an
absorption and multi-reflection between neighboring
RGO layers and the walls of the pores. The SE; val-
ues were higher than 30 dB for the porous thin films
with SiC. The SE; of SiC@RGO3 thin films reached
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(a) SE,, (b) SE,, (c) SE, and (d) average SE values of the SIC@RGO thin films before the microwave irradiation
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Fig. 6 (a) SE,, (b) SE,, (c) SE, and (d) average SE values of the SIC@RGO thin films after the microwave irradiation

the highest value of 35.6 dB with a SE, of 32.7 dB,
where the effects of SiC had 3 aspects: (1) Improving
the reduction degree of RGO, (2) Promoting the por-
ous structure of the thin films, (3) Introducing dielec-
tric attenuation of EM waves.

33
composites

Morphology and properties of multilayer

Multilayer composites were constructed, as
shown in Fig. 7, using MWCNT buckypaper (Fig. 7b)
as the reflection layer and WPU with a thickness of
around 80 pm (Fig. 1) as the adhesive. Three layers of
SiC@RGO thin films were stacked in a sequence
(Fig. 7a), SiC@RGO2, SiC@RGO3,
SiC@RGO4 were chosen because they had relatively

where

low electrical conductivities and high SE; values. The
thickness of the multilayer composites was slightly
over 1.5 mm (Fig. 7c) with a good flexibility (Fig. 1).
To determine the optimal sequence of the 3
SiC@RGO layers, the EMI SE values were compared
for all the arrangement without the MWCNT
buckypaper (Fig. 8). Apparently, the SE; of the com-
posites varied with the arrangement sequence. The
highest SE; of 66.3 dB and the lowest SE, of 2.5 dB
were achieved when the 3 layers of SIC@RGO thin
films were arranged in the order of increasing electric-
al conductivity. When the EM waves were incident
from the SiC@RGO layer with lower conductivity, it
tended to have a higher SE, and lower SE,. The layer

.

© S SIC@RGO2 .
Buckypaper
S —l L

Fig. 7 Morphologies of (a) SIC@RGO2/3/4 stacking layers by WPU adhesives, (b) MWCNT buckypaper, and (c) multilayer composites of SIC@RGO4/3/2
and buckypaper as the reflection layers
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Fig.8 (a) SE,, (b) SE,, (c) SE, and (d) average SE values for all the stacking sequence of the 3 SIC@RGO layers

with higher conductivity should have higher reflec-
tion, which was more suitable for the bottom layer in
the arrangement sequence.

With the optimal sequence of SiC@RGO4/3/2
and the MWCNT buckypaper as the reflection layer,
their conductivity values were 4.3 S/cm, 4.7 S/cm,
5.4 S/cm and 9.0 S/cm from top to bottom. The SE;
and SE, of the MWCNT buckypaper were 41.0 and
3.5 dB (Fig. 9a). Both the electrical conductivity and
SE, of the MWCNT buckypaper were slightly higher
than the SiC@RGO layers, which gave an suitable

material selection for the reflection layer to reduce the

transmission the EM waves and match the impedance
between neighboring layers. Thereafter, a 4-layer
composite was constructed and its EMI SE was com-
pared with a 2-layer composites with SIC@RGO3 and
buckypaper (Fig. 9b, c¢). The SE; of the 4-layer com-
posite was 32% higher than the 2-layer composite and
reached 75.1 dB, meeting the requirement of the high
performance EMI shielding material, while the SE,
value of the 4-layer composite was slightly lower than
that of the 2-layer composite.

As schematically shown in Fig. 10a, the top lay-
er of SiIC@RGO4 had the lowest conductivity and
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Fig. 9 (a) EMI SE of MWCNT buckypaper. (b) SE; and (c) average SE values of the 2-layer and 4-layer composites

with incident waves from top and bottom
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highest average pore size, which gave an impedance
matching layer and reduced the reflection®. In addi-
tion, the SiC in the top 3 layers provided not only
porosity and dielectric attenuation, but also a large
number of heterogeneous interfaces, which improved
interfacial polarization. A dense buckypaper layer
served to reflect EM waves, benefited from its high
electrical conductivity””. The SE, was increased by
13.3% when the MWCNT buckypaper was applied as
shown in Fig. 8d and 9c, without much change of SE,.

Again, the incident direction affected the portion
of SE, and SE,, while the SE;, values were barely
changed (Fig. 9¢). The SE; was 2.7 and 3.2 dB when
the EM waves were incident from top and bottom lay-
er, respectively. The reflection (R) and absorption (A)
coefficients were calculated according to the Equa-
tion (1-3) (Fig. 10b). The transmission coefficient (7)
can be neglected when the EMI SE was higher than
30 dB"". The A/R ratio was higher than 1 when the
incident waves were from the top layer (SiC@RGO4),
indicating an adsorption-dominated EMI shielding
mechanism. Therefore, the top layer should have low
conductivity and high porosity for trapping the EM
waves. The transmitted EM waves interacted with the
center layers (SiIC@RGO3/2), which featured inter-
mediate conductivity and high SE,. The bottom layer
(buckypaper) gave the highest conductivity to en-
hance the reflection and reduce transmission. There-
fore, the interaction between the EM waves and the
multilayer composites can be descripted as absorption/

transmission (top) — absorption/multi-reflection (cen-

ter) — reflection (bottom) — re-absorption/multi-re-
flection (center), which greatly improved the EMI
shielding performance (Fig. 10a). A high SE; value of
over 70 dB has been reported for graphene/WPU com-

(28] while our

posite film with a thickness of 0.9 mm
multilayer composite films featured the absorption-
dominated EMI shielding with a low SE, value of

2.7dB.

4  Conclusions

SiC@RGO porous thin films were fabricated by
a two-step reduction process, which was chemical re-
duced by HI and solid phase microwave irradiated for
only 3 s. The addition of SiC facilitated the absorp-
tion of the microwave, generated sparks and resulted
in a high reduction degree of RGO and a large num-
ber of pores in the thin films. The electrical conductiv-
ity of the SiC@RGO thin films decreased by over
50% while the SE; and SE, increased by over 20%
upon the microwave irradiation. Meanwhile, the addi-
tion of 20% SiC whiskers increased the SE; by 36.4%.
These could be attributed to the multi-reflection, inter-
facial polarization, dielectric attenuation and imped-
ance matching. Further, the multilayer composites
were constructed by stacking the SiC@RGO thin
films in a sequence and using the MWCNT buckypa-
per as the reflection layer. The highest SE; reached
75.1 dB with a SE, value of 2.7 dB when a thickness
was about 1.5 mm. The sequence of the three
SiC@RGO layers should be optimally arranged by in-
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creasing conductivity from top to bottom, so that a

gradient change from transmission to reflection was

achieved in addition to the effective absorption of

multi-reflected EM waves. We hope the porous

SiC@RGO thin films could be a promising material in

designing multilayer or sandwich structure for use as

EMI absorption packaging or lining materials.
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