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ABSTRACT: In this work, thin reduced graphene oxide (GO) composite films
were fabricated for electromagnetic interference (EMI) shielding application. High
solid content GO slurry (7 wt %) was obtained by dispersing GO clay in polymer
solution under high-speed mechanical stirring. A composite film with varied
thickness (10−150 μm) could be fabricated in pilot scale. After an optimized
thermal annealing procedure, the final product showed good conductivity, which
reached 500 S·cm−1. The thin sample (thickness < 0.1 mm) containing 10%
polymer showed an enhanced EMI shielding performance of 55−65 dB. The
outstanding EMI shielding efficiency as well as good suppleness and industrialized
potential of thermal reduced graphene oxide polymer composite films could make a
progress on their application in flexible devices as an EMI shielding material.

1. INTRODUCTION

Electromagnetic interference (EMI) is a common issue that
can cause electron device failure.1,2 Several kinds of materials
are applied due to their EMI shielding performance according
to different mechanisms.3−5 The first-generation EMI shielding
materials are metals such as Cu, Ni, Fe, and their alloys. They
are usually applied as foil, foam, or bulk6−10 and gradually
replaced by composite shielding materials.11−17 For the new
member of carbon material, graphene shows several excep-
tional properties,18 which make it possible to be used as an
EMI shielding material.
Graphene could be assembled to different formations by

various forming processes.19−22 With the industrial scale
production of graphene materials, many interesting results
have been demonstrated by researchers using bulk graphene as
the main component.23−26 Another approach for the EMI
shielding score is graphene derivatives27 such as graphene/
polymer composite28−31 and graphene/metal oxide compo-
site.32−34

Most of the reported work with satisfying EMI shielding
performance could not be industrially amplified by the
unmatched fabrication process due to low yield (usually less
than the kilogram class), chemical risk (HI or hydrazine),35,36

and high graphitization temperature (>2800 °C). In
consideration of the balance between cost-effectiveness and
expected performance, an optimized recipe and manufacturing
process are necessary.
Herein, commercial graphene oxide (GO) was used as the

main component to make thin composite films for EMI
shielding application. By dispersing in polyamide acid (PAA)
DMAc solution, the GO slurry showed compatibility with the

pilot coating machine, while the range of slurry thicknesses on
the PET matrix varied by its viscosity. The reduction of the
graphene oxide sheets and the cyclization of polyimide
occurred during the following optimized annealing process,
which converted the insulative film into a conductive film. The
annealed composite film showed better electrical conductivity
and EMI shielding performance with the increase in anneal
temperature, typically 500 S·cm−1 and 60 dB of the sample
after 800 °C treatment with a thickness under 100 nm. The
addition of the polymer component increased the toughness
and EMI shielding performance of the annealed film. Both the
simple composite process with low requirements of equipment
and the satisfying EMI shielding performance of the composite
film give a prospective commercial application of graphene
material as an EMI shielding material.

2. RESULTS AND DISCUSSION
2.1. Preparation of Compound Slurry and Composite

Films. GO could be well dispersed in many solvents due to its
large specific area and abundant oxygenic groups attached to it.
The selected solvents that could form a stable suspension with
a wide GO content range were water, dimethylformamide
(DMF), N-methyl pyrrolidone (NMP), and DMAc. DMAc
was chosen in this work by its compatibility with polyamide
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acid to obtain a homogeneous compound slurry. The
interaction between solvent molecules and solute was ex-
pressed as the apparent viscosity of the compounds. Figure 1a
shows that the viscosity of the DMAc slurry, water slurry, and
polymer solution slurry varied with the GO content. The
water-based slurry showed the exponential increase in viscosity
(coefficient of about 1) with the increase in solid content
mainly because of the high hydrogen bond density. The
viscosities of water-based slurry were 2400 mPa·s when the
total solid content was 3.0 wt % and 160,000 mPa·s when the
total solid content was 4.0 wt %. The DMAc slurry showed a
low viscosity (<200 mPa·s) within the testing range, which
means the weak interaction between graphene sheets. When
PAA was diluted with DMAc to 10 wt %, the viscosity of
solution was 360,000 mPa·s at 20 °C and increased with the
addition of GO clay. The long polymer chain could form twist
and tangled conformations due to the high concentration,
which leads to the high viscosity. The addition of graphene
oxide sheets did not improve the entanglement of polymer
chains, but the π−π interaction between graphene sheets and
aromatic rings in the polymer chain could also enhance the
interaction between solutes, which increased the apparent
viscosity of the compounds. In the situation of very high GO
content in slurry, the polymer chain may do some lubrication
or separation between graphene sheets, so the compound
slurry showed lower viscosity than water-based pure GO slurry.
The fabrication process of the GO/PAA composite film is

illustrated in Scheme 1. Precoating test was done using small
coating equipment. The slurries could form a flat coating on
the PET film by shearing force. The solvent in a wet slurry
coating vaporized by external heating to form a compact GO

film as shown in Figure s1. The defects were caused by bubbles
that were hard to eliminate inside the high-viscosity slurry. The
best slurry recipe in our test was GOP10, which could form a
smooth coating surface with few defects.
The remaining coating thickness after the drying process is

equal to the slurry solid content, which is ideal for the
conservation of mass, and a higher solid content should be
better for final application. The thickness of the wet slurry
coating was fixed to 1 mm, and the thickness and gross view of
dried GOP3 and GOP10 composite films are shown in Figure
s2. The gross view of composite films showed no significant
difference in surface flatness and roughness, and the thickness
of the remaining coating was a bit higher than the theoretical
value due to the residual solvent. Because of the high viscosity,

Figure 1. (a) Viscosity curves of compound slurries. (b) Digital photo of the tailored GO composite film. (c) Section view of the GO composite
film, magnified ×1500; the scale bar is 50 μm. (d) Magnified section view of the GO composite film, magnified ×20,000; the scale bar is 2 μm.

Scheme 1. Fabrication Process of the GO-PAA Composite
Film by the Coating Machine
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the slurry could form a stable coating with a thickness of 3 mm
(upper limit of our equipment), which means that an ∼200 μm
graphene film could be produced in pilot scale; this is a
promising process for industrial application of graphene
materials.
The section-view SEM images of GOP10 showed a compact

structure without a cavity or defect. Also, few defects were
observed on the sample’s surface as shown in Figure 1c. The
magnified image (Figure 1d) showed the tight arrangement of
the smooth GO sheet caused by evaporation of solvent.
2.2. The Structure and Properties of Composite

Films. The annealing process was optimized into several
stages in this work, and TGA was employed to investigate the
variation in this procedure. The TGA result showed the
sample’s weight change during the preparation of rGOP10-
800, rGOP3-800, and rGO-800 (Figure 2a). The composite
samples decreased to 90% of the initial weight during the first
stage (1 h at 125 °C), which was less than the pure GO
sample. After stage 2 (heated for 50 min to 250 °C and kept
for 2 h), all samples decreased to 70% of the initial weight,
which occurred mainly above 200 °C due to the pyrolysis of
the carboxyl group on the outer GO lamella. For the following
stage 3, a fixed time was set to reach the peak temperature and
sustained for another 2 h. The interior GO sheets could get
fully annealed by the decomposition of carboxyl, which showed
a smooth weight loss. The pyrolysis of the polymer component
did not contribute much to the total weight due to its less
decomposition proportion under 500 °C (Figure S3). The
weight loss of converted polyimide occurred above 600 °C,
which is consistent with the improvement of the EMI shielding
efficiency.
The difference between unannealed and treated samples is

shown in Figure 2b. The unannealed composite film with a

black appearance showed no bubbles. The annealed composite
films showed graphite shine with mild bending or curling,
which means that the films were reduced. The application of
pure rGO film was limited by its frangibility in a free-standing
situation, so polyimide was introduced into this system because
of its high temperature resistance and natural toughness. The
precursor PAA began converting into polyimide above 500 °C.
Some bending and small humps were observed on the surfaces
due to the asymmetry internal stress arisen during reduction.
rGOP10-800 was in the same situation with rGOP10−250,
which demonstrated that the appearance of the annealed films
was not a qualification of graphitization. But the toughness of
rGOP10-800 was extremely enhanced, which could bear
extrusion or bending as shown in Video s1.
SEM images of rGOP10-500, rGOP10-600, rGOP10-700,

and rGOP10-800 are shown in Figure 2c−j. The gaps between
GO sheets in the treated samples were different from those of
unannealed samples. The expansion of the composite film after
thermal treatment occurred among all the recipes in our work,
and the initial stack structure was split into several lamellas
with varied gaps, while the increment in film thickness was
enlarged by a higher peak temperature. For rGOP10-500
(Figure 2c), the cavities of different sizes were scattered among
the lamellas; the ones near the surface were larger than interior
ones and generated surface humps. In the magnified image of
the central part (Figure 2g), the stacked sheets showed
wrinkles and tunnels inside but were not separated. The gaps
gained growth in both depth and range when the treatment
temperature was raised; they could connect into a continuous
space to form a multiple-layer structure (Figure 2f,j). The
additional interfaces generated during the annealing process
made better reduction of the composite material and also
could promote some interfacial properties.

Figure 2. (a) TGA curves of GO, GOP3, and GOP10. (b) Appearance of the GO composite film after different annealing processes; from left to
right: GOP10, rGOP10-120, rGOP10-250, rGOP10-500, rGOP10-600, rGOP10-700, and rGOP10-800. (c−f) Section view of rGOP10-500 (c),
rGOP10-600 (d), rGOP10-700(e), and rGOP10-800 (f), magnified ×1500; scale bars are 50 μm. (g−j) Magnified section view of rGOP10-500
(g), rGOP10-600 (h), rGOP10-700 (i), and rGOP10-800 (j), magnified ×20,000; scale bars are 2 μm.
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The chemical variation of the composite film during the
annealing process was detected by FTIR (Figure 3a,b). The
absorption peak of the oxygenic group could be observed at
3446, 1630, and 1104 cm−1, which belong to −OH, −COOH,
and −C−O−C−, respectively. After thermal treatment, an
obvious decrease of the −COOH peak (1630 cm−1) was
observed, while the broad −OH (3440 cm−1) peak did not
change much, which means that the great weight loss was
mainly caused by the decomposition of carboxyl.
C−H bending generated a peak located at 1385 cm−1 on the

spectra of decarboxylated samples. While being treated at a

higher temperature, a peak at 1104 cm−1 was strengthened by
the newly generated −C−O−C− from adjacent −OH. For
samples annealed at 500 °C, a higher C−H peak was observed,
which occurred due to the attachment of intermediate
amorphous carbon on the graphene sheets. When the
annealing temperature increased, those unstable non-aromatic
carbons may get removed and showed a decreased −C−H
peak. Most of oxygenic groups especially carboxyl could be
removed by the staged thermal treatment process, with
remaining oxygen existing as epoxy or hydroxyl. Element
analysis also supports deoxygenation (Table 2).

Figure 3c,d displays the XRD pattern of the composite film
and treated ones. It can be seen that the unannealed composite
film showed a strong peak located at 2θ = 9.70° and a small
peak at 2θ = 18.93°, which proved that the initial GO was fully
separated into a single sheet, while the GO sheets were simply
stacked during film fabrication. The sample rGOP3 showed a
significant shift to a peak near 2θ = 26.5° (002 of graphite) and

Figure 3. (a) FTIR spectra of rGOP10 series samples. (b) FTIR spectra of rGOP3 series samples. (c) XRD pattern of rGOP10 series samples. (d)
XRD pattern of rGOP3 series samples.

Table 1. Some Parameters of the Composite Films

element components (%)

sample
thickness
(mm)

conductivity
(S·cm−1)

N
(%) C (%)

H
(%) S (%)

GO 0.076 0.02 47.17 3.03 0.32
PI 9.50 68.07 3.21 0.16
GOP10 0.078 0.1 2.91 53.01 3.48 0.37
rGOP10-
500

0.076 200 4.29 84.40 1.44 0.36

rGOP10-
600

0.072 333 3.98 88.35 1.33 0.45

rGOP10-
700

0.078 500 3.91 91.26 1.33 0.34

rGOP10-
800

0.082 500 4.28 91.81 1.60 0.34

Table 2. Recipe of the GO/PAA Composite Film (phr.)

recipe
mark

GO clay (solid
content, 45%)

PAA solution (solid
content, 17%)

DMAC (AR
grade)

GO 9.5 0 100
GOP3 9.5 3 100
GOP4 9.5 4 100
GOP10 9.5 10 100
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indicated the reduction of GO. rGOP3-500 and rGOP3-600
showed a peak located at 2θ = 26.46°, while the peak got a
little shift by the annealing process above 700 °C (2θ = 26.60°
of samples rGOP3-700 and rGOP3-800). These were another
proof of deoxygenation. For more polyimide-containing
composite films, the unannealed sample GOP10 showed a
larger gap between the sheets with the expression of a strong
peak located at 2θ = 8.78° and a weak peak located at 2θ =
18.14°, which are probably due to the insertion and adsorption
of the polymer chain. After the thermal annealing process, the
rGOP10 samples were fully reduced by the decomposition of
graphene oxide and polymer, and the residual got a similar
diffraction pattern to rGOP3 or other rGO samples, which
means that they have a similar microstructure.

2.3. The EMI Shielding Performance of Composite
Films. The conductivity of the composite film was obviously
improved by the annealing process when the insulated part of
the GO sheet was removed. The higher the annealing
temperature applied to the films, the better the conductivity
of the films. The polymer content did not affect the final result
of conductivity as rGOP3-800 and rGOP10-800 both showed
a conductivity of 500 S·cm−1, which was much larger than the
samples treated under a lower temperature.
A vector network analyzer was employed to check the EMI

shielding efficiency (SE) of composite samples (waveguide
method, 8.2−12.4 GHz, room temperature). All samples show
satisfying EMI SE with mild floating within the testing
frequency range. The results showed the relevance to annealing

Figure 4. (a, b) EMI SE of different composite films annealed at 500 °C (a) and 800 °C (b). (c, d) EMI SE of rGOP3 series samples (c) and
rGOP10 series (d) annealed at different temperatures. (e, f) EMI SE component of rGOP3 series samples (e) and rGOP10 series samples (f).
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temperature and film composition. In total, the maximum EMI
shielding efficiency of each sample appeared at 9.3 and 9.8
GHz, and the EMI shielding efficiency was dramatically
improved as a higher temperature was applied during the
annealing process, while the high polymer content led to high
EMI shielding efficiency. The EMI shielding efficiency of
samples annealed at 500 °C exceeded the commercial
requirement standard value of 20 dB; the untreated composite
films showed a little higher shielding efficiency than the pure
rGO film (Figure 4a). When the peak annealing temperature
increased to 800 °C, the composite samples showed the
significant enhancement of the EMI shielding efficiency by the
addition of polymer content (Figure 4b). The maximum EMI
SE of rGOP10-800 is as high as 65 dB at 9.8 GHz, which is
better than some other reported work (Table S1); rGOP4-800
shows an EMI SE of 50 dB at 9.8 GHz, which is still higher
than that of the pure rGO film, but rGOP3-800 showed similar
performance to the pure rGO film, which indicate the lower
limit of the polymer content for the reinforcement of EMI
shielding property.
The effect of annealing temperature was studied, and the

results of rGOP3 and rGOP10 series are shown in Figure 4c,d.
The unannealed composite film showed little EMI shielding
performance, which is under 2 dB in the whole X-band. The
rGOP3 samples showed less variation of EMI shielding
efficiency by the increase in anneal temperature; rGOP3-800
showed a maximum EMI SE of ∼40 dB at 9.2 GHz and
rGOP3-500 showed an EMI SE value of ∼35 dB. For rGOP10
samples, the EMI shielding efficiency was reinforced obviously,
and the maximum EMI SE of rGOP10-500 was ∼36 dB at 9.8
GHz, while rGOP10-700 showed a value of ∼55 dB and
rGOP10-800 showed a value of ∼65 dB. Figure 4e,f reveals an
obvious tendency on the variation of each SE component. For
the rGOP3 series sample (Figure 4e), the total shielding
efficiency (SET) was the cumulation of reflection (SER) and
absorption (SEA), the SER shows little variation with the anneal
temperature changes, and the increase in SET was mostly
contributed by SEA, which means that more incident waves
were absorbed by the multilayer composite film containing
some formations converted from the polymer component. For
rGOP10 series, the situations remain the same (Figure 4f).
The reflection was associated with electrical conductivity, and
all the annealed composites showed a similar conductivity of
∼500 S·cm−1 and a similar SER value.37 With the difference
derived from the variation of polymer content, the higher the
polymer content, the better the EM wave absorption that
occurred. The first polymer component was polyamide acid
until the annealing process; cyclization of polyamide acid
occurred during the previous stages of the annealing process
and it transformed into polyimide. The polymer chain may
carbonize and rearrange into a graphite lattice structure as the
temperature increased;38−42 this situation has been applied to
fabricate a highly thermally conductive graphene film under
harsh conditions such as high temperature and high pressure,
which are the main obstacles of continuous and large-scale
fabrication. The conversion of polyimide during the annealing
process under 800 °C may be due to the template effect of
reduced graphene sheets nearby, but the mechanism is still
unclear, which needs more investigations. But the reinforce-
ment of the EMI shielding efficiency reaches a satisfying level,
which is further better than the commercial requirement, so
the composite process could be applied in the engineering
fabrication.

3. CONCLUSIONS

In conclusion, we have demonstrated the fabrication of a GO-
PAA composite film and their good EMI shielding perform-
ance after optimized thermal treatment. The thickness of the
composite film ranged from 10 to 200 μm by a compatible
coating machine. The deoxygenation of the composite film
occurred during thermal treatment and reduced the GO sheet;
the final product got an improved conductivity of 500 S·cm−1.
The samples showed enhanced EMI performance by increasing
the annealing temperature and polymer content. The best
recipe for the composite film was 30% polymer content and
annealing at 800 °C in our work; rGOP10-800 showed an EMI
SE of 55−65 dB in the X-band. Also, the enhanced toughness
of the composite film makes it available for flexible device
application. For the excellent performances and operability to
expanded production, the composite film may get an
achievement as EMI shield materials.

4. EXPERIMENTAL SECTION

4.1. Materials. GO clay (solid content, 45%) was obtained
from LeaderNano Co., Ltd. The PET film was purchased from
Tmall.com. Dimethylacetamide (DMAc, AR) was purchased
from Sinopharm Chemical Reagent Co., Ltd. The polyimide
precursor (SS-2, polyamide acid in DMAc; solid content, 17%)
was purchased from Jiangsu Shino New Materials Technology
Co., Ltd.

4.2. Preparation of the GO/PAA Composite Film. PAA
solution was prediluted with DMAc and then compounded
with a calculated weight (details in Table 1) of graphene oxide
clay in a double planet mixer. The staged compounding
procedure occurred for 24 h under variable mixing speed (30−
120 rpm) and shearing speed (1500−8000 rpm) with
continuous cooling. The prepared slurry was transferred to
the coating system after 6 h of settlement. For the whole
coating system, the width of the PET film matrix was 350 mm
and the width of the working area was 250 mm; the coating
thickness was fixed to 1 mm. The prepared GO/PAA
composite film was exfoliated manually for further processing.

4.3. Thermal Treatment of the GO/PAA Composite
Film. The prepared composite film was kept for 24 h in a 125
°C oven to remove residual solvent. A tubular annealing
furnace was employed to accomplish thermal reduction of the
precut composite film. The polyimide conversion and GO
reduction both occurred during the staged annealing process.
The increasing speed of previous stages (<250 °C) was 5 °C
per minute and varied by different target peak temperatures in
latter stages. The samples stayed at the peak temperature for 4
h and then cooled to room temperature by 10 °C per minute.
The treated samples were labeled as rGOPx-y or rGO-y (pure
GO samples), where y represents the peak anneal temperature.
The total anneal process was operated under argon protection.

4.4. Characterization. The microstructures of the
composite film were observed by SEM (SU8010, Hitachi). A
rotating viscometer (RVDV-1, Shanghai FangRui Instrument)
was used to check the viscosity of compound slurries. X-ray
diffraction (XRD) was performed by an X-ray diffractometer
(SmartLab 9KW, Rigaku, λ = 1.54 Å). A Fourier transform
infrared spectrometer (Tensor II, Bruker) was employed to
check the infrared spectrum. Thermogravimetric analysis was
performed by a TGA 2 under an argon atmosphere. The
electrical conductivity of the composite sample was measured
by an RTS-9 four-probe test system (4 Probe Tech).
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4.5. Assessment of EMI Performance. A vector network
analyzer (Ceyear 3672B, CETC) was applied to measure the
microwave scatter parameters (S11, S12, S21, and S22) in the
frequency range of 8.2−12.4 GHz. The samples were tested by
the waveguide method and precut as a rectangular plate with
25.0 mm length and 12.0 mm width. The sample was
sandwiched at 0 position from port 1 inside a 100 mm sample
holder. The incident power of electromagnetic wave was 0
dBm corresponding to 1 mW. The values of total shielding
effectiveness (SET), SE absorption (SEA), and SE reflection
(SER) were calculated by following formulas:43

R S11
2= | | (1)

T S21
2= | | (2)

A R T1= − − (3)

TSE (dB) 10log( )T = − (4)

RSE (dB) 10log(1 )R = − − (5)

T
R

SE (dB) 10log
1A = −

−
i
k
jjj

y
{
zzz (6)

where R denotes the reflection coefficient, T denotes the
transmission coefficient, and A denotes the absorption
coefficient.
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