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ABSTRACT: Here we introduce the electromagnetic shield-
ing effectiveness (SE) of reduced graphene oxide (RGO)
sheets interleaved between polyetherimide (PEI) films
fabricated by electrophoretic deposition (EPD). Incorporating
only 0.66 vol % of RGO, the developed PEI/RGO composite
films exhibited an electromagnetic interference shielding
effectiveness (EMI SE) at 6.37 dB corresponding to ~50%
shielding of incident waves. Excellent flexibility and optical
transparency up to 62% of visible light was demonstrated. It
was achieved by placing the RGO sheets in the localized area
as a thin film (ca. 20 nm in thickness) between the PEI films
(ca. 2 um) to be an interleaved and alternating structure. This
unique interleaved structure without any delamination areas
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was fabricated by a successive application of cathodic and anodic EPD of both RGO and PEI layers. The EPD fabrication process
was ensured by an alternating deposition of the quarternized-PEI drops and RGO, each taking positive and negative charges,
respectively, in the water medium. We believe that the developed facile fabrication method of RGO interleaved structure with
such low volume fraction has great potential to be used as a transparent EMI shielding material.
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B INTRODUCTION

Recently, radio frequency (RF) emission has become a serious
concern in the advent of rapid development of various
electronic devices."> Electromagnetic emission at high
frequencies often interferes with other electronics to cause
malfunctions and it has also raised human health issues.> Thus,
electromagnetic interference (EMI) shielding is considered a
significant issue in our daily lives. The EMI shielding is
particularly difficult in areas where visual observation is needed,
electronic displays,* mobile
communication devices,”® etc. For those applications, various
transparent EMI shielding materials have been investigated
including carbon nanotubes (CNT),” graphene,® metal doped
ZnO,’ polyaniline,'® poly(3,4-ethylenedioxythiophene
(PEDOT),"! etc. As a form of thin films, the EMI shielding
effectiveness (SE) of transparent materials have been reported
as, for example, 2.27 dB (frequency range of 2.2—7 GHz) for

e.g., observation windows,’
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monolayer CVD graphene,'” 8 dB (0—16 GHz) for polyani-
line,”* and 6.5 dB (30 MHz—1.5 GHz) for Al doped ZnO."
Particularly, graphene is considered as a promising material
for the development of transparent EMI shielding due to
optical, excellent electronic, mechanical, and thermal properties
subsequently allowing various applications in transparent
conducting electrodes, photovoltaic devices, sensors, and
transistors.'>~'® For the EMI performance to be increased in
graphene systems, the amount of graphene should be increased.
And it is usually difficult to increase the amount of graphene
while maintaining transparency because the graphene is usually
mixed with matrix materials in a bulk form. Several bulk
mixtures of graphene composites have been reported, for
example, as ~21 dB for graphene/epoxy (8.8 vol %)," ~19 dB
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Figure 1. Schematic of alternating anodic and cathodic EPD process, where the negatively charged RGO sheets are deposited on positive electrode
(anodic EPD),* and the positively charged g-PEI drops on negative electrode (cathodic EPD).>*

for graphene/polystyrene (5.6 vol %),”° and ~30 dB for
graphene/polymethylmethacrylate (4.2 vol %).*' In these high
content composite systems in the bulk mixture, transparency
cannot be achieved and the high viscosity usually makes
composite fabrication difficult. Thus, an eflicient fabrication
method for transparent EMI shielding films remains a
challenge. In this sense, an interleaved graphene/polymer
structure composed of thin layers of graphene sheets may be an
ideal architecture for the development of EMI shielding in the
areas where transparency should be guaranteed. It should be
mentioned that the thin graphene layer ensures visual
transparency in the through-thickness direction and the
electrical percolation in the in-plane direction.

There are various methods of fabricating graphene thin films,
such as spin-coating,”” vacuum-filtration,”>** chemical vapor
deposition (CVD),>?° etc. Recently, the EPD process has been
introduced for the fabrication of graphene sheets.”””®
Compared with other fabrication methods, the EPD process
has many advantages specifically in high deposition/production
rates, excellent purity control, wide range of thickness control,
and deposition on complex shaped substrates, including the
potential to infiltrate porous substrate. Because the exfoliated
graphene oxide (GO) takes a negative charge,”® EPD may allow
anodic EPD of GO sheets from the stabilized GO suspension
on the surface of conductive substrates. Subsequently, the GO
sheets can be reduced either chemically or thermally to become
a RGO, which could restore the electrical conductivity.” In the
EPD process, the GO (or RGO) sheets are deposited on a
metal substrate aligned well in the in-plane direction and,
consequently, give a high electrical conductivity. The aligned
thin graphene layer may well give excellent EMI shielding
characteristics along with transparency. It should be also noted
that the strong electrophoretic squeezing force, which is usually
generated in the EPD process, could facilitate cohesive
flocculation of graphene sheets in the in-plane direction,
desirably eliminating use of binder materials.>

The RGO interleaved structure between polymer layers was
expected to be good for EMI shielding, while maintaining the
transparency. For this reason, the polymer with a good
transparency was required. In this sense, PEI was considered
as an organic layer, which is also available for EPD.*"

Herein we report the interleaved multilayer structure of the
RGO/polymer composites film, fabricated by the alternating
cathodic and anodic EPD process. The electrostatic surface
charges of RGO sheets were controlled to ensure a stable
aqueous mixture and the appropriate interleaved RGO/
polymer structure. The EMI-shielding performance and optical
characteristics of the multilayered RGO/polymer was inves-
tigated.

B EXPERIMENTAL SECTION

Materials. Natural graphite flakes, sulfuric acid (95—97%, H,SO,),
phosphoric acid (85%, H;PO,), chloric acid (HCI), hydrogen peroxide
(30%, H,0,), potassium permanganate (KMnO,), N-methylpyrroli-
done (NMP), acetophenone, 1-methylpiperazine, lactic acid (50%),
and hydrazine (35%, N,H,) were purchased from Sigma-Aldrich.
Polyetherimide (PEI, ULTEM 1000) was purchased from Quadrant
Co., Ltd. (Korea).

Preparation of RGO Suspension®® and PEl Emulsion.®' For
the preparation of the GO suspension, H,SO, (360 mL) and H;PO,
(40 mL) were mixed at a ratio of 9:1. This mixture was mixed with the
graphite flakes (10 g) while stirring for 1 h and, then, KMnO4 (40 ¢)
was added and the solution was heated up to 50 °C.** This oxidative
reaction of graphite was carried out for 2 h. After the reaction was
over, deionized water (DI-water) and H,O, at a ratio of 9:1 was added
to the mixture and the solution was stirred for about 30 min in order
to remove impurities inside. Afterward, the oxidized graphite (GrO)
flakes were collected by filtration, and the filtrate was washed several
times with the mixture of DI-water and HCI at a ratio of 9:1. The GrO
(0.1 g) was added to DI-water (100 mL) and exfoliated by sonication
for 4 h, followed by centrifugation of the suspension for 15 min at
4000 rpm to derive pure GO suspension.””*?

For the preparation of the RGO suspension, the mixture of N,H,
(10 mL)/DI-water (40 mL) solution was slowly added to the GO
suspension for 1 h at § °C in order to prevent the agglomeration of
RGO.? Afterward, the mixture was heated to 100 °C in an oil bath for
30 min, resulting in a stable RGO suspension.

For the preparation of the quarternized PEI (q-PEI) emulsion,
acetophenone (20.6 g) and NMP (165.3 g) were mixed. The mixture
was added to the PEI pallets (80 g), then put into an oil bath and
heated up to 90 °C, and the reaction was carried out for 4 h with
gentle stirring in the N, condition. After the PEI pallets were
completely dissolved in the solvent, the mixture of acetophenone (62
g) and 1-methylpiperazine (18.9 g) was added slowly within 2 h to the
PEI solution with vigorous stirring. When the addition was completed,
the solution was heated up to 110 °C and this quarternization reaction
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was carried out for 2 h and 30 min. Afterward, the mixture of
acetophenone (5.96 g) and lactic acid (1.48 g) was added to the q-PEI
solution, and then DI-water (80 mL) was slowly added to the solution
to give a milky emulsion.*"

Fabrication of PEI/RGO Bilayer Film by EPD. Two stainless
steel (SS) electrodes were immersed into the RGO suspension with a
distance at 1 cm. During anodic EPD, DC voltage was controlled in
the range of S—7 V, and the deposition time was controlled between S
s and 10 min. After the deposition was over, the RGO film was washed
with DI-water and deposited on the metal electrode to remove
remaining impurities. Afterward, sample was dried at room temper-
ature for 24 h. The thickness of the deposited RGO film was
controlled as ca. 20 nm.

The q-PEI was subsequently deposited on the fabricated RGO film
by the cathodic EPD process, where the q-PEI drops take a positive
charge, due to acid-protonated amine groups on the drop surface.’’
The RGO-coated SS electrode was immersed in the g-PEI emulsion
with an interval distance of 1 cm from a counter electrode (SS).
Applying (+) potential on the RGO electrode, the deposition time and
voltage were fixed at § min and 2 V, respectively.>' After EPD, the g-
PEI coated RGO film steel was immediately withdrawn from the q-PEI
emulsion, and washed with DI-water, and dried in air at room
temperature for 1 h. Then the film was replaced into a vacuum oven
annealing over 250 °C for 3 h, when the remaining solvent was
removed and the deposited g-PEI was converted to PEI throughout
the reimidization reaction.*

As schematically shown in Figure 1, the RGO particles migrate
toward the positive electrode (anodic EPD), when a DC voltage was
applied due to their negative charge attributed by remaining carboxylic
groups on edge of RGO.**73 On the contrary, the g-PEI particles take
positive charges, and subsequently migrate to negatively charged
electrode (cathodic EPD).** In this study, a bilayer [RGO/PEI] film
was fabricated by a series deposition of RGO (anodic EPD) and g-PEI
(cathodic EPD) under the controlled concentrations and deposition
conditions of time and voltage.

The density of RGO (p;) and PEI (p,,) was measured by using
pycnometer (AccuPycl1330) to calculate the volume fractions of
single- and double-PEI/RGO composite films. The two-thirds space of
cup in the picnometer was filled by either RGO powders or PEI pellets
and then the helium gas was injected into the cup during the
measurement. The volume fraction of RGO was calculated using the
following equation:®

pmpf

y=—"Q""
B, = PIW: + p; (1)

where v is the volume fraction, W is the filler’s weight fraction, p,, is
the density of PEI (ca. 1.25 g/cm?), and p is the density of the RGO
(ca. 2.32 g/cm?®).

Measurement of EMI Shielding. Fabricated films were cut into
donut-shaped strips of size 7 mm outer diameter and 3 mm inner
diameter. The schematic of the waveguide measurement device for the
measurement of EMI SE is shown in Figure 2. Two waveguide-to-
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Figure 2. Schematic of two waveguide-to-coaxial adapters and a vector
analyzer was used to measure the EMI SE of RGO over a frequency
range of 0.5—8.5 GHz.

coaxial adapters and a vector network analyzer (Agilent ES071A) were
used to measure the scattering parameter (S21) between the two
waveguide-to-coaxial adapters connected face to face, where specimens
were placed on the commissure of two waveguide-to-coaxial adapters.
The measurement was carried out over a frequency range of 0.5—8.5
GHz. The pristine PEI film without RGO was also measured and used
as a SE reference.

Characterization. The surface morphology of PEI coated RGO
film was examined by field emission scanning electron microscopy
(FE-SEM, SUPRA 5SVP, Germany). The cross-sectional morphology
of specimens was observed by transmission electron microscopy
(TEM, JEM1010). Raman spectroscopy (WITec, alpha 300 M) with a
wavelength source of 532 nm was used. Transmittances of prepared
specimens were measured by UV—visible-near infrared spectroscopy
(UV—vis/NIR, Cary 5000). The sheet resistance was measured by a
four-point probe method (Keithley) at room temperature. The
waveguide measurement device connected to network analyzer
(Agilent ESO71A) was used to measure the EMI SE of as-prepared
composites films as a function of number of RGO layers. The densities
of RGO and PEI were measured by pycnometer apparatus (AccuPyc
1330) at room temperature.

B RESULTS AND DISCUSSION

Figure 3 schematically shows the fabrication procedure of a
single [RGO/PEI] layer. The RGO layer was deposited on the
SS plate by an anodic EPD (Figure 3A,B) followed by the g-
PEI deposition by cathodic EPD on the top (Figure 3C). The
fabricated [PEI/RGO] bilayer was thermally reimidized (Figure
3D). Then, using a Scotch tape attached over the edge of the
PEI film (Figure 3E), the [PEI/RGO] layer was mechanically
detached (Figure 3E,F) with ease. As seen in the digital image
of the detached PEI/RGO bilayer film (Figure 3F), the film is
transparent and flexible.

Using the fabricated [PEI/RGO] films, the [PEI/RGO/PEI/
RGO/PEI] interleaved structure was fabricated, as schemati-
cally seen in Figure 4. Two as-prepared [PEI/RGO] films with
one adhesive PEI film inserted between these two were
compression molded. As seen in the digital image of the
resulting film, the resulting double-PEI/RGO film, [PEI/RGO/
PEI/RGO/PEI], is also flexible and transparent.

The EMI SE can be defined as a measure of the attenuation
in the electromagnetic field strength at a point in space resulted
from the insertion of a shielding material. In the EMI shielding
theory, the absorbance (A), reflectance (R), and transmittance
(T) represent the magnitudes of an absorbed wave, reflected
wave, and transmitted wave, respectively, by the shield. The
total incident power can be expressed as sum of A, R, and T or
expressed as 1 = A + R + T,%” where the value 1 represents the
whole incident wave intensity. When an electromagnetic (EM)
wave passes through a conductive material, its amplitude
decreases exponentially due to ohmic losses. And the skin
depth is the distance for the wave to be attenuated to 1/e
(37%) of its incident EM wave, which can be defined by the
equation®® as follows:

1

N 7maf )

where p and o are respectively, magnetic permeability and
electrical conductivity of shielding material and f is frequency.
The total EMI SE can be written as SE = 10 log (P,,/P,,), ?
where P, and P, are the power incident on and transmitted
through a shielding material. By substituting P, = P;, e to
the previously written equation, where ¢ is thickness of the

skin depth (5) =
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Figure 3. Schematic of PEI/RGO bilayer film fabrication. SS plate (A), RGO layer deposited on SS plate (B), g-PEI deposited on RGO (C), PEI/
RGO after thermal reimidization (D), scotch tape attached on the rim (E,F), and digital image of mechanically detached bilayer [PEI/RGO] film
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Figure 4. Schematic of double-PEI/RGO film fabrication. [PEI/RGO/
PEI/RGO/PEI] film fabricated by compression molding, also
exhibiting the digital image of the resulting film.

shielding material, finally we can get the simplified SE,
(absorption loss) equation®® as follows:

_ t/6y _ t
SE, = 20log(e"?) 8.69(6) 3)
As it is clearly shown in eqs 2 and 3, the SE, is inversely
proportional to the number of skin depth, but proportional to
the thickness of the shielding material. In other words, with
increasing ¢ and o values of shielding material, the higher
shielding performance can be achieved. Furthermore, the
dominant mechanism of the EMI shielding of the graphene
attributed to SE was reported to be absorption rather than
reflection.”

The other shielding mechanism is called reflectance, which
occurs from the difference between the value of shield
impedance (Z,) and air impedance (Z,). The SEg (reflection
loss) equation’® can be written as follows:

SEp = 90.5 + 1olog(i)

Hf (4)

Here in eq 4, we can notice that contrary to eqs 2 and 3, the y,
(relative magnetic permeability) of shielding material is
inversely proportional to number of SE; but, only proportional
to 0. However, due to the difficulty in a direct measurement of
the EMI SE, SE is quantitatively expressed as S-parameters that
represent the scattering of the wave. The scattering parameters
S11 and S21 are coeflicients indicating the amount of
electromagnetic reflection and transmission, respectively. In
the measurement using a vector network analyzer, the
measured S11 and S21 of a two-port network analyzer are
used to calculate the reflectance and transmittance values as R =
IS111* and T = IS21P?, respectively. Furthermore, the absorbance
can be subsequently calculated by the equation A =1 — R —

17650

T.'> In the measured S21, or the transmittance (T) of the shield
SE can be expressed as follows:

SE (dB) = —10 log ITI (5)

where T = IS211%.

Figure SA shows the surface morphology of the RGO film as
deposited on the SS plate. It can be seen that the RGO sheets
are packed on the top, exhibiting the edges of the RGO sheets.
Figure 5B shows the PEI layer deposited on the top of the
RGO layer through the alternating EPD process. The PEI
surface looks smooth and defect free. Figure SC,D (the same
images at different magnifications) represents the cross section
images of the RGO layer placed on the top of the PEI layer.
The image of the RGO surface is the detached one from the SS
plate (see Figure 3F,G). The cross-sectional morphology of
[PEI/RGO/PEI] (single-PEI/RGO) and [PEI/RGO/PEI/
RGO/PEI] multilayer (double-PEI/RGO) films were examined
by TEM (Figures S C-E). It can be clearly seen that the RGO
layer is less than 20 nm. Figure SE shows the cross-section of
the double-PEI/RGO film exhibiting two RGO layers, which is
very thin, interleaved in the PEI layers, ca. 2 pm. Also,
significant void and interlaminar delamination could not be
observed at the interfaces of PEI and RGO layer.

Figure SF shows Raman spectra of pristine graphite powder
and RGO film prepared by the EPD technique. The D-band at
1343 cm™' and a G-band around 1588 cm™' appear in the
spectra, indicating sp® hybridization of carbon atoms during the
oxidation from graphite and the recovery of hexagonal network
of carbon atoms with defects.>® The intensity ratio of D- and G-
band (Ip/I;) provides a sensitive measure of the disorder and
crystallite size of the graphitic layers. The Ip/I; of graphite
powder and RGO were, respectively 0.07 and 1.25. The D-band
intensity in the RGO film was found to be higher than the G-
band compared to graphite, which indicates remaining
structural defects and disorder in RGO resulted from the
oxidation and reduction process. The oxygen-functional groups
are released as CO and CO,, inducing more defects in the
carbon backbone and causing the I/I; increase from 0.07 to
1.25. In addition, the intensity of 2D (2686 cm™') peaks
decreased in the Raman spectra of RGO, as a result of oxidation
and reduction process.*

It should be underlined that the delamination issue in PEI/
RGO film is crucial, particularly, in the layered structures of
graphene. When the negatively charged q-PEI emulsions move
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Figure S. SEM images of RGO surface (A), q-PEI surface coated on
RGO (B), TEM images of PEI layer deposited on RGO at different
magnifications (C), and (D) also exhibiting cross-section of two RGO
layers inserted in fabricated [PEI/RGO/PEI/RGO/PEI] film (E).
Raman spectra of pristine graphite powder (red) and RGO film (blue)
prepared by the EPD method (F). Digital images of single-PEI/RGO
film after scissors cutting (G) and double-PEI/RGO film under
bending (H) demonstrating robustness of films against delamination.

toward on the previously deposited RGO sheets during the
cathodic EPD process, the water medium allows good wetting
of g-PEI drops and ensures their facile infiltration into the RGO
sheets under the strong electrophoretic squeezing force in
EPD,*% which could facilitate cohesive flocculation and the
strong physical anchoring between PEI and RGO. As a result,
no delamination was observed in our PEI/RGO multilayer
films.

Figure 5G,H shows the fabricated PEI/RGO composite films
cut by scissors as a circular shape (7 mm in diameter) for EMI
testing (Figure SG) and bent in high curvature by hands. It is
demonstrated that our multilayer film has such a strong
interlaminar strength that the fabricated films could sustain
fairly high external stresses by cutting and bending.

The volume fractions of RGO in the single- and double-PEI/
RGO films were measured as 0.49 + 0.02 and 0.66 + 0.02%,
respectively, where p; and p,, were 2.35 and 127 g/cm’,
respectively. The SE value of our PEI/RGO composite films
were achieved by using an extremely small amount of RGO
<0.66 vol %, which ensures the flexibility and transparency (see
Table 1 and Figure SG,H).

The light transmittance for both [PEI/RGO/PEI] and [PEI/
RGO/PEI/RGO/PEI] films is shown in Figure 6 and Table 1.
The conductivity of the RGO film fabricated by EPD was 1.25

17651

Table 1. Electrical Conductivity and Light Transmittance of
Pristine PEI, Single-PEI/RGO, and Double-PEI/RGO

light number of
sample conductivity  transmittance RGO films VrGo SE
name (S/m) (%) (20 nm) (%) (dB)
pristine 0 87 0 0 0
PEI
single- 1.25 x 10° 73 1 0.49 3.09
PEI/
RGO
double- 125 X 10° 62 2 0.66  6.37
PEI/
RGO
100
Pristine PEI 2 layers: 87 %
;\: 80 Single-PEI/RGO: 73 %
'
) Double-PEI/RGO: 62 %
(3]
c
8
=
(72}
c
E -0.001
F 0 L 225 250 275 300 325 350 375 400
A (nm)
1 1 1 1
400 450 500 550 600 650 700

Wavelength (nm)

Figure 6. Light transmittance of two layers of pristine PEI (green
line), single-PEI/RGO (blue line), and double-PEI/RGO (red line)
films.

X 10 S/m. We could see that the optical transparency of the
film gradually decreased with increasing thickness or number of
RGO layers. As-prepared films exhibit a transparency of up to
73 and 62% for the single-PEI/RGO ([PEI/RGO/PEI]) and
double-PEI/RGO ([PEI/RGO/PEI/RGO/PEI]) films, respec-
tively (see Table 1 and Figures 3G and 4). Although the
transparency gradually decreased with the increasing number of
RGO layers, the [PEI/RGO/PEI/RGO/PEI] film still
exhibited the optical transparency up to 62%. In addition, it
was observed that in ultraviolet area PEI and single- and
double-PEI/RGO films demonstrated the UV blocking
performance, as shown in Figure 6.

Figure 7A demonstrates the basic mechanism of EMI
shielding by RGO. Figure 7B—D shows that the absolute
values of absorbance and reflectance increase with the number
of RGO layers. However, the relative contributions of each
component to the total shielding vary according the number of
RGO layers. For single-PEI/RGO and double-PEI-RGO,
approximately 92 and 96% of shielding out of 3.09 and 6.37
dB was achieved by absorption, and in comparison with
reflectance, the significant increase by absorbance in the
shielding was observed, especially in double-PEI/RGO (Figure
7B). The average SE values of PEI, single-PEI/RGO, and
double-PEI/RGO were 0, 3.09, and 6.37 dB, respectively, over
a frequency range of 0.5—8.5 GHz. The SE increased almost
linearly with the number of RGO layers in as-prepared
composites films (Figure 7F). In this work, for the single-
PEI/RGO and double-PEI/RGO, the average rates of R, A, and
T were 0.012, 0.1379, 0.8501 and 0.02, 0.4826, 0.4974 over a
frequency range of 0.5—8.5 GHz, respectively. These results
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respectively 0, 1, and 2 (E and F).

indicate that the SE approximately up to 50% of incident waves
could be achieved by the double-PEI/RGO film.

B CONCLUSIONS

The fabrication technique of PEI/RGO film was developed by
an alternating anodic and cathodic EPD particularly at a low
voltage (less than 10 V). The single- and double-PEI/RGO
films with 0.49 and 0.66 vol %, respectively, were successtully
fabricated. Our RGO interleaved PEI/RGO film fabrication
technique allowed the maximized EMI shielding performance
of graphene materials. The results of EMI SE of single- and
double-PEI/RGO films were 3.09 and 6.37 dB, respectively,
while retaining light transparency up to 73 and 62%, resulting
from their unique interleaved structure composed of 20 nm
RGO thin films. Finally, the delamination was not observed
even after the annealing process and during or after the cutting
and detaching processes. We believe that this newly developed
RGO interleaved structure can have practical applications in
various fields including EMI shielding, touch screen, displays,

portable electronic devices, and transparent electronics.
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