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ABSTRACT: In this study, we developed a simple and
powerful method to fabricate flexible and lightweight
graphene-based composites that provide high electromagnetic
interference (EMI) shielding performance. Electrospun water-
borne polyurethane (WPU) that featured sulfonate functional
groups was used as the polymer matrix, which was light and
flexible. First, graphene oxide (GO)/WPU composites were
prepared through layer-by-layer (L-b-L) assembly of two
oppositely charged suspensions of GO, the cationic surfactant
(didodecyldimethylammonium bromide, DDAB)-adsorbed GO
and intrinsic negatively charged GO, depositing on the
negatively charged WPU fibers. After the L-b-L assembly
cycles, the GO bilayers wrapped the WPU fiber matrix
completely and revealed fine connections guided by the
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electrospun WPU fibers. Then, we used hydroiodic acid (HI) to obtain highly reduced GO (r-GO)/WPU composites, which
exhibited substantially enhanced electrical conductivity (approximately 16.8 S/m) and, moreover, showed a high EMI-shielding
effectiveness (approximately 34 dB) over the frequency range from 8.2 to 12.4 GHz.
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1. INTRODUCTION

Electronic devices that are currently being rapidly developed
are packed with highly integrated circuits and exhibit high
operational frequencies that induce electromagnetic interfer-
ence (EMI). EMI not only impedes the functionality of
electronic devices but also harms humans. Thus, EMI has
emerged as a major concern in today’s society, and substantial
great effort has been devoted toward developing materials that
provide high EMI shielding." The frequency range of 8.2—12.4
GHz (X band) is used widely on military and communication
applications, such as radar, telephone microwaves, and TV
picture transmission.” Therefore, the shielding performance in
X band is important. Metals and metallic composites have
conventionally been used as shielding materials because they
conduct electricity extremely well. However, the drawbacks
associated with these materials include their weight, high
corrodibility, and the difficulty of processing them. Therefore,
electrical conductive polymer composites are considered
favorable materials for developing effective EMI-shielding
applications,* and these materials offer advantages including
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those of being light, flexible, resistant to corrosion, easy to
process, and inexpensive, when compared to the conventional
metallic materials. Shielding performance typically relies
primarily on the electronic conductivity of the polymer
composites, which is dominated by the filler’s intrinsic
conductivity, aspect ratio, and the connection of conductive
fillers.®

Numerous carbon-based materials have been used as
conductive fillers to fabricate conductive polymer compo-
sites,é_8 including carbon particles, carbon fibers, carbon
nanotubes, and graphene. Graphene is an one-atom-thick 2D
layer of the sp? carbon lattice that has attracted considerable
attention from both fundamental and applied research
communities since it was discovered by Geim in 2004.” The
extraordinary mechanical, electrical, and thermal properties of
the graphene coupled with its high specific surface area have led
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Figure 1. (a) Schematic representation of the procedure used to prepare the segments used in L-b-L assembly: positively charged segment, pGO,
and negatively charged segment, nGO. (b) Schematic representation of the cycle of L-b-L assembly of pGO and nGO on the WPU fiber. The
buildup sequence included three steps: (1) adsorption of WPU and pGO and formation of pGO/WPU; (2) adsorption of pPGO/WPU and nGO.
The first cycle of L-b-L assembly is completed when the GO/WPU composite is obtained. (3) The GO/WPU composite is repeatedly used in the
next cycle of L-b-L assembly, which is repeated as necessary to obtain the desired times.

to the emergence of graphene as a promising nanofiller in
multifunctional composites.">'" Early basic research in this field
was based on the micromechanical cleavage of highly crystalline
graphite to generate high-quality graphene, but recent efforts
have turned to producing the graphene in a controlled scale and
reproducible manner. Chemical reduced graphene oxide (r-
GO) has been considered a promising method to produce
graphene on a large scale.'”'> Graphene oxide (GO), which is
produced by the chemical oxidation of graphite, exhibits a
layered structure featuring numerous oxygenated functional
groups (hydroxyl (—OH), epoxy (—COC), carbonyl (—C=
0), and carboxyl groups (~COOH))."* Because ionized
carboxyl groups (—COO~) occur on the edges of a GO
layer, GO is hydrophilic and water-soluble."> However, the
basal plane of a GO layer contains unoxidized benzene rings
and hydrophobic polyaromatic island. Consequently, GO can
be considered an amphiphilic substance featuring a hydro-
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phobic basal plane and hydrophilic edges.'® Because numerous
sp® carbon atoms and a few sp” carbon atoms are present on
the GO surface, electrons cannot be delocalized on GO
surfaces, and therefore, GO can serve as an insulator.'”
However, for use in electronic applications, GO must be
reduced to make it electrically active. Currently, hydrazine'*
and sodium borohydride'® are commonly used as chemical
reducing agents to effectively deoxygenate GO. However,
during chemical reduction, additional functional groups are
introduced and the graphitic structure of r-GO disintegrates,
which severely degrades the electrical conductivity of r-GO."
Previous study indicated that GO reduced by hydroiodic acid
(HI) exhibited highly electrical conductive;'? thus, this method
represents a favorable approach that can be used for reducing
GO.

r-GO have been widely used as fillers in the fabrication of
electrically conductive polymer composites.'”'"** In con-

dx.doi.org/10.1021/am502412q | ACS Appl. Mater. Interfaces 2014, 6, 10667—10678



ACS Applied Materials & Interfaces

Research Article

ductive bulk-polymer composites, the r-GO are introduced into
and randomly dispersed in the polymer matrix and are
surrounded by the polymer’s molecular chains. To exhibit a
high EMI-shielding performance, the r-GO must form a
conductive network inside the insulating polymer matrix.%*!
Usually, a large amounts of r-GO are necessary. However, a
high loading of r-GO can result in severe agglomeration and
poor compatibility with polymer matrix, which increases the
difficulty associated with processing the material and also
compromises the mechanical performance of the polymer
composite.”® On the basis of our previous work,”> we have
provide a noncovalent modification to modify the r-GO by
adsorption of cationic surfactant, which not only inhibits the
restacking of r-GO but also improved the compatibility with the
polymer matrix. However, the interaction of surfactant and GN
will disappear resulted in an unstable dispersion during the
preparation of polymer composites. Several groups have
attempted to fabricate electrically conductive foam polymer
composites.”>** Although foam composites can reduce the
material’'s weight more effectively than bulk-polymer compo-
sites can, the electrical conductive network in the matrix is
damaged during the foaming process, which exhibits a high
intersheet junction contact resistance and limits EMI shielding
performance.”® Moreover, the poor mechanical property of a
foam polymer restricts its application. Recently, a novel method
has been proposed to prepare polymer composites by
decorating r-GO or carbon nanotubes onto electrospun
polymer fibers.***” The fillers decorated on the fiber surface
can effectively improve the properties of the composites,
especially electrical conductivity. However, the compatibility of
fillers and polymer fibers is often neglected, which can create
problems: (1) controlling the quantity of the fillers decorated
on the polymer fillers can be challenging; (2) the decoration
process may be time-consuming, and such long processing time
easily causes the aggregation of fillers because of strong van der
Waals forces, limiting the reinforcement of fillers; and (3) the
decorated fillers may peel off readily because of a poor
interaction between fillers and polymer fibers.

The layer-by-layer (L-b-L) self-assembly technique is widely
used to fabricate organic—inorganic polymer composites by
exploiting the electrostatic attraction between oppositely
charged components.”®*’ Recently, L-b-L assembly was used
to fabricate graphene-based composites comprising poly(acrylic
acid)-modified and poly(acrylamide)-modified r-GOs>® or
negatively charged r-GOs and positively charged modified r-
GOs.” This process represents a simple, powerful, and effective
approach that can be used to fabricate graphene-based polymer
composites in which the type, size, morphology, and molecular
structure are controlled. However, in these assembly methods,
the positively or negatively charged r-GOs are grafted with
molecules or polymers that disrupt electron transmission,
which degrades the electrical conductivity of the r-GO and
limits the conductivity of the polymer composite.

In this study, r-GO/waterborne polyurethane (WPU)
composites were fabricated using a novel method. We used
electrospinning to obtain a WPU matrix, which possessed a
high surface area, making it a suitable matrix for use in the EMI
polymer composite. Moreover, the intrinsic sulfonate functional
groups grafted on the WPU polymer chain generated a
negatively charged substrate that could be used in L-b-L
assembly without further treatment>* GO/WPU composites
were generated through L-b-L assembly by using two
oppositely charged GOs and the WPU matrix. As described

in previous studies,'®*” by controlling the pH of an aqueous
GO suspension and by adsorbing a cationic surfactant,
didodecyldimethylammonium bromide (DDAB), on the basal
plane of GO, a positively charged GO (pGO) was obtained
(Figure 1a). Conversely, the carboxylic functional groups on
GO edges made the GO negatively charged (nGO) and
exfoliated it homogeneously in aqueous solutions. The nGO
and pGO were obtained by a simple method, and their
structure was still completed. After completing the L-b-L
assembly of pGO and nGO for cycles on the WPU fibers, the
WPU fibers were finely covered by GO, which formed a GO
network (Figure 1b). To improve the electrical conductivity of
the GO/WPU composite, HI was used to reduce GO/WPU to
the r-GO/WPU composite. Here, we focus on the orientation
and interaction of r-GO on the WPU matrix during the L-b-L
assembly process and discuss the influence of r-GO on
electrical conductivity and EMI-shieling shielding performance.

2. EXPERIMENTAL SECTION

2.1. Materials. Nanographite plates (NGPs) were synthesized by
using a chemical vapor deposition process supplied by Angstron
Materials LLC, McCook Avenue Dayton, Ohio, U.S.A. The thickness
of the NGPs was less than 100 nm. Potassium permanganate
(KMnO,), sodium nitrate (NaNO,), hydrogen peroxide (H,O,),
sulfuric acid (H,SO,), sodium borohydride (NaBH,), HI, and
diethanolamine (DEA) were obtained from Showa Chemical Co.,
Tokyo, Japan. Hexamethylene diisocyanate (HDI), DDAB, ammo-
nium hydroxide (NH,OH), and hydrochloric acid (HCl) were
purchased from Tokyo Chemical Industry Co., Ltd.,, Tokyo, Japan.
Hydrazine (N,H,) was received from Alfa Aesar GmbH & Co. KG,
Karlsruhe, Germany. Poly(ethylene oxide) (PEO) (M, = 900 000)
were purchased from Acros Organics Co., New Jersey, U.S.A.
Polycaprolactone diol (PCA) (M, = 2000) was received from
Sigma—Aldrich Co., LLC, St. Louis, U.S.A. YA-7720 (M, = 2000,
96 wt %), the polyester based polyol, was obtained from Coating
Chemical Industry Co., Ltd,, Taichung, Taiwan. N-(Ethylene sulfonate
sodium salt)ethylene diamine (EES-200L, 45 wt %) were obtained
from Jiuh Yi Chemical Industry Co. Ltd., Taipei, Taiwan. Di-n-
butyltin dilaurate (DBTDL) was received from Alfa Aesar Co., Ward
Hill, US.A.

2.2. Preparation of nGO and pGO. GO was synthesized by
modified Hummers method.**** Nanographite (0.5 g) and NaNO,
(0.375 g) were added in a three-necked 100 mL flask with H,SO, (20
mL) and magnetically stirred at 0—3 °C in an ice bath. KMnO, (2.25
g) was added slowly into the mixture over 10 min with stirring and
cooling to 0 °C. After it was stirred, for 2 h at 40 °C, the mixture
became pasty and brownish. Then, the flask was placed in an oil bath
at 70 °C to reduce the viscosity of the mixture, and 30 mL reverse
osmosis water (RO water) was added inside slowly. After the mixture
was cooled to room temperature, 375 mL H,0, (S wt %) was added
to the resulting solution to reduce the residual permanganate and
MnO, to soluble MnSO,, and the suspension turned bright yellow.
The product was purified cycle by repeating the following procedure
cycle for 10 times: removal of supernatant liquid, addition of a mixed
aqueous solution of H,0, (S wt %), and centrifugation at 10 000 rpm
for 40 min. After 10 complete cycles, GO was dissolved in RO water
again. Finally, the GO, well-dispersed in RO water, was obtained.
Because of the carboxyl groups on the GO surfaces the resulting nGO
is negatively charged in alkali environment (pH value > 7). The pGO
solution was synthesized by adding DDAB (30 mg) into the GO
solution (10 mg/10 mL) in acidic surrounding. The mixture was
ultrosonicated at low energy (12 W, S5 kHz) for 2 h to obtain good
homogeneity. Then, pGO solution of dark brown color was acquired.
The schemes of preparation of nGO and pGO are shown in Figure la.

2.3. WPU Solution Preparation. At first, YA-7720 (30 g), PCA-
2000 (20 g), and HDI (5.04 g) were put into a four-necked 500 mL
reactive vessel equipped with a mechanical stirrer, which was placed in
an oil bath at 90 °C. Reaction was started by the addition of 0.005 g of
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catalyst DBTDL. When the prepolymer reaction was completed, the
temperature was cooled to 40 °C, and acetone was added to the vessel
to dissolve the prepolymer until totally dissolved. Then, the chain
extender agent composed of hydrazine (0.08 g), EES-200L (0.84S g),
and DEA (0.054 g) were dripped into the vessel at 40 °C for 1 h.
Then, RO water (100 mL) was added dropwise with stirring at 30 °C.
Finally, the WPU aqueous solution was obtained with a concentration
of 35 wt %.

2.4, Electrospinning Process. The nanofiber electrospinning unit
(NEU) from Kato Tech Co., Ltd. (Japan), was used to setup the
electrospinning process. All the ES parameters were kept constant.
According to the previous study,® PEO was used as the template
polymer for WPU electrospinning. First, PEO was dissolved in distilled
water by magnetic stirring at 50 °C. Then, PEO solution was added to
the WPU solution for adjusting to the 30/70 PEO/WPU weight ratio.
After that, the WPU solution was fed into a 10 mL syringe with a
stainless steel needle (18 gauge needle). The flow rate of WPU
solution was set at 0.2 mL/h. An applied voltage of 10 kV was setup
directly to the needle, and the distance between needle and the
collector was kept at approximately 15 cm. An aluminum foil was used
as the collecting electrode, and the resulting fibers were collected on
the aluminum foil to produce a sheet of nonwoven fabric. Finally, the
electrospun WPU sheet was put into distilled water for at room
temperature 24 h, and the PEO was removed.

2.5. L-b-L Assembly of pGO and nGO on WPU Fibers. The
overall process of L-b-L deposition, as shown in Figure 1b, consists of
a cyclic repetition of following steps. a sheet of 2 cm X 2 cm X 1 mm
WPU mat was immersed into a pGO solution (1 wt %) for 1 min.
Then, the pGO/WPU was rinsed with distilled water thoroughly for
30 s and dried with air flow. After that, the pGO/WPU was put into
the nGO solution (1 wt %) and immersed it for 1 min. Again, the
dipped sheet was rinsed with DI water thoroughly for 30 s and dried
with air flow. Upon completing the above steps, a single bilayer GO
was formed on the WPU fibers (GO/WPU). Furthermore, above cycle
was repeated until the desired number (1, 3, S, 7, 10, 15, 20 times,
called GO/WPU-1, 3, §, 7, 10, 15, 20) of bilayers was deposited.

2.6. Fabrication of r-GO/WPU Composites. HI was chosen to
reduce GO. HI was placed in an oven at 100 °C. The GO/WPU
composite was dipped into the HI for 10 s and subsequently dried in
an oven. After that, the specimen was washed with dipping in the DI
water and acetone for S min, and dried overnight in vacuum at room
temperature. Finally, an -GO/WPU composite was obtained.

2.7. Characterization. Transmission electron microscope (TEM)
observation was performed using a JEM-2100 microscope (JEOL,
Limited, Tokyo, Japan) operating at an accelerating voltage of 200 kV.
The { potential measurements of the samples in an aqueous dispersion
were carried out at room temperature using a Malvern Zetasizer Nano-
ZS system, and detail information about the characterization is shown
in Supporting Information. Elemental composition analysis was
conduct with a high resolution X-ray Photoelectron Spectrometer
(XPS) (ESCA pHI 1600, Physical Electronics, U.S.A.). The micro-
structure was characterized by using an Ultima IV multipurpose X-ray
diffraction (XRD) system (Rigaku Co., Sendagaya, Shibuya-Ku,
Tokyo, Japan) with Cu Ka radiation (4 = 1.54051 A) at the scan
rate of 1° min~". With intervals from 2° to 40°. Raman spectra were
recorded from 1000 to 2000 cm ™" in a Stellar-PRO confocal Raman
microscopy system (MODU-LASER, LLC), and the laser wavelength
was 488 nm. Morphology observations of polymer composites were
imaged by a scanning electron microscope (SEM, S-4200 microscope
(Hitachi Limited, Tokyo, Japan)), with a 1S kV accelerating voltage,
and the low electrical conductivity samples were coated with S nm
thick layer of gold (Cressington 208HR sputter coater) to limit the
charging effects under investigation. Thermal degradations of WPU, r-
GO, and r-GO/WPU composites were investigated by a thermogravi-
metric analyzer (TGA) (Hi-Res TGA 2950, TA Instruments, U.S.A.)
from room temperature to 650 °C with a heating rate of 10 °C/min
under N, atmosphere (100 mL/min).The volume electrical resistance
of moderately electrical conductive polymer composite was carried out
using a standard four-point probe method (FPP-5000, Miller Design
Co., Woodside Rd, Woodside, Canada). The average value was

obtained from five measurements for each sample. As to low electrical
conductive polymer composite, the volume resistance was measured
by an SME-8311 megohmmeter (Dkk-Toa Co., Tokyo, Japan) with 20
s charge time and 100 V of current stress. An average value was
achieved from five measurements for each sample. EMI shielding
measurements were conducted in the frequency range of 8.2—12.4
GHz (X band) at room temperature by using a 8501C Vector
Network Analyzer. The measured samples were cut into a coaxial circle
with 3.00 mm of inner diameter, 7.00 mm of outer diameter, and 2.00
mm of thickness. The total EMI shielding effectiveness (SE) of
shielding material is the sum of reflection (SEy), absorption (SE,) and
multiple reflection (SE,;). The reflection is related to the impedance
mismatch between air and absorber; the absorption is resulted from
the energy dissipation of electromagnetic radiation; and the multiple
reflection is induced by the scattering effect of the inhomogeneity in
the material.*® The total EMI SE (SE,.,) is defined as the logarithmic
ratio of incoming (P,) to outgoing power (P,) of radiation.”

SE, . = 10log(P/P)) = SE, + SEy + SEy,

total

When SE,,; > 10 dB, SEy can be neglected,"’8 and it is usually
assumed that

SEtotal & SEA + SER

The S;; (or Sy,) and Sj, (or S,;) parameters of the two-port
network system stand for the reflection and transmission coeflicient.
Transmittance (T), reflectance (R), and absorbance (A) through the
shielding material were analyzed by the S parameters, which can be
described as

T =15, = IS,
R=1S,> =18,
A=1-R-T
The effective absorbance can be expressed as>®
Ag=(1—-R-T)/(1-R)

As for the power of the effective incident electromagnetic radio inside
the shielding material, the reflectance and effective absorbance can be
expressed as

SEx = —101log(1 — R)
and

SE, = —101log(l — A,4) = —101log[T/(1 — R)]

3. RESULTS AND DISCUSSION

3.1. Characterization of nGO and pGO. The structure of
layered materials can be determined by analyzing XRD
patterns. As shown in Figure 2, the XRD spectrum of NGP
displayed a sharp and narrow peak (002) in the 26 range of
26.5°, indicating a well-ordered lamellar structure featuring an
interlayer spacing of 3.36 A. After oxidation, the XRD pattern
of GO exhibited a peak in the 26 range of 10.61°
corresponding to an interlayer spacing of GO of 8.334 A,
which was larger than the interlayer spacing of NGP. Since a
large amount of oxygenated functional groups were bonded on
the GO surface and intercalated into the interlayer space,
generating an exfoliated structure. These results showed that
exfoliated GO was obtained using the modified Hummers
method.

To complete the L-b-L assembly of the GO bilayers on the
electrospun WPU matrix, oppositely charged GOs were
necessary. GO behaves like a surfactant because it contains
hydrophilic carboxylic functional groups and a hydrophobic
basal plane.'® The carboxylic functional groups present along
GO edges make GO negatively charged (nGO) and exfoliate
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Figure 2. XRD results of NGP and GO.

them homogeneously in aqueous solutions, especially in an
alkaline environment.>> Conversely, to obtain positively
charged GO, the cationic surfactant, DDAB, was added to
the GO suspension (pGO). The hydrophobic tailed parts of
DDAB adsorbed onto the hydrophobic basal plane of GO, and
the exposed hydrophilic head groups imparted the positive
charges to pGO. However, the ionization of the carboxylic
functional groups on the GO edges plays a key role in
controlling the charge of pGOs. By changing the pH of a GO
suspension, the degree of ionization of carboxylic functional
groups can be controlled readily. When the pH of a GO
suspension is increased, the carboxylic functional groups ionize
easily and increase the negative charge of GO; however, it is
hard to obtain positively pGO by adding DDAB. At a low pH,
poor ionization of the carboxylic functional groups on GO
edges reduces the negative charge and hydrophilicity of GO,
which is more suitable for fabricating pGO than using GO at a
high pH. Therefore, to obtain highly charged nGO and pGO
effectively, controlling the pH of the nGO and pGO suspension
was critical.

Zeta potential is a parameter that can accurately indicate the
charge of a colloidal solution.*”** When we varied the pH of
the nGO and pGO solutions by adding HCIl and NH,OH, the
zeta potential values became increasingly negative with
increasing pH in both nGO and pGO solutions (Figure 3).
This was because the alkaline environment increased the
number of carboxylic functional groups that ionized to negative
—COO- functional groups on the GO edges. Moreover, the
less negative zeta potential of nGO was observed when disperse
at low pH, because the ionization of the carboxylic functional
groups on the GO edges was inhibited. However, the zeta
potential of nGO increased slightly when the pH of the nGO
solution was greater than 9, which was because most carboxylic
functional groups were ionized. In the case of the pGO
solution, the zeta potential became increasingly positive charge
with decreasing pH. This suggested that inhibiting the
ionization of the carboxylic functional groups on the GO
edges reduced the hydrophilicity of GO,** which increased the
ease with which DDAB was adsorbed on the hydrophobic basal
plane of GO to make the zeta potential increasingly positive. As
in the case of nGO, the zeta potential of pGO did not increase
markedly when the pH was 3, which suggested that DDAB had
adsorbed on the GO surface completely. To promote effective
L-b-L assembly, a large zeta potential difference between nGO
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Figure 3. Zeta potential investigations of nGO and pGO as a function
of various pH value of solution.

and pGO was necessary; thus, the nGO solution at pH 11
(=31.47 mV) and pGO solution at pH 3 (32.64 mV) were
selected for use in L-b-L assembly.

To further characterize the adsorption of DDAB on GO, we
used TEM to investigate the morphologies of GO and pGO.
Both GO and pGO exhibited unique 2D structures featuring
large aspect ratios. As shown in Figure 4a, GO exhibited a
lamellar structure, which indicated that we had obtained an
exfoliated GO; a smooth, mat-like structure was observed
because oxygenated functional groups were present on the GO
surface.*’ Compared with GO, pGO displayed a rougher
structure featuring numerous dark zones (Figure 4b), which
indicated that DDAB was adsorbed on the GO surface.
Moreover, because the long alkyl chains (hydrophobic parts) of
DDAB easily became entangled and coiled during solvent
evaporation, globular structures were generated on the GO
surface. As shown in Figure 4c, the pGO was fully adsorbed by
DDAB, and the excess DDAB even formed numerous micelles
on the pGO surface.

3.2. Characterization of GO and r-GO. Next, XPS was
used to analyze the chemical compositions of C—C/C—0O
bonding of GO and r-GO. Figure S illustrates the C 1s XPS
spectra depicting the detailed surface composition of GO and r-
GO. The C Is spectrum of GO (Figure Sa) shows that GO
contained a small fraction of carbon/carbon bonding (aromatic
C=C and aliphatic C—C) and a large amount of oxygen
functional groups arising from epoxy carbon C—O—C, hydroxyl
carbon C—O, carbonyl carbon C=O, and carboxylate carbon
0—C=0."* A lower fraction of aromatic C=C bonding was
detected compared with aliphatic C—C bonding, which
demonstrated that the C=C structures had been damaged
by the oxidation that occurred when the modified Hummers
method was used. The results in Figure Sa indicate that the
epoxy functional groups were the most common groups
existing on the GO basal plane, which agrees with previous
studies.** Furthermore, the detection of the O—C=O0O
functional group on GO supported the results of the zeta-
potential measurements. The C 1s XPS spectrum of r-GO is
presented in Figure Sb. After GO was reduced using HI, the
oxygen functional groups were almost eliminated, especially the
epoxy group, and the aromatic C=C bond became dominant.
Moreover, the appearance of a peak at 289.9 eV, corresponding
to the 7—n* signal of the aromatic carbon structure, indicated
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Figure 4. TEM images of (a) GO, (b) pGO, and (c) pGO at high magnification.
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Figure 5. C 1s peaks in the XPS spectrum of (a) GO and (b) r-GO.

that the delocalized 7 conjugation had been restored after HI
reduction. To further investigate the structure change during
HI reduction, the Raman spectra of GO/WPU and r-GO/WPU
composites were measured and are shown in the Supporting
Information Figure S1. After reduction, the sharper G-band and
smaller D-band of r-GO/WPU composites were observed,
which demonstrated a more complete aromatic structure of r-
GO/WPU composites than those of GO/WPU composites. In
addition, the smaller Iy/I; of -GO/WPU composites than

those of GO/WPU composites were obtained, indicating to
lower defect contents of r-GO/WPU composite after HI
treatment. These results indicated a high degree of GO
reduction following the use of HI reduction.

3.3. Morphology and Structure of GO/WPU and r-GO/
WPU Composites. As shown in Figure 6, neat WPU mat was

5 times of L-b-L
assembling process 2

GO/WPU-5

10 times of L-b-L
assembling process

GO/WPU-10

Figure 6. Photographs of WPU and GO/WPU composites captured
after 5 and 10 cycles of L-b-L assembly.

white and flexible, but they became brownish after completing
5—10 cycles of L-b-L assembly, which indicated that the WPU
fibers were successfully decorated with GO bilayers. The
density of GO bilayers on the WPU fiber surfaces was related to
the number of L-b-L-assembly cycles: after 5 cycles, small
amounts of GO bilayers decorated the WPU fiber surface and
GO/WPU-S was light brown in color; however, after 10 cycles,
the obtained GO/WPU-10 appeared dark brownish, indicating
that the WPU fibers were completely decorated with GO
bilayers.

We used SEM to further investigate the microstructure of the
surface of the WPU fiber and GO/WPU composites (Figure 7).
As shown in Figure 7a and b, WPU fibers exhibited a smooth
surface and numerous pores. Figure 7c presented the
microstructure of GO/WPU-10. The GO bilayers were
decorated on the WPU fibers, and these GO bilayers formed
connections that were guided by the WPU fibers. Moreover,
GO/WPU-10 retained the original morphology of the WPU
fiber, indicating that the structure of the WPU fiber did not
crack during the process of L-b-L assembly. Furthermore, as
shown in Figure 7d, the surface of the GO/WPU-10 composite
GO/WPU-10 was rougher than that of the neat WPU fiber,
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Figure 7. SEM images of surface of (a) WPU at low magnification (2 k), (b) WPU at high magnification (10 k), (c) GO/WPU-10 at low
magnification (2 k), (d) GO/WPU-10 at high magnification (50 k), (e) GO/WPU-20 at low magnification (2 k), (f) GO/WPU-15 at high

magnification (50 k).

indicating that GO bilayers wrapped the WPU fiber surface
tightly by means of electrostatic interaction even after the fibers
were rinsed using RO water. Lastly, after 20 cycles of L-b-L
assembly, the WPU fibers were fully covered with GO bilayers
and the pores among the WPU fibers were filled with GO
bilayers; moreover, the amount of GO that lay over the WPU
mat surface was too high to allow the underlying WPU fiber
structure to be observed (Figure 7e and f).

HI were used to reduce GO to r-GO for restoring the
structure and obtaining high electrical conductivity. A previous
study19 reported that the HI cannot break GO; however, WPU
fibers were broken after treatment with HI (Figure 8a).
Therefore, the performance of r-GO/WPU composites
depended on the amount of r-GO that decorated the WPU
fibers. As shown in Figure 8¢, the GO/WPU-5 composites
cracked when dipped in HI (red circles), and this was because
the GO bilayers did not wrap the WPU fibers completely. The
cracked WPU fibers obstructed the transfer of electrons among
the r-GOs, which impeded the formation of the r-GO electrical
conductive networks. Furthermore, the cracked WPU fibers did
not exhibit high flexibility and mechanical properties. Figure 8b

and d present a photograph and an SEM image of r-GO/WPU-
10, which appeared black and was flexible. Because WPU fibers
had been wrapped completely with GO bilayers after 10 cycles
of L-b-L assembly, the result indicates that the wrapped GO
bilayers protected the WPU fibers from cracking when dipped
in HI, and that the wrapped GO bilayers were reduced to r-
GOs. Moreover, the -GO/WPU-10 composite retained the
original WPU fiber structure, and the r-GOs remained tightly
attached to the WPU fiber and had not peeled oft during the
reduction process (Figure 8e). Figure 8f and g present SEM
images showing the morphology of r-GO/WPU-1S. As in the
case of GO/WPU-1S, a thick r-GO layer decorated and tightly
wrapped the WPU fibers (Figure 8g). Lastly, SEM images of -
GO/WPU-20 (Figure 8h and i) revealed that large quantities of
r-GO lay over the WPU mat and that the WPU fiber could not
be readily discerned, as in the case of GO/WPU-20.

The structures of WPU and r-GO/WPU composites were
investigated by analyzing XRD patterns, as shown in Figure S2
in Supporting Information. WPU exhibited a broad diffraction
peak at 20° indicating to the amorphous phase of WPU.**
For the XRD patterns of r-GO/WPU composites, the
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Figure 8. (a) Photographs of WPU with a drop of HI and (b) photographs of -GO/WPU-1S. (c) SEM images of r-GO/WPU-S, (d) SEM images of
r-GO/WPU-10 at low magnification (2 k), (e) SEM images of r-GO/WPU-10 at high magnification (50 k), (f) SEM images of -GO/WPU-1S at
low magnification (2 k), (g) r-GO/WPU-15 at high magnification (50 k), (h) SEM images of r-GO/WPU-20 at low magnification (2 k), and (i)

SEM images of r-GO/WPU-20 at high magnification (50 k).

characteristic diffraction peaks at 20 = 24° were found
corresponding to a d spacing of 0.37 nm, which was the
(002) diffraction peak of r-GO."**® The XRD analysis further
indicated the r-GO decorated on the WPU fiber tightly.

3.4. TGA Analysis of r-GO, WPU, and r-GO/WPU
Composites. Figure 9 presents the results of TGA
investigations of WPU, r-GO, r-GO/WPU-10, and r-GO/
WPU-15 composites. Highly thermal stable r-GO exhibited no

significant weight loss. The weight ratio of the residues
obtained for WPU, r-GO/WPU-10, and r-GO/WPU-15 were
approximately 2.3%, 6.2%, and 9.5%, respectively. The weight
ratios of the residues of the r-GO/WPU composites increased
with increasing numbers of L-b-L assembly cycles.

Previous study®’ proposed a method to determine the weight
fraction of r-GO adsorbed on the fibers: the total weight of 1-
GO/WPU composite is m, = mg + mgz where m, and m; are the
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Figure 9. TGA curves for WPU, r-GO, r-GO/WPU-10, and r-GO/
WPU-15.

weight of r-GO adsorbed on the WPU fibers and the WPU
fibers, respectively. Then, combined with the TGA results of r-
GO, WPU and r-GO/WPU-10 (at 500 °C), 6.2% m, = m, +
2.3% mg the weight fraction of r-GO adsorbed on the WPU
fiber of (mg/ m,) r-GO/WPU-10 was calculated as about 4.2%,
and that of -GO/WPU-1S5 was also calculated to be about
7.5%.

Moreover, the TGA curves obtained for the r-GO/WPU
composites were shifted toward higher temperatures than the
curves obtained for WPU fibers, indicating enhanced thermal
stability of the WPU matrix. According to the previous study,*®
the adsorbed r-GOs, which was highly thermal stable, can shield
and dissipate heat efficiently, meanwhile, the adsorbed r-GOs
can prevent the WPU fibers from thermal decomposition
during ramping temperature, which can be supported by the
TGA analysis with different ramping rate (Supporting
Information Figure S3).

3.5. Electrical Properties of r-GO/WPU Composites.
Figure 10 presents the electrical conductivity (o) of r-GO/
WPU composites as a function of the number of cycles of L-b-L

24
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Figure 10. Electrical conductivity (6) of r-GO/WPU composites
measured at room temperature as a function of cycles of L-b-L
assembly.

assembly. Electrical conductivity increased with increasing
cycles of L-b-L assembly in the case of -GO/WPU-5, -7, -10,
-12, -15, and -20. The r-GO/WPU composites with fewer
numbers of cycles of L-b-L assembly (r-GO/WPU-1, -3, and
-S) did not exhibited high electrical conductivity because the
GO bilayers did not wrap the WPU fiber finely and the
networks of electrical conduction were not constructed after
the reduction. Moreover, the bare WPU fibers were broken by
HI during reduction, which was shown by the SEM images
(Figure 8c). The electrical conductivity of r-GO/WPU-10
increased to 7.03 S/m from the almost insulated GO/WPU
composite (about 10 ~'* S/cm, Supporting Information Figure
S$4), indicating that the GO bilayers had been highly reduced,
and conducted networks of r-GO had formed. After 15 cycles
of L-b-L assembly, the electrical conductivity increased to 16.8
S/m. These enhancements indicated that complete networks of
electrical conduction were constructed by the GO bilayers that
wrapped the WPU fibers during the cycles of L-b-L assembly.
Moreover, using HI effectively reduced GO to r-GO;
meanwhile, the cationic surfactant on pGO was removed.
However, after 20 cycles of L-b-L assembly, the electrical
conductivity measured was lower than that of r-GO/WPU-1S.
This result revealed that the content of GO wrapped on the
WPU fiber was extremely high, and that large amounts of GO
bilayers lay over the WPU mat, which impeded HI reducing the
GO bilayers that decorated the WPU fibers inside the WPU
mat. This result agrees with our SEM investigation. To prove
this demonstration briefly, the electrical conductivity of r-GO/
WPU-20 was measured as a function of immersion time of HI
treatment, as shown in Supporting Information Figure SS. The
electrical conductivity of r-GO/WPU-20 has no significant
increase with increased immersion time. The excess GO
bilayers that were attached merely capped the surface of the
WPU mat and were unable to form complete paths of electrical
conduction. Thus, electrical conductivity decreased slightly
when the cycles of L-b-L assembly was above 15 times, and r-
GO/WPU-15 exhibited the highest electrical conductivit;r, of
16.8 S/m. Compared with the results of a previous study,"’ the
r-GO/WPU composites exhibited high electrical conductivity
coupled with low loading of r-GO (approximately 7.5 wt %).
This result indicates that the high aspect ratios and random
distribution of WPU fibers facilitated the construction of
conductive networks. Moreover, the L-b-L assembly process
avoided the aggregation of r-GOs and increased connectivity
among r-GOs without junction resistance, and enabled
formation of the conductive pathways.

3.6. EMI Shielding Performance of r-GO/WPU Compo-
sites. The EMI SE of r-GO/WPU composites generated using
various numbers of L-b-L-assembly cycles were measured over
the frequency range of 8.2—12.4 GHz (Figure 11). The SE of a
shielding material is commonly expressed in decibels (dB), with
higher SE values suggesting the transmission of fewer
electromagnetic waves that transmits through the shielding
material. The WPU mat was almost transparent to electro-
magnetic waves and exhibited no shielding ability because of its
insulating feature. After the L-b-L-assembly cycles and
reduction using HI, the r-GO/WPU composites exhibited a
high EMI SE, which increased with increasing numbers of L-b-
L assembly cycles. The EMI SE of r-GO/WPU-10 was
determined to be approximately 25 dB, and this rapid increase
of SE in -GO/WPU-10 occurred because the r-GOs formed
networks of electrical conduction. After 15 cycles of L-b-L
assembly, the SE reaches above 34 dB because the networks of
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Figure 11. EMI SE of r-GO/WPU composites with various cycles of L-b-L assembly as a function of frequency in the range of 8.2—12.4 GHz (X
band). The r-GO/WPU-15 exhibited EMI SE of approximately 34 dB in the range of 8.2—12.4 GHz.

electrical conduction formed were more complex than those in
r-GO/WPU-10; this result also agrees with our SEM
investigations and the measured trend of electrical conductivity.
However, the EMI SE of r-GO/WPU-20 was only approximate
35 dB, which showed a lower enhancement than that of r-GO/
WPU-1S. As explained in the case of the electrical conductivity
results, the large amounts of GO bilayers lay over the WPU
mats prevented the penetration of HI to reduce the Go bilayers
underneath and thus impeded the construction of the r-GO
networks. The less completed electrical conductive network of
r-GO/WPU-20 resulted in a limited enhancement of EMI SE.

As a result, -GO/WPU-15 possessed the high EMI SE (34
dB) and featured only 7.5 wt % r-GO, which was much higher
than the target value (~20 dB) of EMI SE required for
commercial application.*” Supporting Information Table
S1%%272%% summarizes the EMI SE of graphene-based
composites reported by other researchers. It seemed that the
EMI SE of r-GO/WPU composite used in this work is not very
high compared to other composite. However, the thickness of
the -GO/WPU composite was only about 1 mm that was
much smaller than other composites, 34 dB of such a thin
thickness (1 mm) shielding material was an excellent value in
the X-band region.

The mechanisms of EMI shielding was further investigated
by plotting the SE,.,, SE,, and SEj values of the r-GO/WPU
composites as a function of the number of L-b-L-assembly
cycles at 9 GHz (Figure 12). In the case of the r-GO/WPU-15
composite, the value of SE,,;, SE,, and SEg were 34, 31, and 3
dB, respectively. The SE, values at various cycles of L-b-L
assembly were higher than SEy values, which can be attributed
to the EMI-shielding mechanism being dominated by
absorption and showing a similar growth trend of SE,,. An
incident electromagnetic wave is decayed by the conductive
dissipation of shielding materials. High electrical conductivity
and the completeness of the networks of electrical conduction
play a key role in the EMI-shielding performance of
composites.”*** Less complete r-GO conductive networks
that increase intersheet junction contract resistance, which
impeded the absorption loss. Here, the continued conductive
paths were formed by r-GOs that wrapped on WPU fiber after
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Figure 12. Comparison of SE, SE, and SE; of r-GO/WPU
composites as a function of cycles of L-b-L assembly at 9 GHz.

cycles of L-b-L assembly and reduced by HI, which was benefit
for the absorption loss. In addition, r-GOs featuring large
surface areas and interface areas in the r-GO/WPU composites
also contribute toward increasing the probability of interacting
with incident electromagnetic waves. Electromagnetic micro-
waves were difficult to escape from the r-GO/WPU composite,
and the electromagnetic microwaves were absorbed and
transformed into heat by the continuous r-GO networks.
Here, the prepared r-GO/WPU composite exhibited a high
EMI shielding performance in the absorption domain, this
composite has a large potential as an EMI-shielding material.

4. CONCLUSION

In this study, the L-b-L assembly method described here is an
effective approach to prepare GO/WPU composites, and HI
efficiently reduced a substantial amount of GO to r-GO. The
obtained r-GO/WPU composites exhibited high electrical
conductivity (up to 16.8 S/m) and EMI SE (up to 34 dB),
which is an excellent performance at such a thin thickness (1
mm). This simple and powerful approach enabled the
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fabrication of r-GO/WPU composites that are lightweight and
flexible and exhibited high electrical conductivity and EMI
shielding performance, which enables potential as high-
performance EMI shielding materials in flexible electronics,
such as soft portable electronic products, roll-up displays, and
health-monitoring electronic skins.
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