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Graphene nanoplatelets with excellent electrical conductivity in polymer matrices are highly promising for
the industrial application of electrical conductive materials, however, poor dispersion results in high
contents of graphene nanoplatelets being required for electrical property enhancement. In this study,
graphene nanoplatelets (GNP)@polyaniline (PANI) nanocomposites were synthesized by in situ
polymerization whereas the compatibility between GNP@PANI nanocomposites and the polymer matrix
improved significantly due to graphene nanoplatelet encapsulation with polyaniline. GNP@PANI
nanocomposites were utilized to prepare a permanent antistatic high-density polyethylene (HDPE)
composite through solution blending and press forming in order for GNP@PANI nanocomposites to be
dispersed homogeneously in the HDPE. The dispersion and compatibility of GNP@PANI nanocomposites

in the HDPE were verified by morphology characterization, resulting in significant improvement of the
Received 7th November 2016

Accepted 7th Decermber 2016 electrical properties of the GNP@PANI/HDPE composites. It was observed that surface resistivity (ps) and

volume resistivity (p,) decreased sharply with a 10 wt% GNP@PANI addition of nanocomposites. The

DOI: 10.1039/c6ra26458a results displayed that in situ polymerization and solution blending were effective methods for
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Introduction

High-density polyethylene (HDPE) is regarded to be the most
widely used polyolefin, combining the advantages of low cost,
excellent mechanical properties, insulation capability, thermal
stability and ease of processing.' However, certain problems
exist caused by inherent insulation of polymers restricting all
application fields, such as the material surface trend for easy
accumulation of charges trapping dust and deterioration of
product performance and possibly resulting in an explosion.>?
High-density polyethylene has been widely used in various
fields, such as the electronics industry, although electronic
equipment requires materials with antistatic properties.*

To tackle these problems, it is necessary to improve the
antistatic properties of HDPE. Conventionally, antistatic mate-
rials are prepared by an amphiphilic surfactant mix into poly-
mers, whereas the antistatic property of the final material is not
permanent.>® The antistatic property will be weakened in time.
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a conductive network establishment by addition of only 2 wt% of GNP and 8 wt% of PANI.

The research for novel antistatic agents has attracted the
interest of many researchers. Recently, certain conductive fillers
as an antistatic agent were added into the polymer matrix in
order for composites to obtain the antistatic property, such as
carbon black, carbon nanotubes, multi-wall carbon nanotubes,
ionic liquids, metal nanoparticles, metal oxide whisker, poly-
aniline and graphene as final polymers.”° The purpose of the
term “graphene” utilization was for properties characterization
of single two-dimensional carbon layers independent exis-
tence.* Since Novoselov et al. first prepared graphene in 2004,
a significant amount of graphene properties and applications
have attracted the attention of many researchers. Graphene
nanoplatelets (GNP) are shaped as plate-like having dimensions
in nanometers and high aspect ratios.” Many researches have
reported that graphene or graphene nanoplatelets were added
into polymers, with a desire of excellent electrical properties
achievement, including the antistatic property. Although
certain properties improved, electrical conductivity of compos-
ites was significantly worsened than the inherent properties of
graphene nanoplatelets. The main reason for this phenomenon
is that graphene nanoplatelets are clustered due to GNP
dispersion being poor inside the polymer matrix, resulting in
conductive network failure. Jiang et al. prepared HDPE/GNP
nanocomposites with a 10 vol% GNP loading and the in-plane
and through-plane electrical resistivity of the composites were
only about 10'° Q and 10" Q cm approximately, respectively.?®
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The aggregation of GNP during melt extrusion and the corre-
sponding orientation during injection moulding in both high
in-plane and through-plane electrical resistivity.”***

As it is known, high electrical conductivity of bulk compos-
ites is proven significantly difficult to be achieved in compar-
ison to film composites. Many reasons exist regarding the
result, such as poor dispersion and compatibility between
conductive fillers and polymer matrix and the orientation and
the aggregation of the conductive fillers during melt blending.
In this study, a novel antistatic agent GNP@PANI nano-
composite was prepared by in situ polymerization. Polyaniline
has the advantages of low cost, ease of synthesis and relatively
high electrical conductivity.*® Polyaniline was selected firstly for
graphene nanoplatelet encapsulation for cost reduction and
dispersion and compatibility in high-density polyethylene
improvement. In order for the dispersion of the antistatic agent
to result in being more uniform in high-density polyethylene,
solution blending method was utilized consequently led
through press forming for the final composites to be obtained.
It was discovered that the corresponding antistatic property was
improved, as attributed to good dispersion of GNP@PANI
nanocomposites and compatibility between HDPE and anti-
static agent. Permanent antistatic composites were successfully
prepared by a 10 wt% of GNP@PANI nanocomposite addition
only. Fig. 1 is the schematic display of the aforementioned
experimental process.

Experimental

Materials

High density polyethylene (HDPE), under code 60550AG, was
purchased from the Lanzhou Petrochemical limited company
(China), presenting a melting flow rate of 7.5 /10 min at 2.16 kg/
190 °C measured by the GB/T3682-2000 test method. The average
molecular weight (M,,) and the polydispersity of the HDPEs were
407 000 g mol " and 5.2, respectively. The HDPE-g-MAH (MAPE)
was purchased from the Nantong Sunny Polymer New Material
Technology limited company (China) with a grafting degree of
0.5-1.0 wt% and melting flow rate of 4.0-10.0 g/10 min at 2.16 kg/
190 °C measured by the ASTM D-1238 test method, under the
code of Fine-Blend™ CMG5804. Graphene nanoplatelets were
purchased from the Suzhou Geruifeng Nanotechnology limited
company (China). The aniline was purchased from Shanghai
Aladdin Biochemical Technology limited company (China). The
ammonium persulfate was purchased from the Shanghai Taitan
Technology limited company (China). The p-toluenesulfonic acid
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monohydrate was purchased from Shanghai Macklin Biochem-
ical Technology limited company (China).

Synthesis of GNP@PANI nanocomposites

GNP@PANI nanocomposites were synthesized by in situ poly-
merization. The procedure was executed as follows: 2 g of GNP
were added in 200 mL of 0.5 M p-toluenesulfonic acid aqueous
solution under constant stirring for GNP dispersion formation
inside an ice-bath. Then 8 g of the aniline monomer were added
into the GNP dispersion. 9.8 g of ammonium persulfate (APS)
dissolved in 100 mL of 0.5 M p-toluenesulfonic acid were added
into the aforementioned mixture for in situ polymerization
initiation. The reaction was executed under constant stirring for
8 h inside an ice-bath. The resulting dark green floccule was
filtered and washed with deionized water, ethanol and xylene
several times until the filtrate resulted in being colourless.

Preparation of GNP@PANI/HDPE composites

GNP@PANI/HDPE composites were prepared by solution
blending. The GNP@PANI nanocomposites were dispersed in
xylene under constant stirring and ultrasonic frequency for
60 min. Following heating to 125 °C, both HDPE and MAPE
were rapidly added into the dispersion and the mixture was
constantly being stirred for 5 h. Consequently, the mixture was
added slowly into 500 mL of low temperature ethanol for the
reaction product to be obtained. Finally, the resulting product
was filtrated, washed with ethanol three times and dried at
95 °C for 24 h. The MAPE was considered to improve the HDPE
compatibility with GNP@PANI due to the rule of polarity near-
ness and loading preservation at 5 wt% in all samples. The
resulting samples were prepared by hot-pressing at 150 °C and
10 MPa for sheets with suitable sizes to be obtained. A series of
composites containing 0, 5, 10, 15 and 20 wt% GNP@PANI were
prepared by the same procedure. The content of GNP in
GNP@PANI was approximately 20 wt%.

Characterizations

Fourier transform infrared spectra (FTIR) measurements were
conducted on a Nicolet 6700 FTIR spectrometer. All samples
were dispersed in KBr and then pressed into sheets for testing.

Raman spectroscopy measurements were conducted on an
Invia Raman Microscope. All powdered samples were provided
for testing.

X-ray diffraction (XRD) pattern measurements were con-
ducted on a D8 advance X-ray diffraction device. All of the
samples were ground under 300 mesh for testing.

The surface resistivity (ps) and volume resistivity (p,) were
tested by a ZC-90 megohmmeter. The GNP@PANI nano-
composites samples were prepared by hot-pressing at 150 °C
and 10 MPa for circular plates with a diameter of 10 cm and
a thickness of 2 mm to be obtained. The ZC-90 megohmmeter
was preheated for half an hour before testing. The temperature
and relative humidity were 25 °C and 65% (65% RH), respec-
tively. The instrument was zeroed before the 500 V voltage
application. The latter parameters are referred in the GB/T1410-
1989 standard.
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The morphologies of samples were analysed by field emis-
sion scanning electron microscopy (FE-SEM, Hitachi S4800,
30 kV). The GNP, PANI and GNP@PANI nanocomposites were
dispersed in ethanol and consequently dropped into the copper
network for testing. Previous to the fracture surface morphology
study, the specimens were quenched in liquid nitrogen and
subsequently the surface of each sample was sputtered with
a thin layer of gold.

The morphologies and the internal structure were analysed
by transmission electron microscopy (TEM, JEOL JEM-1400,
200 kv). All samples were dispersed in ethanol and conse-
quently dropped into the copper network for testing. Previous to
the GNP@PANI/HDPE composite study, the specimens were
quenched in liquid nitrogen and subsequently severed into
ultra-thin slices previous to copper dropping.

The dielectric constant, dielectric loss and AC conductivity
were detected by a broadband dielectric spectrometer (Novo-
control Concept 40). The samples were converted into circular
plates with a diameter of 3 cm and a thickness of 2 mm.

Tensile and flexural tests were performed on a universal test
machine (CMT4024-20KN, Shenzhen Sans Co., Ltd) in room
temperature according to the GB/T1040.2-2006:1993 standard
with the dumbbell sample dimensions being 150 x 10 x 4 mm
and according to the GB/T9341-2000 standard with the sample
dimensions being 80 x 10 x 4 mm, respectively. A notch
impact test was performed according to the GB/T1843-1996
standard with the sample dimensions being 80 x 10 x 4 mm.

Results and discussion
FTIR

In Fig. 2 the FTIR spectra of pure GNP, pure PANI and
GNP®@PANI nanocomposites are presented. The FTIR spectra of
pure GNP exhibited the main bands at 3444 cm ' and 1638
cm™ ' indicating the stretching vibration of the O-H bond at the
edge of the GNP plane and vibration of the graphitic double
bonds, respectively.”” In the FTIR spectra of the pure PANI, the
weak bands at 3425 em ™" and 2919 cm ™" were assigned to the
N-H and C-H bonds stretching, respectively. The bands at 1563
em !, 1477 em ™', 1299 em ™! and 1122 cm™* were assigned to
the stretching vibration of the C=C in the quinoid ring, the
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Fig. 2 FTIR spectra of GNP, PANI and GNP@PANI.
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stretching vibration of the C=C in benzenoid ring, the
stretching of the C-N secondary aromatic amine and the
stretching of the C=N (-N=quinoid=N-), respectively.?® In the
FTIR spectra measurements of the GNP@PANI nano-
composites, following GNP encapsulation by aniline, the bands
at 3436 cm™ ', 2927 ecm™!, 1564 cm™' and 1483 cm™' were
shifted in positions and with enhanced intensities caused by
strong molecular interactions between the GNP and PANI,
which were assigned to N-H bond stretching, C-H bond
stretching, stretching vibration of the C=C in quinoid ring and
the benzenoid ring. The bands of stretching vibration of C=C
shifted to a higher wave number in the GNP@PANI nano-
composites demonstrating the - interaction existence and
hydrogen bonding between graphene nanoplatelets and PANI.
As it was observed in the FTIR spectra of GNP@PANI nano-
composites, the band at 1638 cm ™" disappeared because the
unstable graphitic double bonds reduced during aniline addi-
tion to graphene nanoplatelets dispersion and aniline in situ
polymerization of aniline. The result indicated that both GNP
and PANI existed simultaneously and the GNP@PANI nano-
composites were successfully prepared.

Raman

In Fig. 3 the Raman spectra of pure GNP, pure PANI and
GNP@PANI nanocomposites are presented. Graphene dis-
tinguishing from bulk graphite and structural defects detection
can be characterized by Raman spectroscopy.* In the Raman
spectra of pure GNP, the D, G and 2D bands were signified,
corresponding to 1358 cm ™', 1580 cm ™' and 2725 cm ™' values
respectively. The slight D band was assigned to vibrations of sp®
hybridized carbon atoms which were disordered, forming few
defects and the sharp G band was assigned to vibrations of the
sp” hybridized carbon atoms in the basal plane.*® The sharp 2D
band was assigned to the number of stacked graphene layers in
the platelets.*® In the Raman spectra of GNP@PANI nano-
composites, the D band was disappeared, because in Raman
spectroscopy the surface of the material can only be detected,
whereas the surface of graphene nanoplatelets was encapsu-
lated by polyaniline, therefore the weak D band was dis-
appeared. The same statement is true for the 2D band that
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Fig. 3 Raman spectra of GNP, PANI and GNP@PANI.
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became weakened. The G band shifted from 1580 cm ™" to 1588
ecm ™! and the G band almost fused with the sharpest band of
polyaniline. The result demonstrated that graphene nano-
platelets and polyaniline co-existed and a great interaction
formed between the latter.

XRD

In Fig. 4 the XRD patterns of pure GNP, pure PANI and
GNP@PANI nanocomposites are presented. In the XRD pattern
for pure GNP, a single high intense diffraction peak can be
observed at 26.41° as 26 with an inter-spacing of 3.35 A, corre-
sponding to the XRD peak of the (002) crystalline plane of the
graphene nanoplatelet. The peaks at 42.20°, 44.35° and 56.61°
as 20 were assigned to the (100), (101) and (004) planes,
respectively.®” In the XRD pattern for pure PANI, three distinc-
tive peaks can be observed at 15.01°, 20.17°, 25.34° as 26 cor-
responding to (011), (020) and (200) crystalline plane of PANI,
respectively.®® In the XRD pattern for GNP@PANI nano-
composites, peaks corresponding to both GNP and PANI are
visible. This result demonstrated that graphene nanoplatelets
and polyaniline existed also, whereas an interaction was created
between graphene nanoplatelets and polyaniline.

Surface and volume resistivity

In Fig. 5 the histogram of GNP@PANI/HDPE surface resistivity
and volume resistivity of GNP@PANI/HDPE composites with
various contents in GNP@PANI nanocomposites. Pure HDPE
without any antistatic agents displayed a significantly high
surface and volume resistivity, corresponding to the ps = 2.82 X
10'® Q per sq. and p, = 6.61 x 10'® Q cm, respectively. Both
surface and volume resistivity decreased as the content of
GNP@PANI nanocomposites increased. Both exact surface (ps)
and volume (p,) resistivity of GNP@PANI/HDPE composites are
presented in Table 1. When the content of GNP@PANI nano-
composites was 10 wt%, both surface and volume resistivity
were significantly lower than the corresponding resistivity
properties of pure HDPE, decreased to ps = 6.36 x 10" Q per sq.
and p, = 4.17 x 10"? Q cm. Moreover, when the antistatic agent
content was 20 wt%, both surface (p;) and volume (p,) resistivity
decreased to the minimum value of 2.88 x 10° Q per sq. and
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Intensity (a.u.)

GNP@PANI

T T T T T T v T T T T
10 20 30 40 50 60 70
20 (degree)

Fig. 4 XRD pattern of GNP, PANI and GNP@PANI.
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Fig. 5 Surface and volume resistivity of GNP@PANI/HDPE composites
with various contents in antistatic agents.

Table 1 Surface and volume resistivity with various contents in
GNP@PANI nanocomposites

GNP@PANI (Wt%) ps (Q per sq.) py (Q cm)

0 2.82 x 10'° 6.61 x 10'®
5 1.12 x 10*° 3.89 x 10"’
10 6.46 x 10 4.17 x 10'?
15 1.74 x 10° 4.79 x 10"
20 2.88 x 10° 2.09 x 10’

2.09 x 107 Q cm, respectively. According to the military hand-
book DOD-HDBK-263, the p, value of the antistatic material is
between 10° and 10'* Q per sq.>*3° The electrostatic dissipative
material having the p, values at 10° to 10'> Q per sq. and 10” to
10" Q per sq. were defined by the industry standards ANSI/EIA-
541-1988 (USA) and ANSI/ESD S541-200 (USA), respectively.’”
According to the aforementioned three standards, GNP@PANI/
HDPE composites could be referred as antistatic materials
when the corresponding content of antistatic agent exceeded 10
wt%. The results displayed that the addition of GNP@PANI
nanocomposites can improve the antistatic property of the
composites significantly. The explanation of this result was that
the conductive network formed inside composites as the
content of GNP@PANI was 10 wt%. The result displayed that
the excellent dispersion of GNP@PANI nanocomposites in the
non-polar polymer matrix was achieved by solution blending. In
other words, the bulk antistatic composites contained only 2
wt% of graphene nanoplatelets.

FE-SEM and TEM

In Fig. 6 the morphology and structure of pure GNP, pure PANI,
GNP@PANI nanocomposites, pure HDPE and GNP@PANI/
HDPE composites characterized by FE-SEM and TEM is pre-
sented. As it can be observed in Fig. 6a, the GNP was quite thin
with a smooth surface and certain GNP were aggregated and
corrugated with a diameter of few micrometers. As it can be
observed in Fig. 6b, the GNP was transparent and no further
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40.0um

Fig.6 FE-SEM micrographs of pure GNP (a), pure PANI (c), GNP@PANI
nanocomposites (e), pure HDPE (g), 20 wt% GNP@PANI/HDPE
composites (i) and (k); TEM micrographs of pure GNP (b), pure PANI (d),
GNP@PANI (f), pure HDPE (h), 20 wt% GNP@PANI/HDPE composites
() and ().

substances adhered to the surface. As it can be observed in
Fig. 6¢c and d, pure PANI nanorods exhibited diameters of 80—
130 nm and lengths between 0.5 and 1 um in the absence of
GNP. Regarding GNP@PANI nanocomposites in Fig. 6e, the
PANI was encapsulated onto the GNP surface, during GNP
addition into the in situ polymerization reaction solution. The

2800 | RSC Adv., 2017, 7, 2796-2803
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nanocomposites were quite thick and the surface was tough
relatively. As it can be observed in Fig. 6f, a lot of granular and
rod-like PANIs attached to the surface of GNP providing an
increase for translucent flaky nanocomposite formation. The
results displayed that graphene nanoplatelets can be success-
fully encapsulated with polyaniline by in situ polymerization. As
it can be observed in Fig. 6g, i and k, both pure HDPE and 20
wt% GNP@PANI/HDPE composites were quenched in liquid
nitrogen and consequently gold sputtered previous to observa-
tion. Through comparison from Fig. 6g and i, pure HDPE was
a homogeneous phase and the dispersion of GNP@PANI
nanocomposites was uniform in the HDPE whereas large scale
aggregation did not occur. It could be clearly observed in Fig. 6k
that the compatibility between GNP@PANI nanocomposites
and HDPE was remarkable. As it can be observed in Fig. 6h, j
and 1, all three figures confirmed that the dispersion of
GNP@PANI nanocomposites was significantly uniform in the
polymer matrix and the compatibility between GNP@PANI
nanocomposites and HDPE was relatively excellent.

Dielectric properties

In Fig. 7 the variation of dielectric constant, dielectric loss and
AC conductivity of the frequency for GNP@PANI/HDPE
composites with various antistatic agent contents at 25 °C is
presented. The dielectric performance of GNP@PANI/HDPE
composites with various amounts of GNP@PANI were
measured by a broadband dielectric spectrometer. As presented
in Fig. 7a, a negligible variation of the dielectric constant exist
on the frequency for GNP@PANI/HDPE composites with the
content of GNP@PANI nanocomposites being 0 wt%, 5 wt% or
10 wt%. However, when the content of GNP@PANI nano-
composites was 15 wt% or 20 wt%, the dielectric constant
increased significantly and consequently decreased sharply as
frequency increased. The results indicated that a homogeneous
dispersion of GNP@PANI nanocomposites in the HDPE existed
due to excellent compatibility between GNP@PANI nano-
composites, whereas the HDPE improved the dielectric
constant of composites significantly. The percolation network
was established by an alternate existence of the antistatic agent
and the insulating polymer layer resulting in instability and
easy damage by frequency.’® It was noted that the maximum
dielectric constant of 49.88 was 21 times approximately larger
than the corresponding constant of pure HDPE. As presented in
Fig. 7b, dielectric loss increased along with the content of
antistatic agents. Moreover, the conductivity constituted addi-
tional critical parameter of antistatic materials. As presented in
Fig. 7c, a strong relationship between AC conductivity and the
frequency existed. In addition, the AC conductivity increased
significantly along with the content of GNP@PANI nano-
composites. The reason for this result was that conductive paths
were forming in the polymer matrix as the content of
GNP®@PANI nanocomposites increased.

Mechanical properties

In Fig. 8 the effects of the GNP@PANI nanocomposites content
on tensile strength, flexural modulus and notch impact strength

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Dielectric frequency dependence (a), dielectric loss (b), and AC
conductivity (c) of pure HDPE and GNP@PANI/HDPE composites with
various contents.

are presented. As it can be observed in Fig. 8a, the tensile
strength of pure HDPE was 25.73 MPa and when the content of
GNP@PANI nanocomposites was 5 wt%, the tensile strength
reached the maximum value at 27.38 MPa. When the
GNP@PANI nanocomposite contents exceeded 5 wt%, the
tensile strength gradually decreased along with the GNP@PANI
nanocomposite contents increase. It was worth noting that
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when the content of GNP@PANI nanocomposites was 10 wt%,
the tensile strength was 24.79 MPa, being similar to the pure
HDPE value. The reason for this phenomenon is described as
follows: when the content of GNP@PANI nanocomposites was
low, the nanocomposites dispersion was significantly better
than the high content and the composites still remained in the
highly continuous phase of HDPE, therefore the graphene
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nanoplatelets exhibited reinforcement. As it can be observed in
Fig. 8b and c, flexural modulus and notch impact strengths of
pure HDPE were 0.96 GPa and 16.59 k] m™>, respectively. The
flexural modulus gradually increased as the content of
GNP@PANI nanocomposites increased and the notch impact
strength sharply decreased as the content of GNP@PANI
nanocomposites increased. The reason for this phenomenon
was that graphene nanoplatelets were rigid materials, therefore
the composite toughness decreased significantly by graphene
nanoplatelets addition. Based on aforementioned results, the
10 wt% content of GNP@PANI nanocomposites constituted the
optimal solution.

Conclusions

In this study a novel antistatic agent and a suitable method for
permanent antistatic GNP@PANI/HDPE composites prepara-
tion were developed for the orientation and aggregation of
nanofillers during processing to be avoid. The antistatic agent
of GNP@PANI nanocomposites was successfully prepared by
graphene nanoplatelets and aniline through in situ polymeri-
zation. Graphene nanoplatelets encapsulated with polyaniline
significantly improved the compatibility between GNP@PANI
nanocomposites and HDPE. The homogeneous dispersion of
GNP®@PANI nanocomposites in HDPE was achieved by solu-
tion blending. As a result, the surface (ps) and volume (p,)
resistivity decreased as the content of GNP@PANI nano-
composites increased. Furthermore, permanent antistatic
high-density polyethylene composites were prepared by
a 10 wt% GNP@PANI nanocomposites addition only due to the
established conductive network. Therefore, permanent anti-
static high-density composites with excellent mechanical and
antistatic properties can be utilized in many industrial
applications.
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