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Abstract: A simple method was used to synthesize the polyaniline nanofiber-coated polystyrene/graphene oxide
(PANI-PS/GO) core shell composite using a solution mixing process. GO could be easily coated on PANI-coated PS
to form a PANI-PS/GO core shell structure through the ring-opening reaction of the epoxide groups in the GO sheets
with amine groups in the PANI nanofibers. The existence of PANI in the PS and PS/GO core shell composite was
confirmed by the appearance of a new peak in the photoelectron spectroscopy and energy-dispersive X-ray spectros-
copy results assigned to the nitrogen band. Thermal investigation showed that the addition of GO to the PANI-coated
PS increased the glass transition temperature of the PANI-PS/GO composites. The thermal stability of the compos-
ites was also improved compared to that of neat PS. Electrical conductivity investigation using a four-probe resis-
tivity measurement system showed that PANT addition to the composite not only enhanced the interfacial interaction
but also improved the electrical conductivity of the composite. The increased electrical conductivity of the final
composite may enable potential electronic applications.

Keywords: nano composites, polymer-matrix composites (PMCs), thermal properties, photoelectron spectroscopy
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Introduction

Nanocarbon materials, such as carbon nanotubes (CNT)
and graphene nanosheets (GNS), have been studied exten-
sively as one of the most exciting materials for electronic
applications owing to their remarkable properties.'? In par-
ticular, the high aspect ratio combined with exceptional
conductivity make GNS a promising choice as a conducting
filler in polymers that is comparable to that of CNT.> This
GNS can be synthesized through the simple chemical
reduction of graphene oxide (GO).* GO sheets can be syn-
thesized through the oxidative treatment of graphite.” The
resulting GO is made up of hydrophilic oxygenated graphene
sheets, whose basal planes are coated mostly with epoxide,
hydroxyl, carbonyl, and carboxyl groups.®” Owing to their
hydrophilic nature, GO sheets are readily dispersed in water
as individual sheets.*” The high dispersion stability of GO
has attracted interest in applications as nanoelectronic and
functional nanocomposites materials.'’ Considerable effort
has been made to incorporate GO into polymer composites
with superior properties, such as high mechanical strength
and flexibility." These materials can produce a new type of
material that combines the properties of GO with the struc-
tural properties of the polymer.'
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Recently, a range of polymer microspheres/GO nanocom-
posites has been synthesized, such as polymethylmethacry-
late/GO nanocomposites'> and polystyrene/GO (PS/GO)
composites.'* These microspheres coated with GO compos-
ites have many applications, such as electrically conducting
particles for electrorheological fluids” and GO hollow
spheres'® that are fabricated by removing the polymer parti-
cles from the GO/polymer microsphere. The interfacial inter-
action between GO and polymer matrix is a crucial factor to
improve the properties of the polymer composites. There-
fore, different strategies have been used to increase the
interfacial interaction between GO and the polymer matrix,
such as using surfactants'’ and the covalent functionaliza-
tion of GO,'® in order to attach the organic groups to the sur-
face of the GO grafted with the polymer matrix to obtain a
uniform and stable dispersion of GO in the polymer matrix.
A homogenous dispersion and good interfacial interaction
strongly enhance the proprieties of the composite.

The nanocomposites prepared by solution mixing process
exhibit higher compatibility at the interface. In addition, the
mechanical properties increase when the nanocomposite is
synthesized by the solution mixing method. Moreover, the
glass transition temperature (7}) is raised by the addition of
the filler. These results imply the presence of a strong adhe-
sion at the filler/polymer interface, in particular, in the case
of the composite synthesized by the solution mixing process
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compared to other methods.'” They also suggest that a more
intensive intercalation is obtained at the interface due to the
solution mixing process. This method is considered as effec-
tive measure to prepare composites with a homogenous
nanocarbon materials distribution into the polymer matrix
and is often used to prepare composite films.*

In this study, a rapid mixing polymerization method was
used to incorporate polyaniline (PANI) nanofibers onto the
surface of sulfonated PS (s-PS) microspheres. In this simple
method, GO sheets can be easily coated on the PANI-coated
PS to form a PANI-PS/GO core-shell structure through a
ring opening reaction of the epoxide groups in the GO
sheets with the amine groups in the PANI nanofibers. The
strong adhesion of the GO sheets on the PS achieved via the
intermediary layer of PANI nanofibers was attributed to the
good interfacial interaction between GO and PS through the
interaction of amine groups in PANI and epoxide groups in
GO. In addition, the PANI nanofibers not only enhance the
interfacial interaction, but also improve the electrical con-
ductivity of the composite.

Experimental

Materials. GO was synthesized from graphite flakes
purchased from Sigma-Aldrich (Product Number 332461).
Styrene monomer (Kanto Chemical, Japan) was washed five
times with a 10 mol% aqueous solution of sodium hydroxide
(NaOH) and stored in a refrigerator. Polyvinylpyrrolidone
(PVP, Mw=55,000 g/mol, Aldrich) was used as a stabilizer
without purification. 2,2-Azobisisobutyronitrile (AIBN,
JUNSEI, Japan) was used as an initiator and was dissolved
in ethanol to remove the inhibitor, which was precipitated at
-4 °C, then stored in a refrigerator prior to polymerization.
The aniline monomer was purchased from DC Chemical
Co. Ltd. (Korea). Ammonium persulfate (APS, 98%) was
purchased from Daejung Chemicals and Materials Co. Ltd.
(Korea). Sulfuric acid (H,SO,), sodium nitrate (NaNO;),
potassium permanganate (KMnO,) and all other organic
solvents used in this study were used as received.

Preparation of Graphene Oxide (GO). The GO was
synthesized using the Hummers method.’ Briefly, 70 mL of
concentrated sulfuric acid (H,SO,) was transferred into a
250 mL round bottom flask. Sodium nitrate (NaNOs, 0.5 g),
was then added to the sulfuric acid and stirred for 5 min.
Graphite flakes (1 g) were added to the solution with 5 min
stirring. KMnOj, (3 g) was added gradually to the dark mixture,
and the reaction mixture was stirred at room temperature for
30 min. The solution was transferred to a 70 mL vial, sonicated
for 15 min and stirred continuously for 3 h. The solution
was added slowly to 600 mL of deionized (DI) water and
34% hydrogen peroxide (300 mL) was added immediately.
The reaction mixture was then stirred for 5 min, filtered and
washed several times with DI water until pH=7. The black
powder was added to 70 mL of DI water and sonicated for
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4 h, followed by three periods of centrifugation. The solution
was filtered again to leave a brown residue, indicating the
successful oxidation of graphite. The solution was dried
under a vacuum at 60 °C for three days.

Preparation of Polystyrene (PS) Microspheres via Sus-
pension Polymerization. Suspension polymerization was
carried out in a 250 mL bottom flask at 70 °C for 12 h. PVP
(1.5 wt%) was dissolved in DI water and poured into the
reactor. The styrene monomer and AIBN were added to the
reactor, and the mixture solution was then homogenized at
960 rpm using an Ultra-Turrax T 25 (Ika Labortechnik,
Staufen, Germany) to form stable microspheres. The poly-
merization products were rinsed with ethanol and centri-
fuged repeatedly to remove the unreacted styrene monomer
and PVP. The PS microspheres were then dried in a vacuum
oven at room temperature for 48 h.

Sulfonation of Polystyrene (s-PS). Sulfonated PS was
synthesized using the procedure described previously.?'
Briefly, 50 mL of concentrated sulfuric acid (H,SO,) was
transferred to a 100 mL round bottom flask. The dried PS
powder (200 mg) was then added to the H,SO, and soni-
cated for 1 h. After ultrasonic dispersion, sulfonation was
allowed to take place at 40 °C with magnetic stirring for 24 h.
When cooled to room temperature, the product was sepa-
rated by repeated centrifugation (6,000 rpm) and washed
with a large excess of ethanol. Finally, a yellow powder was
obtained after being dried.

Preparation of Polyaniline Nanofiber-Coated PS (PANI-
PS). Sulfonated PS powder (200 mg) was dispersed in 20 mL
of DI water, to which 20 mg of aniline monomer in 5 mL of
a 3 M HCI solution was added. The mixture was stirred for
4 h at room temperature, after which 40 mg of APS was dis-
solved in 10 mL 3 M HCI and added rapidly to the s-PS/
aniline monomer mixture to start the polymerization of
aniline on the s-PS surface. The reaction mixture was stirred
with a magnetic bar for 12 h at room temperature to ensure
complete polymerization. The green powder was filtered
and rinsed several times with ethanol. Finally, the powder
was dried under vacuum at 50 °C for 24 h.

Synthesis of PANI-PS/GO Core-Shell Microsphere Com-
posite. Homogenous composites of PANI-coated PS and GO
were prepared by a solution mixing process. Briefly, 300 mg
of PANI-coated PS was dissolved in 100 mL of ethanol with
magnetic stirring for 4 h. GO powder (20 mg) was dispersed
in 20 mL of DI water and sonicated for 2 h to obtain a homo-
geneous solution. After ultrasonic dispersion, the GO solu-
tion was added to the above solution of PANI-PS and treated
ultrasonically for 4 h to ensure a uniformly dispersion of GO
on the surface of the PANI-coated PS. The mixture was
stirred for an additional 12 h at room temperature to ensure
complete reaction. The product was filtered, rinsed several
times with ethanol, and dried under vacuum at 50 °C for 24 h.

Extraction of PS from the PANI-PS and PANI-PS/GO
Core-Shell Microsphere Composite. Ten milligrams of
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PANI-coated PS was dispersed in 5 mL of tetrahydrofuran
(THF) and stirred for 24 h to ensure complete reaction.
Finally, the resulting product was filtered, washed three
times with THF and DI water. The black residue was dried
under vacuum at 50 °C for 24 h. The same procedure was
used for the PANI-PS/GO core-shell microsphere composite,
to confirm the existence of PANI and GO after the extrac-
tion of PS from the composite.

Measurements and Characterization. After pre-coating
the sample with a homogeneous Pt layer by ion sputtering
(E-1030, Hitachi, Japan), the morphology of the micro-
spheres was observed by field emission scanning electron
microscopy (FESEM, S-4200, Hitachi, Japan) at an acceler-
ating voltage of 15kV. The existence of PANI and GO
incorporated in the PS microspheres was confirmed by
transmission electron microscopy (TEM, CM200, Philips,
USA) at an accelerating voltage of 100 kV. The TEM sam-
ples were prepared by dispersing a small amount of the dry
powder in ethanol and placing a drop on the grid. FTIR,
photoelectron spectroscopy (XPS) and FT-Raman spectros-
copy were used to characterize the chemical structures of
the neat PS, PANI, PANI-PS, and PANI-PS/GO core-shell
composites. The samples underwent thermal analysis using
a Perkin-Elmer differential scanning calorimeter (DSC) under
a continuous nitrogen flow. All specimens were weighed in
the range of 4-5 mg and were examined between room tem-
perature and 260 °C at a scanning rate of 20 °C/min. Ther-
mogravimetric analysis (TGA, TA instruments, Q50, UK) was
used to measure the thermal stability of the neat PS, neat
PANI, GO, PANI-PS and PANI-PS/GO core-shell composites.
TGA was carried out at a heating rate of 10 °C/min from 20
to 730 °C under a dynamic nitrogen flow of 10 cm*/min.
The electrical conductivity of the neat PANI, PANI-PS and
PANI-PS/GO core-shell composites was measured using a
four-probe method with an electrical conductivity meter
(Hiresta-UP MCP-HT450, Mitsubishi Chemical, Japan). The
samples were prepared in the form of disc-type pellets with
a thickness of 0.5 mm using a press at room temperature at
an applied pressing force of 1 ton.

Results and Discussion

Figure 1 shows the FTIR spectra of (a) PS, (b) PANI, (¢)
PANI-PS, (d) PANI-PS/GO, and (¢) GO. Typical PS absorp-
tion bands at 3027, 2920, 1593, 1497, 704, and 527 cm™ are
clearly evident in the pure PS in Figure 1(a). These peaks
were attributed to the characteristic aromatic =C-H, -CH,-,
aromatic C=C, and monosubstituted ring.”> For the pure
PANI nanofiber of Figure 1(b), the bands at 1561 and 1465
cm show the characteristic C=C stretching vibrations of
the quinoid and benzenoid rings, respectively, indicating the
oxidized polyaniline state of the emeraldine salt. The 1303
and 1239 ¢cm™ bands were assigned to the bending vibra-
tions of N-H and the asymmetric C-N stretching modes of
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Figure 1. FTIR spectra of (a) pure PS, (b) pure PANI, (c) PANI-
PS, (d) PANI-PS/GO composite, and (e) GO.

Transmittance (%)

the polaron structure of PANI, respectively.”® The strong
band at 1121 cm™ is a characteristic of the electronic-like
band described by Mac Diarmid et al.,** which is a measure
of the degree of delocalization of electrons and thus a char-
acteristic peak of PANI conductivity. For the PANI-PS
shown in Figure 1(c), both PS and PANI peaks are shown in
the PANI-PS spectrum, which confirmed the existence of
PANI on the surface of the PS microspheres. For the PANI-
PS/GO of Figure 1(d), a new peak appeared at 3445 cm’
corresponding to the OH band of GO, and the slight shift in
the wavenumbers of the N-H band of PANI indicated the
successful interaction of GO with PANI on the PS surface.
The spectrum of GO in Figure 1(e) shows a broad band at
3457 cm™, which was assigned to OH groups, and the bands
at 1755 and 1607 cm™ were assigned to carboxyl and carbo-
nyl groups. Other peaks, such as C-OH (1388 cm™) and C-
O-C (1112 cm™), correspond to the C-O functionalities.”
These main characteristic peaks indicated that GO had been
synthesized successfully.

The existence of PANI in the PANI-PS and PANI-PS/GO
core-shell composite was confirmed by the appearance of a
new peak at 399.6 eV, which was assigned to the nitrogen
band (N1s) of PANI using XPS characterization, as shown
in Figure 2, indicating the successful polymerization of
aniline on the surface of the PS microspheres. Table I pre-
sents the atomic compositions determined from the XP
spectra results. The changes in the atomic composition may
have been due to the interfacial interaction between GO and
the PS microspheres through the PANI nanofibers.

Figure 3 shows the Raman spectra of (a) pure PANI, (b)
PANI-PS, (¢) PANI-PS/GO composite, and (d) GO, as well
as that of pure PS, for comparison. For the pure PS in Figure
3(a), the strong bands observed at 620, 790, 1010, 1187, and
1323 ecm™ were assigned to the aromatic rings of PS.*® The
strong peak at 1604 cm™ was ascribed to the C=C frequency
of styrene. The peaks at 3062 and 2900 cm™ were assigned
to the symmetric and antisymmetric CH, valence vibrations,
respectively.”’ For the pure PANI (Figure 3(a)), a strong
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Figure 2. XPS data of (a) PANI, (b) PANI-PS, and (c) PANI-PS/GO core-shell composite.

Table I. XPS Atomic Composition of the Pure PANI, PANI-PS,
and PANI-PS/GO Core-Shell Composites

Atomic Composition (%)

Sample
C (0] N
Pure PANI 78.58 7.9 10.66
PANI-PS 80.14 7.74 7.8
PANI-PCS/GO Core-Shell 8211 14.83 297
omposite

peak at 1178 cm™, corresponding to the C-H bending of the
quinoid ring, C-N* stretching at 1374 cm™ and C-C stretch-
ing of the quinoid and benzene rings at 1508 and 1596 cm™,
respectively, were observed.®® The peaks of the PANI-PS
and PANI-PS/GO composites (seen in Figures 3(b) and 3(c))
were almost identical to those of pure PANI, indicating the
existence of PANI on the surface of the PS microsphere. In
addition, a new peak at 1285 (D- band) and 2570 cm™ corre-
sponding to the 2D band of GO,” indicate the successful
interaction of the PANI-PS with GO.

Figure 4 shows the scanning electron microscopy (SEM)
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Figure 3. Raman spectra of pure PS (Right) and of (a) pure PANI,
(b) PANI-PS, (c) PANI-PS/GO composite, and (d) GO (Left).

images of the pure PS and PANI-coated PS. For the pure PS
in Figure 4(a), the smooth surface of the PS microsphere
confirmed the successful polymerization of PS via suspen-
sion polymerization. The morphology of the PANI-coated
PS (Figure 4(b) and (¢)) at different magnifications demon-
strated that the PS microspheres were uniformly and
smoothly coated with PANI nanofibers, as shown in Figure
4(c). This good dispersion of PANI on the PS surface may
have been due to the sulfonation process of PS to generate
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Figure 4. SEM images of (a) pure PS, (b) and (c) of PANI-PS at different magnifications, and (d) EDX images of PANI-PS.

sufficient sulfonic acid groups on the surface of the PS
microspheres. The presence of PANI nanofibers on the PS
surface was analyzed by energy-dispersive X-ray spectros-
copy (EDX) with SEM. The EDX spectrum (Figure 4(d))
strongly shows the presence of a nitrogen peak, which con-
firmed the existence of PANI nanofibers on the surface of PS.
This result was also confirmed by FTIR and Raman spec-
troscopy.

Figure 5 presents SEM images of the PANI-PS and PANI-
PS/GO core-shell composites at different magnifications.
PANI was well dispersed on the surface of PS (Figure 5(a)

and (b)) without and agglomeration, which was attributed to
the presence of sufficient sulfonic acid groups on the PS
surface due to the enhancement of the interfacial interaction
between the amine group of aniline and the sulfonic acid
groups. This sulfonation PS and variation in the aniline con-
centration not only controlled the uniformity of the disper-
sion of PANI nanofibers on the PS surface but also offered a
simple means of tuning the wall thickness.* Figure 5(c)
shows the PANI nanofiber residues after THF extraction of
the PS from PANI-coated PS. Because THF is a good sol-
vent for PS but a poor one for PANI, a hollow structure made

Figure 5. (a) and (b) SEM images of PANI-PS at different magnifications. (c¢) SEM image of PANI nanofiber residues after THF extrac-
tion of the PS from PANI-PS. (d) and (¢) SEM images of PANI-PS/GO core-shell composite at different magnifications. (f) SEM image
of the PANI/GO residues after THF extraction of the PS from PANI-PS/GO core-shell composite.
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of these PANI residues could be obtained by selectively dis-
solving the PS microspheres in THF. This process was used
to calculate the quantitative deposition of all PANI nanofi-
bers on the surface of the PS microspheres after the elimina-
tion of PS. The images in Figure 5(d) and (e) of the PANI-
PS/GO core-shell composite under different magnifications
show the uniformly coated surface of the PANI-PS with GO
sheets forming a core-shell structure through the ring open-
ing reaction of the epoxide groups in the GO sheets with the
amine groups in the PANI nanofibers. These good interfa-
cial interactions provided a uniform dispersion of GO over
the surface of the PANI-PS without aggregation, while exhibit-
ing a similar average thickness of GO on the PS surface. These
results confirmed the successful preparation of the PANI-
PS/GO core-shell composite. In addition, the investigated
morphology of the PANI/GO residues (Figure 5(f)) after THF
extraction of PS from the PANI-PS/GO core-shell composite
by SEM revealed a ‘broken egg shell” morphology, which
confirmed the ‘core-shell” morphology of the original PANI-
PS/GO composite. The diameter of the ‘egg shell” decreased
dramatically due to the total elimination of PS and the
aggregation of GO sheets after THF extraction of the PS
microspheres compared to the original morphology. This
confirmed the existence of GO sheets on the surface of the
PANI-coated PS. The morphology of the PANI-coated PS
was examined by TEM to observe the individual structure
and to estimate the coating thickness of PANI on the surface
of PS microspheres.

Figure 6 shows TEM images of the PANI-PS and PANI-
PS/GO core-shell microsphere composite. The TEM images
in Figure 6(a), (b), and (c) correspond to the PANI-coated
PS at different magnifications. The entire surface of the PS
microsphere was coated with PANI. The coating thickness
of PANI was estimated to be approximately 104 nm from
the magnified image of the microsphere composite in Fig-
ure 6(c). The PANI-PS/GO core-shell microsphere compos-
ite shown in Figure 6(d), (e), and (f) shows that the GO

Figure 6. (), (b), and (c¢) TEM images of PANI-PS at different
magnifications. (d), (e), and (f) TEM images of PANI-PS/GO core-
shell microsphere composite at different magnifications.
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sheets covered the entire surface of the PANI-coated PS
without aggregation, and that PANI was almost invisible
due to the complete covering by the GO sheets. This con-
firmed the strong interfacial interaction through a ring open-
ing reaction of the epoxide groups in the GO sheets with
amine groups in the PANI nanofibers. The coating thickness
of the GO sheets on the surface of the PANI-PS was esti-
mated as approximately 300 nm from the magnified picture
of the core shell composite in Figure 6(f). To understand the
effect of the PANI nanofibers and GO sheets on the thermal
behaviors of the PANI-PS and PANI-PS/GO core-shell
microsphere composite, DSC and TGA analysis were used
to identify the thermal stability of the pure PS microspheres,
PANI-PS and PANI-PS/GO core-shell microsphere composite.

Figure 7 shows the DSC heating curves of the pure PS
microspheres, PANI-PS and PANI-PS/GO core-shell micro-
sphere composite at a heating rate of 20 °C/min under a
nitrogen atmosphere. From the DSC result, the 7, values of the
PS microspheres and PANI-PS were 100.87 and 105.03 °C,
respectively, as shown in Figure 7(b). This approximate
4 °C variation in T, was possibly due to the action of the
high-T, PANI nanofibers dispersed on the surface of the PS
cores as a thermal barrier that inhibited the mobility of the
PS polymer chains during the DSC heating scans.’' Ding
reported that the 7, of pure PANI (base form) was approxi-
mately 250 °C* and Qi found that it was approximately
163.19 °C in the presence of HCI as a dopant.*® This differ-
ence might be due to the different crosslinking degree of the
PANI chains. For the PANI-PS/GO core-shell microsphere
composite, 7, was shifted to 107.9 °C, showing an approxi-
mate 3 °C increase compared to the PANI-PS, as shown in
Figure 7(c). The increase in 7, of the PANI-PS/GO core-
shell microsphere composite may have been due to motion
restrictions of the polymer chains at the interface of the
PANI-PS and GO sheets.**

Figure 8 and Table II show the TGA results for the GO,
pure PANI, neat PS, PANI-PS, and PANI-PS/GO composite

3 107.9
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5l 108
[1}]
I
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Temperature (°C)

Figure 7. DSC of (a) neat PS, (b) PANI-PS, and (c) PANI-PS/GO
core-shell microsphere composite.
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Figure 8. (Right) TGA of (a) GO, (b) pure PANI, (c) PANI-PS/
GO, (d) PANI-PS, and (e) neat PS, and (Left) the corresponding
weight loss derivative curve of PS, PANI-PS and PANI-PS/GO.

using nitrogen at a rate of 10 °C/min. The GO weight-loss
behavior in Figure 8(a) shows a dramatic mass loss of approxi-
mately 56% from ~100 to 730 °C due to the decomposition
of oxygen-containing groups.* A typical three-step weight-
loss behavior was observed for the PANI nanofibers, as
reported in the literature.’® In the first step, from approxi-
mately 20 to 200 °C, water molecules were lost from the
polymer chain. The second weight loss in the range from
200-420 °C was attributed to the loss of oligomers and
dopants. The third weight loss above 420 °C was caused by
the degradation and decomposition of the PANI chain. The
TGA data of neat PS, shown in Figure 8(e) for comparison,
revealed that the thermal profile of the pure PS micro-
spheres was a single-step weight loss. The main step of PS
degradation was from 300 to 450 °C, which was attributed
to main chain pyrolysis,’” beginning from 340 °C with the
evolution of aromatics from the degradation of styrene. For
the PANI-PS shown in Figure 8(d), a similar weight-loss
behavior of neat PS was observed from 25 to 350 °C due to
the good interfacial interaction between PS and PANI. The
degradation of the PS microspheres in the PANI-PS was
observed from 350 to 450 °C. Furthermore, the degradation
temperature of PS in the PANI-coated PS shifted to a higher
temperature range than that of the neat PS, which suggests a
strong interaction between the PANI and the PS micro-
sphere at the interface. The PANI-PS/GO core-shell composite
shown in Figure 8(c) exhibits two steps in the degradation
of the composite. The first step from 200 to 350 °C is due to
the existence of water in the GO sheets as well as the degra-
dation of GO. The second step, from ~350 to 460 °C, was
attributed to the degradation of the PANI-PS. Furthermore,

the degradation temperature shifted to a higher temperature
range than that of PANI-PS, which suggests a strong inter-
action between the amine groups in the PANI and the epoxide
groups in the GO sheets at the interface.

For comparison, the TGA curves show that at 730 °C,
when there was almost no PS residue, the charred residue of
the PANI from the PANI-PS was approximately 6.4%, after
deducting the char yield of PANI, compared to 36.88% for
neat PANI at the same temperature. The charred residue of
the PANI/GO from the PANI-PS/GO core-shell composite
was approximately 10.52%, after deducting the char yield
of PANI/GO, compared to 45.02% for the neat GO at the
same temperature. These results enabled the residue of GO
from the charred residue of the PANI/GO at 730 °C to be
calculated by subtracting the charred residue of PANI from
PANI-PS at 730 °C, to obtain 4.12% of charred residue of
GO at this temperature. These results suggested that the
introduction of GO to PANI-PS enhanced the formation of
char on the PS surface and, thus, reduced the rate of decom-
position.

For more confirmation, the charred residue of PANI and
PANI/GO at 730 °C was examined by scanning electron
microscopy (SEM), to confirm the total degradation of PS
from the PANI-PS/GO core-shell composite, as shown in
Figure 9. A hollow sphere of the charred residue of PANI,
with a diameter of approximately 350 nm, was clearly obtained
after the TGA measurement from the PANI-coated PS with
some aggregation of PANI due to the degradation in some
parts of the PANI structure, as shown in Figure 9(a). These
results confirmed the total degradation of PS from the com-
posite. The same observation was obtained for the charred
residue of the PANI/GO from the PANI-PS/GO core-shell
composite, as clearly shown in Figure 9(b). The degradation
of PS from the composite led to the aggregation of GO lay-
ers with hollow spheres in some parts due to the total degra-
dation of the PS microspheres, and the random dispersion of
the charred residue of the PANI on the charred residue of
GO. The charred residue of the PANI from the PANI-PS
was confirmed by EDX. As shown in Figure 9(c), the EDX
spectrum revealed the presence of a nitrogen peak with 7.62
wt%, which indicated the existence of the charred residue of
the PANI from the PANI-PS. This confirmed the superior
thermal stability of the PANI-PS and PANI-PS/GO com-
pared to that of the neat PS microspheres during the thermal

Table I1. Thermal Stability of the Neat PS, PANI-PS and PANI-PS/GO Core-Shell Composite

Sample T (°C) T500," (°C) T (°C) T2 (°C) Char Yield” (%)
PS 372 407 411 100.87 0
PANI-PS 376 413 417 105.03 6.4
PANI-PS/GO 386 428 432 107.9 10.52

“Determined by TGA. *Determined by DSC. Ty, (°C): thermal decomposition temperature at 10% weight loss. Tsgy, (°C): thermal decomposi-
tion temperature at 50% weight loss. 7}, (°C): thermal decomposition temperature at the maximal weight loss rate, this 7,,,, was calculated from
the points with the steepest tangent slope or the peak value of the differential curve of the virgin curve as shown in Figure 7(b).
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Figure 9. SEM images of (a) PANI-PS, and (b) PANI-PS/GO, and (c) EDX images of the PANI-PS composite after TGA analysis at

730 °C.

Table II1. Mean Electrical Conductivities of the GO and Com-
posites

Sample Conductivity (S/cm)
GO 2.74x107
PS 2.45x10°"
PANI 1.05x10*
PANI-PS 1.32x10°¢
PANI-PS/GO 4.67x107
decomposition process.

The electrical conductivity of the GO, PANI, PS, PANI-
PS, and PANI-PS/GO composites was determined for pellets
pressed from a powder using a four-probe resistivity mea-
surement system. The average electrical conductivities are
presented in Table III. The well ordered PANI nanofibers on
the surface of the PS microspheres and the good interaction
at the interface were key factors for enhancing the electrical
conductivity of the PANI-PS composite. The incorporation
of GO into the PANI-PS to form a PANI-PS/GO core-shell
composite decreased the electrical conductivity due to the
low conductivity of GO. The PANI-PS/GO composite showed
relatively high electrical conductivity (4.67x107 S/cm) com-
pared to that of GO (2.74x10”° S/cm) due to the incorporation
of PANI nanofibers into the PS/GO core-shell composite,
which indicated that the incorporation of PANI nanofibers
not only enhanced the interfacial interaction, but also improved
the electrical conductivity of the final composite.

Conclusions

A simple method was developed to produce a PANI-PS/
GO core-shell composite through a solution mixing process.
The PS microspheres were well covered by GO sheets due
to the presence of PANI nanofibers polymerized on the sur-
face of the s-PS microspheres. This compositional structure
ensured good interaction at the interface through the ring

Macromol. Res., Vol. 20, No. 1, 2012

opening reaction of the epoxide groups in the GO sheets
with the amine groups in the PANI nanofibers. The exist-
ence of PANI nanofibers was confirmed by FTIR, Raman
spectroscopy and EDX. The PANI-PS/GO core-shell com-
posite exhibited better thermal stability than did the neat PS
microspheres. In addition, the electrical conductivity inves-
tigations revealed that the presence of PANI in the compos-
ite enhanced the interfacial interaction and improved the
electrical conductivity of the composite. The increased elec-
trical conductivity of the final composite may support potential
electronics applications.
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