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a b s t r a c t

Polypyrrole-wrapped halloysite nanotubes (PPy@HNTs) are prepared by polymerization of pyrrole on the
surfaces of HNTs. PPy@HNTs show improved dispersion ability and stability in water compared with pure
PPy due to the increased zeta potential. The PPy@HNTs dispersions are compounded with carboxylated
styrene-butadiene rubber (xSBR) latex to prepare conductive xSBR/PPy@HNTs composites. The
morphology, conductive performance, mechanical properties, and swelling performance of the xSBR/
PPy@HNTs composites are determined. PPy@HNTs can be uniformly dispersed in the rubber matrix and
form a conductive network. The conductivity of the composites increases with the loading of PPy@HNTs.
When the content of PPy@HNTs is 10%, the conductivity of the xSBR rubber increases to 1.82 � 10�4 s/m
which is much higher than the corresponding xSBR/neat PPy composites (4.62 � 10�8 s/m). Also, the
composites show significantly improved mechanical properties both in static and dynamic condition. The
tensile strength, Young's modulus, and storage modulus of the composites are substantially higher than
those of pure xSBR. The rigid filler networks effectively limit the mobility of rubber molecule chains,
which leads to decreased water swelling capacity and crosslink density. The prepared high performance
rubber composites with good conductivity show promising applications in many areas such as piezor-
esistive sensor.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, conductive polymer material becomes a popular
research field since these materials have shown many promising
applications such as electromagnetic interference shielding,
biosensor and chemical sensors, electrolytic capacitors, polymer
electrode, organic light emitting diodes, and plastic solar cells
[1e3]. The commonly used conductive polymers include poly-
pyrrole (PPy), polythiophene, and polyanilines [4e8]. PPy is a kind
of heterocyclic conjugated conducting polymers, usually in the
form of amorphous black solid. PPy is obtained by polymerization
of pyrrole monomers via chemical or electrochemical means.
Chemical synthesis involves mixing a strong oxidizing agent
(typically FeCl3) with a pyrrole monomer aqueous solution, so this
routine is preferred for research purposes due to the simplicity of
the technique [9,10]. The conductivity and stability of PPy powder
produced by means of chemical oxidation polymerization were
substantially improved. However, the practical application of PPy
powder remained problematic due to the difficulty of processing
arising from their poor dispersion ability [11]. PPy can form a
continuous film or coating on the surfaces of many types of nano-
particles by the in situ polymerization method, which leads to a
hybrid conductive filler for polymer composites [12]. For example,
uniform MnO2/PPy multifunctional nanocoatings with thickness of
~20 nm can be formed on individual electrospun carbon nanofibers
(CNFs), which constructing a high-performance supercapacitor
[13]. PPy can also coat on the electrospinned poly-L-lactic acid
nanofibrous scaffold via in situ surface polymerization, which
shows improved cell growth and shows potential applications in
the nerve tissue engineering as cells substrate to apply electrical
stimulation [14]. Recently, Zhang et al. compounded PPy supported
cellulose nanowhiskers with natural rubber (NR) latex, and the
resulting rubber composite exhibited significant improvement in
electrical conductivity and mechanical properties when compared
with neat PPy/NR composites [15,16].

Halloysite is a kind of silicate minerals, which are abundant in
nature, mainly in the form of nanotubes morphology [17,18]. Hal-
loysite nanotubes (HNTs) are formed by curling of kaolin sheets and
the layer numbers is more than twenty. The inner diameter, outer
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diameter, and length of HNTs is in the range of 15e20 nm,
50e70 nm, and 100e1500 nm, respectively [19,20]. The chemical
formula of HNTs is Al2Si2O4(OH)4$nH2O, where n ¼ 2 and 0 repre-
sent hydrous HNTs and anhydrous HNTs (layer spacing are 10 and
7 Å, respectively) [21]. The lamellae of HNTs are composed of outer
silica and the inner layer of aluminum oxide octahedral regular
arrangement, while the middle layer is adsorbed water molecules.
The elastic modulus of single HNTs is about 130 GPa with a certain
toughness, so HNTs combine the advantages of high aspect ratio,
large surface area, high strength, good dispersion capacity, easily
chemical modification, naturally available, and environmental/
biological compatibility as polymer fillers [22e25]. HNTs can be
mixed with polymers both in solution or melt state for forming
high performance polymer composites [26]. The mechanical
properties, thermal properties, flame retardance properties, cyto-
compatibility of polymers can be significantly increased by the
incorporation of HNTs [27,28]. HNTs with good dispersity enable
the formation of filler networks in polymer matrix, which is cor-
responding for the mechanical performance improvement and
dimensional stability under heat [29,30]. Inspired these results, if
one coating the HNTs with conductive polymers effectively, then a
3D hierarchical multiscale conductive networks can be formed in
polymer matrix and a conductive polymer composite can be pre-
pared. Previous study also showed that the surfaces of HNTs are
composed of siloxane and hydroxyl groups which could provide
active sites for the polymerization of the pyrrole on the surfaces of
the nanotubes [31].

Carboxylated styrene-butadiene rubber (xSBR) is a copolymer of
styrene, butadiene and a small amount of acrylic acid, which
combines the advantages of high adhesion and conjunctival
strength, mechanical and chemical stability, high mobility, and
storage stability. Due to the introduction of carboxyl groups, the
polarity of the xSBR latex is increased and the adhesive properties
are improved. The common application area of xSBR includes the
papermaking, carpets, textiles, jewelry, modified cement mortar,
wood glue, modified asphalt, oil drilling, and so on [32].

In this study, PPy-wrapped HNTs (PPy@HNTs) was synthesized
in situ chemical oxidation polymerization of pyrrole in the HNTs
aqueous dispersion. The PPy@HNTs hybrids showed excellent
suspension stability in water due to the high surface charge, which
facilitated the uniformly dispersion of PPy@HNTs in xSBR latex. The
morphology, mechanical, conductive, and swelling properties of
the xSBR/PPy@HNTs conductive composites were then investigated
in detail. Compared with carbon nanotubes and other metal
nanotubes, the dispersion of PPy@HNTs in the polar solvents and
the subsequently in rubber is good without adding any stabilizer.
They can also effectively form a continuous conductive network in
the rubber matrix, which leads to a high-performance conductive
rubber. The present work a simple and easily scale-up strategy for
synthesis of high-performance conductive rubber composites using
natural tubular nanoparticles as template of conductive polymer,
which shows promising applications in conductive composite such
as piezoresistive sensor, polymer electrodes and capacitors.

2. Experimental

2.1. Materials

Halloysite nanotubes (HNTs) were purchased from Guangzhou
RunwoMaterials Technology Co., Ltd., China. Ferric chloride (FeCl3)
(analytical grade) was purchased from Guangzhou chemical re-
agent factory. Pyrrole (Py) monomer was purchased from Sigma-
Aldrich. Carboxylated styrene butadiene rubber (xSBR) with
solids content of 50 wt% was purchased from Guangzhou Juntai
Materials Co. Ltd. (China). Other chemicals used in this study were
of analytical grade and used as received. Water was purified by
deionization and filtration with a Millipore purification apparatus
(resistivity > 18.2 MU cm).

2.2. Preparation of xSBR/PPy@HNTs composite films

PPy@HNTs were synthesized according to previous study with
slight modification [15]. The typical synthesis procedure was
introduced below. 2 g of HNTs powder was suspended in 200 mL of
distilled water and ultrasonically treated for 30 min to get ho-
mogenous dispersion. Then 2 mL pyrrole monomer (0.03 mol) was
added into the HNTs dispersion under stirring in ice�water
mixture. After 1 h, 4 g FeCl3$6H2O (0.015 mol) was added into the
mixture as catalyst. The pyrrole was polymerized on the surfaces of
HNTs for 4 h, which leaded to the formation of a layer of continuous
conductive layer. The resulting dispersion was subjected to
centrifugation and washed using pure water for three times. Af-
terwards, PPy@HNTs solid powder was obtained by freeze-drying
at �80 �C. Neat PPy was synthesized under the same conditions
but without the addition of HNTs.

xSBR/PPy@HNTs composite films were prepared via solution
mixing and casting drying method. A certain amount of PPy@HNTs
powder was dispersed into xSBR latex under stirring for at least 5 h
to obtain a homogenous mixture. The xSBR/PPy@HNTs composite
films were obtained by oven drying at 60 �C for 16 h in a square
PTFE mold (10 cm � 10 cm). The synthesis of PPy@HNTs and the
preparation process of the xSBR/PPy@HNTs conductive composites
were schematically illustrated in Fig. 1. The composites were
denoted by the weight percent of the PPy@HNTs relative to the
xSBR.

2.3. Characterizations

2.3.1. x-potential and particle size analysis
The x-potential and particle size distribution of HNTs, PPy, and

PPy@HNTs aqueous dispersions were measured using a Zetasizer
Nano ZS. The concentration of the dispersion was 1 � 10�3 wt%.
Before determination, the samples were subjected into ultrasonic
treatment for 30 min at 570 W.

2.3.2. Transmission electron microscopy (TEM)
0.05 wt% of HNTs and PPy@HNTs aqueous dispersions were

dropped in carbon membrane supported copper mesh and dried
naturally, then the samples were observed on Tecnai Philips 10 TEM
at an accelerating voltage of 100 kV.

2.3.3. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra were measured by infrared spectroscopy using

attenuated total reflection (ATR) model in a NICOLET iS10 FT-IR
Spectrometer. Thirty-two consecutive experiments were per-
formed and averaged. The spectral scope ranged from 4000 to
400 cm�1 with a wavenumber resolution of 2 cm�1.

2.3.4. X-ray diffraction (XRD)
XRD patterns of HNTs, neat xSBR, and xSBR/PPy@HNTs com-

posite films were determined by X-ray diffraction (Rigaku, Mini-
flex600, CuKa, Japan) at an accelerating voltage of 40 kV and the
current of 40 mA.

2.3.5. Scanning electron microscopy (SEM)
The composite films were broken in liquid nitrogen and the

cryofractured surface of the composites films was observed by
ZEISS, Ultra 55 SEM. Before the observation, a thin gold layer was
sprayed on the sample surfaces.



Fig. 1. Schematic illustration for the synthesis of PPy@HNTs and the preparation process of the xSBR/PPy@HNTs conductive composites.
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2.3.6. Electrical conductivity determination
The conductivity of the rubber samples was measured by two-

point measurement with a high resistance instrument (ZC36, for
R > 2 � 108 U) and a multimeter (Fluke 17Bþ, for R � 2 � 108 U).

2.3.7. Mechanical properties determination
The neat xSBR and composite films were firstly cut into the

dumbbell shape with width and thickness of 6 mm � 0.3 mm.
Universal testing machine (U-CAN UT-2060, Taiwan) was used to
determine the tensile properties at a strain rate of 5 mm/min. The
stress-strain curves of the samples were recorded. The tensile
modulus at 100%, 300%, and 500% was the stress required to stretch
the sample to 100%, 300%, or 500% elongation (strain).

2.3.8. Dynamic mechanical analysis (DMA)
DMA experiment was carried out by TA Q800 in a tensile mode

at oscillation frequency of 1.0 Hz and from �100 to 100 �C with
heating rate of 3 �C/min. The experiments were conducted under
nitrogen atmosphere.

2.3.9. Differential scanning calorimetry (DSC)
DSC measurements were carried out on a TAQ20 analyzer (TA

Instruments, USA). The experiment was conducted at a tempera-
ture range of �90 to 100 �C with heating rate of 10 �C/min using
nitrogen as purging gas. To evaluate the amount of immobilized
rubber around the particles in the composite, the value of the heat
capacity step DCpn which is proportional to the internal degree of
freedom of molecular motion was calculated by DSC result. From
the DCpn value, the weight fraction of the immobilized polymer
layer cim could be obtained. DCpn and cim were calculated as
follows:

DCpn ¼ DCp
ð1�wÞ
cim ¼ DCp0 � DCpn
D

Cp0

here, DCp is the heat capacity jump at Tg (0e20 �C in the present
systems) which can be calculated by TAQ20 analyzer software. w is
the weight fraction of filler. DCpn is normalized to the polymer
weight fraction. DCp0 referrers to the heat capacity jump at Tg of the
unfilled polymer matrix. cim is the weight fraction of the immobi-
lized polymer layer.

2.3.10. Thermogravimetric analysis (TGA)
TGA curves of raw HNTs, PPy@HNTs, neat xSBR and xSBR/

PPy@HNTs composites films were tested using the NETZSCHTG 209
F3 Tarsus under a nitrogen atmosphere from room temperature to
750 or 600 �C at a heating rate of 10 �C/min.

2.3.11. Swelling behavior in water
The water absorption was compared by the weighting the

samples at dry state and after immersion in pure water for 3 days at
room temperature. The swelling ratio is calculated according to the
following formula.

swelling ratio ¼ mass of wet sample�mass of dry sample
mass of dry sample

� 100%

2.3.12. Crosslink density measurements
Crosslink density of the samples was determined by equilibrium

swelling method using toluene. For the test, the rubber samples
were cut into thin pieces with same size and weighed (m0). The
samples were soaked in toluene for 3 days at room temperature
under shaking with a rate of 100 rpm. Then the samples were taken
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out from toluene and weighted (m1). Then the samples were dried
at 60 �C for 12 h and weighted again (m2). The volume fraction of
the xSBR swelled state (Vr) is calculated by the following Flory-
Rhener equation [33].

Vr ¼
m0 � F� ð1�aÞ

rr

m0 � F� 1�a
rr

þ ðm1�m2Þ
rs

F is the rubber mass fraction of the composite, a is the mass loss of
the composite during the swelling process, rr and rs are the density
of the rubber and the solvent, respectively.

The crosslinking density of composite (Ve) was calculated ac-
cording to the following formula [34].

Ve ¼ �lnð1� VrÞ þ Vr þ cV2
r

Vs
�p

3Vr � Vr=2
�

Vs is the molar volume of the solvent (toluene is 107 cm3/mol), c is
the interaction parameter of xSBR-toluene (0.00653).

3. Results and discussion

3.1. Characterization of PPy@HNTs

HNTs have good dispersion ability in water due to the repulsion
effect arise from their high surface negative charge, which can be
employed to prepare water-soluble polymers composite. Fig. 2
shows the appearance of the HNTs aqueous dispersion, PPy
aqueous dispersion, and PPy@HNTs dispersion at 0 h and after 24 h.
It is clear that both HNTs and PPy@HNTs dispersion are stable for
24 h without sedimentation. In contrast, the PPy dispersion ex-
hibits significant sedimentation after standing 24 h. This suggests
that HNTs can increase the dispersion ability of PPy in the water.
The z-potential values of HNTs, PPy, and PPy@HNTs dispersions are
shown in Fig. 2(A). The z-potential of HNTs dispersion is �27.4 mV,
so HNTs dispersion is stable after standing 24 h. PPy is a positively
charged conducting polymer, and the z-potential of PPy dispersion
is determined as þ16.4 mV. After 24 h of standing, PPy is settled
down at the bottom of bottle, indicating that the stability of neat
PPy in water is poor. The aggregated PPy can lead to a decreased of
the conductive efficacy when using as filler in polymer matrix. The
z-potential of PPy@HNTs dispersion is þ24.0 mV, and PPy@HNTs
show high stability in water without any precipitate after standing
for 24 h. Beside the increased z-potential, the hydrophilicity and the
small dimensions of HNTs also contribute the dispersion stability of
the PPy@HNTs in water [35]. Therefore, PPy@HNTs will be uni-
formly dispersed in the xSBR latex to obtain homogenous
conductive xSBR/PPy@HNTs composites. The morphology and
particle size distribution of PPy@HNTswere further investigated. As
shown in Fig. 2(B), HNTs show an empty tube-like morphology
with aspect ratio in 8e25. All the tubes show smooth and sharp
outer surface. In contrast, PPy@HNTs have different appearances
with pristine HNTs. The outer surface of the HNTs is covered with a
layer of polymer film in the PPy@HNTs sample, suggesting the
warping of PPy on HNTs with continuous conductive layer. Also, it
can be seen the tubes in the PPy@HNTs can link each other and
form a continuous network due to the interactions among the
tubes. The particle size distributions of HNTs and PPy@HNTs are
then determined by laser particle size analyzer. From Fig. 2(C),
HNTs and PPy@HNTs show that the average size is 369.9 ± 16.3 nm
and 530.4 ± 16.8 nm, respectively. The slightly increased size of
PPy@HNTs is attributed to the partly crosslinking of HNTs by the
PPy. The formation of conductive network structure of PPy@HNTs
in rubber matrix is then expected. TGA curves of HNTs and
PPy@HNTs are shown in Fig. 2(D). The curves show that the residual
of PPy@HNTs is less than that of raw HNTs, which is due to the
degradation of the PPy wrapped on the surface of HNTs. The PPy
content in the PPy@HNTs nanohybrids is calculated as 5.31% from
the TGA result.

FTIR analysis was carried out to study the chemical structures of
HNTs, PPy, and PPy@HNTs composites. As shown in Fig. 3, HNTs'
characteristic bands appear at 3695 and 3622 cm�1, which are
attributed to the OeH stretching of inner-surface hydroxyl groups
and inner hydroxyl groups, respectively [36]. The characteristic
bands of PPy at 1543 and 1453 cm�1 are assigned to stretching
vibration of pyrrole ring, and the bands at 1300 and 1165 cm�1 are
ascribed to the deforming vibration of CeH (together with NeH)
and stretching of CeN, respectively [15,37]. The bands at 1040, 905,
and 780 cm�1 are assigned to CeC stretching vibration, CeH out-of-
plane vibration, and CeH wagging vibrations, respectively. The
PPy@HNTs show the characteristics peaks for both HNTs and PPy.
Due to the hydrogen bonding interactions of PPy with HNTs, the
characteristic bands of PPy at 1543, 1165, and 1040 cm�1 shift to-
wards high wavenumber. Similar up-shiftiest of PPy bands due to
the interfacial interactions have also been found in other literature
[38]. All these results suggest that pyrrole monomer is successfully
polymerized on the surfaces of HNTs and the warping of PPy on
HNTs increases the dispersion ability in aqueous media.

3.2. Structure of the xSBR/PPy@HNTs composites

FTIR spectra of xSBR and xSBR/PPy@HNTs composites are shown
in Fig. 4(a). The spectra of xSBR shows peaks at 697 cm�1 due to
styrene units, 757 cm�1 due to 1,4 cis, 909 cm�1 due to 1,2 vinyl and
967 cm�1 due to 1,4 trans butadiene units [39]. The peaks around
1650 cm�1 are assigned to the C]C group, 3100-2800 cm�1 is
assigned to the stretching vibration of CeH group, 1451 and
1493 cm�1 are assigned to the stretching vibration of CeC in the
benzene ring. After incorporation of PPy@HNTs, the composites
show the peaks of both xSBR and HNTs. For example, the peaks
around 1072 and 1026 cm�1 assigned to the in-plane SieO
stretching of HNTs gradually increase in the spectra of the com-
posite with the loading of the PPy@HNTs. Meanwhile, the intensity
of peaks assigned to xSBR decreases in the composites.

Fig. 4(b) shows the XRD patterns of xSBR and xSBR/PPy@HNTs
composites. It can be seen the neat xSBR exhibits a wide diffraction
peak at 2q ¼ 20�, which indicates that the rubber matrix is in
amorphous state. The XRD patterns of HNTs show strong diffraction
peaks of 2q at 12�, 20�, and 25�, which is attributed to the (001)
plane, (020,110) plane, and (002) plane. When the content of
PPy@HNTs in the composite is less than 2.5 wt%, no characteristic
peaks of HNTs can be identified in the XRD patterns of the com-
posites. When the content of PPy@HNTs is more than 2.5 wt%, the
composites gradually shows diffraction peaks of HNTs in the cor-
responding location. The peak at 2q¼ 12� shift to higher 2q value in
the rubber composite, indicating the layer spacing of HNTs de-
creases. This may due to the interfacial interactions between
PPy@HNTs and the xSBR rubber chains, which leads to loss of the
adsorbed water molecules in the layers of HNTs. It also should be
noted that a small diffraction peak around 18� is attributed to the
impurities of HNTs [40]. X-ray diffraction results show that
PPy@HNTs is successfully incorporated into the xSBR matrix.

In order to study the dispersion state of PPy@HNTs in the rubber
matrix, SEM experiment of neat xSBR and xSBR/PPy@HNTs com-
posites was conducted (Fig. 5). For the neat xSBR, the cross section
of the rubber is quite clear and smooth. In contrast, white spots and
rod-like substance appear in the SEM image of xSBR/PPy@HNTs
composites. These represent the PPy@HNTs in the rubber com-
posite. With the increase in loading of PPy@HNTs, more and more



Fig. 2. Appearance and the z-potential values of HNTs, PPy, and PPy@HNTs in water before and after standing for 24 h (A); TEM image of HNTs and PPy@HNTs (the inset show the
TEM images at higher magnification, scale bar ¼ 100 nm) (B); Size distribution in aqueous dispersion (C) and TGA curves of HNTs and PPy@HNTs (D).

Y. Liu, M. Liu / Composites Science and Technology 143 (2017) 56e6660



Fig. 3. FTIR spectra of HNTs, PPy, and PPy@HNTs.
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PPy@HNTs can be observed in the matrix. PPy@HNTs can be uni-
formly dispersed in the rubber matrix and nearly no aggregates of
PPy@HNTs can be found. After carefully checking the images, one
can see the interfaces of HNTs and the rubber is blurry, which
suggests the good interfacial bonding in the composite. Due to the
high aspect ratio of HNTs and the interactions among the tubes, the
PPy@HNTs can form continuous conductive network in the rubber
matrix especially at high loading. As a consequence, both the me-
chanical and conductivity of the composites are enhanced. The
formation of the continuous filler network can also be evidenced by
the appearance of the rubber composite (uniform black without
filler aggregates). Although one can not directly observe the 3D
network of the PPy@HNTs in the rubber matrix from SEM images,
the conductivity determination of the composites in the following
section confirms the formation of continuous conductive network.
All these results demonstrate that PPy@HNTs are successfully
incorporated into the xSBR matrix and can be dispersed evenly
with good interfacial interactions with the xSBR.
Fig. 4. FTIR spectra of xSBR and xSBR/PPy@HNTs composite (a); XRD patterns of xSBR, H
impurities in the HNTs.
3.3. Conductive properties of the xSBR/PPy@HNTs composites

PPy can form a continuous film or coating on the surfaces of
many types of nanoparticles by the in situ polymerization method,
which leads to a hybrid conductive filler for polymer composites.
The conductivity of xSBR/PPy@HNTs and xSBR/PPy composites
with different filler content was compared in Fig. 6. Neat xSBR is an
insulator with conductivity less than 10�9 s/m. With the increase of
the content of PPy@HNTs filler, the conductivity of the composites
gradually increased. When the content of filler is 2.5 wt% (the
corresponding content of PPy is 0.06%), the conductivity of the
sample increased from 5.27 � 10 �11 s/m to 2.68 � 10�7 s/m. The
maximum conductivity of the composite is 1.82 � 10�4 s/m which
is corresponding the composite with 10 wt% PPy@HNTs content.
This is due to the fact that the PPy@HNTs can form a continuous
conductive network in the rubber matrix. In contrast, neat PPy can
not be uniformly dispersed in xSBR matrix, so the conductivity of
xSBR/PPy composites is poor. We also prepared xSBR/PPy/HNTs
(100/0.27/5) ternary composites, however, the composites showed
a relatively low conductivity (<10�8 s/m) and mechanical property.
The conductivity of the xSBR/PPy@HNTs composites with 10 wt%
filler content is superior for the natural rubber (NR)/PPy@cellulose
nanowhisker (CNCs) systems. In the NR/PPy@CNCs composite with
10% filler content, the conductivity is only 2.5 � 10�9 s/m [15]. The
conductivity of the prepared composites is comparable with that of
NR/PPy/layered silicates (Naþ-MMT) composites [41]. The xSBR/
PPy@HNTs composites with 10 wt% filler content was cut into a
small strip to determine their conductivity. In the inset of Fig. 6, it
can be seen the rubber composite can light up a LED device with
blue light. Therefore, the xSBR rubber can transfer from insulator
into semiconducting materials by incorporation of the conductive
PPy@HNTs.

3.4. Mechanical properties of the xSBR/PPy@HNTs composites

HNTs show high aspect ratios and high strength (about 130 GPa
of the elastic modulus). The PPy@HNTs can be uniformly dispersed
in the xSBR matrix as seen from the SEM result. The influence of
PPy@HNTs on the mechanical properties of xSBR was investigated.
Fig. 7(a) shows the stress-strain curves of xSBR/PPy@HNTs com-
posites. Table 1 summarizes the data of the mechanical properties.
The tensile strength of the composites increases with the filler
loading. When the filler content is 10 wt%, the tensile strength of
NTs, and xSBR/PPy@HNTs composite (b). * in the HNTs pattern refer to the peaks of



Fig. 5. SEM images of xSBR/PPy@HNTs composite: (a) and (b) xSBR; (c) and (d) 1.25%; (e) and (f) 2.5%; (g) and (h) 5%; (i) and (j) 10%.

Fig. 6. Conductivity of the xSBR/PPy@HNTs and xSBR/PPy composites (inset show the
xSBR/PPy@HNTs (10%) composite can light up a LED device).
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the composite is 3.75 MPa which is 1.1 multiples of the neat xSBR.
When the content of filler is less than 1.25 wt%, both the tensile
strength and the elongation at break of the composites are
improved simultaneously. With further increasing filler loading
(beyond 2.5 wt%), the tensile strength of the xSBR/PPy@HNTs
composites continues to increase, while the elongation at break
slightly decreases. This phenomenon can be attributed to the
formation of a rigid network in the rubber matrix with relatively
high filler loading. The rigid filler network will stiffen the com-
posite and inhibit the flexibility of the rubber chain. From Table 1,
the tensile modulus at 100%, 300%, and 500% strain of the com-
posites is also gradually increases with the increase of PPy@HNTs
content (expect the tensile modulus at 100% for 1.25% PPy@HNTs
content). For example, the modulus at 500% strain of xSBR/
PPy@HNTs composites with 5 wt% filler content is 3.17 MPa, which
is 2.07 multiples of the neat xSBR. The improvement of the tensile
properties is attributed to the uniform dispersion of the PPy@HNTs
and the good interfacial interactions between PPy@HNTs and rub-
ber. Although the organic layer of PPy on HNTs is thin and the
grafting ratio is low, it is supposed that both PPy and HNTs can
interact with the polar xSBR via hydrogen bond interactions [32].
So, even if PPy can not fully wrapped the tubes, the interfacial
bonding of the xSBR/PPy@HNTs composite is satisfy and is
responsible for the enhancement of the properties. Without HNTs
template, neat PPy can also reinforce the xSBR composites but at a
relatively low level. This is related to the poor dispersion state and
weak reinforcing ability of the PPy in rubber matrix [15].

To better understand the change of mechanical properties of the
rubber composite, the data are recast in in the form of a reduced
stress, s*, versus reciprocal extension ratio,1/l, using the Mooney-
Rivlin equation (Fig. 7(b)) [42]. The equation is given as follows:

s* ¼ s/(l�l�2) ¼ 2C1 þ 2C2l
�1

where s is the true stress, 2C1 and 2C2 are constants, l ¼ L/



Fig. 7. Tensile stress-strain curves of xSBR/PPy@HNTs composite (a); s* as a function of l�1 of xSBR/PPy@HNTs composite based on the MooneyeRivlin equation (b).

Table 1
The mechanical properties of xSBR/PPy@HNTs and xSBR/PPy composites (data in parentheses represent standard deviation).

Samples Modulus at 100% strain
(MPa)

Modulus at 300% strain
(MPa)

Modulus at 500% strain
(MPa)

Tensile strength
(MPa)

Elongation at break (%)

Neat xSBR 0.78 (0.04) 1.10 (0.01) 1.53 (0.04) 1.81 (0.14) 611.0 (25.0)
PPy@HNTs content (%) 1.25 0.68 (0.04) 1.12 (0.10) 1.75 (0.15) 2.50 (0.21) 665.0 (35.2)

2.5 0.91 (0.08) 1.48 (0.07) 2.27 (0.08) 2.74 (0.14) 609.7 (24.8)
5 1.32 (0.09) 2.13 (0.14) 3.17 (0.11) 3.70 (0.18) 573.0 (22.0)
10 1.65 (0.10) 2.53 (0.07) e 3.75 (0.20) 492.5 (10.3)

PPy content (%) 0.06 0.87 (0.13) 1.71 (0.07) e 2.01 (0.55) 342.9 (73.7)
0.13 1.13 (0.06) 2.30 (0.01) e 2.92 (0.60) 367.5 (27.5)
0.27 0.98 (0.08) 2.16 (0.13) e 2.38 (0.15) 324.5 (21.0)
0.53 1.45 (0.09) e e 2.71 (0.21) 212.0 (15.2)
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L0 ¼ 1 þ ε, and L and L0 are the final and initial lengths, and ε is the
tensile strain.

As shown in Fig. 7(b), the Mooneye-Rivlin plots can be divided
into the three regions of strain: lows train (1/l > 0.8), intermediate
strain (1/l ¼ ~0.25e0.8) and high strain (1/l < 0.25) [42]. It can be
seen that the s* of composites is higher than that of neat xSBR
(expect the curve in the intermediate and low strain of xSBR/
PPy@HNTs composites with 1.25 wt% filler content, which can be
attributed to the softening effect of rubber by incorporation of
small quantity of HNTs). The increased s* of composite in the high
strain region is due to the reinforcement or a “strain amplification”
effect during the stretching process, as expected for the rigid
tubular-like filler. This result also implies a strong interface in xSBR/
PPy@HNTs composites, which are benefit for the chain orientation
between neighboring nanoparticles when a large deformation is
applied. The similar reinforcement effects of HNTs towards rubbers
have also been found [43e46].

The influence of PPy@HNTs on dynamic properties of xSBR was
further studied by DMA (Fig. 8). The storage modulus (E0) and loss
tangent (tan d) of xSBR/PPy@HNTs composites are plotted as a
function of temperature. Table 2 summarized the values of E0

at �100, 30, and 70 �C and peak values and peak temperature of
tan d for xSBR/PPy@HNTs composites. E0 of xSBR/PPy@HNTs com-
posites increases with the increase of filler content both in rubber
state and glass state. The increase trend is especially significant at
the rubber state after glass transition. Storage modulus at 30 �C of
xSBR/PPy@HNTs composites with 10% filler content is 96.08 MPa
which is 7.6 multiple of that of neat xSBR. This DMA result is
consistent with the results of the static tensile test. The E0 of the
composite is mainly affected by the fillers network in the polymer
matrix. As the filler loading increases, a more perfect network
within the polymer matrix is formed, which result in effective load
transfer of the rubber matrix to the fillers and consequently the
improvement of the storage modulus. With the increase of filler
loading, the peak value of tan d decreases from 0.95 of neat xSBR to
0.70 of the composite with 10% PPy@HNTs content. The decrease of
the peak value of the tan d curve is related to the decrease of the
rubber matrix material content, which suggests the decrease of the
damping performance by the incorporation of modified HNTs. The
decrease of the peak also indicates that the rubber molecular chain
in the composites is absorbed and trapped on the surface of the
nanotubes, which limits the flexibility and mobility of the rubber
macromolecular chains. The peak temperature of the tan d curve
corresponds to the Tg of the polymer. It can be seen that the Tg
decreases from 28.55 �C to 23.22 �C with the increase of the filler
loading. A shift of the Tg to lower temperature has also been found
in the SBR/silica composite [47,48]. Previous study showed that the
favorable interfacial interactions of the organophilic filler with non-
polar rubber chains leaded to a decrease in Tg when an organophilic
filler was present in rubber composite [48]. For the present sys-
tems, the raw HNTs was treated by the organophilic PPy, which
contributed to the decrease of the Tg.
3.5. Thermal properties of the xSBR/PPy@HNTs composites

DSC and TGA experiment were performed to investigate the
influence of PPy@HNTs on the thermal properties of the xSBR.
Fig. 9(a) shows the DSC heating curves for the xSBR/PPy@HNTs
composites with different filler contents. Different from the DMA
result, all the composites show Tg in the range of 10.3e12.1 �C
which are sustainably lower than those determined by DMA
testing. This arises the different principle for determining Tg for the



Fig. 8. The temperature dependence of the storage modulus E0 for xSBR/PPy@HNTs composites with various PPy@HNTs contents (a); the temperature dependence of the loss
tangent tan d for xSBR/PPy@HNTs composites with various PPy@HNTs contents (b).

Table 2
The data of storage modulus at different temperature, tan d peak value, and tan d peak temperature for xSBR/PPy@HNTs composites.

PPy@HNTs content
(%)

Storage modulus at �100 �C
(MPa)

Storage modulus at 30 �C
(MPa)

Storage modulus at 70 �C
(MPa)

tan d peak values
(�)

tan d peak temperature
(�C)

0 2780.33 12.65 0.45 0.95 28.55
1.25 2903.91 16.99 0.50 0.91 26.78
2.5 3300.10 50.03 0.75 0.85 26.65
5 3504.53 62.23 1.08 0.78 24.34
10 3842.32 96.08 5.34 0.70 23.22

Fig. 9. DSC heating curves of xSBR/PPy@HNTs composites with various PPy@HNTs contents (a); TGA curves of xSBR/PPy@HNTs composites with various PPy@HNTs contents (b).
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two methods. The DMA method measures the hysteresis between
the applied force and the response of the macromolecular chain
under repeated small amplitude strain cycles. While the DSC
method measures the enthalpy change during heating or cooling
[49]. The Tg of the rubber composites is also lower than that of neat
xSBR (expect for that of composite with 2.5 wt%). To evaluate the
amount of immobilized rubber around the PPy@HNTs in the com-
posite, the value of cim (the weight fraction of the immobilized
polymer layer) was calculated by DSC data. Compared to pure xSBR,
DCpn shows a systematic decrease trend with the increase of
PPy@HNTs loading, indicating that part of fillers in the composites
does not participate in the glass transition behavior of the polymer
bulk. With the content of filler increases, the value of cim gradually
increases from6.8% to 12.0%, suggesting thatmore andmore rubber
molecule chains are immobilized by fillers.

Fig. 9(b) compares the decomposition behavior of xSBR and
xSBR/PPy@HNTs composites. The temperature corresponding to
the maximumweight loss of xSBR is near 405 �C. The TG curves of
all the composites do not show regularity when the temperature is
less than 450 �C, and the curves almost coincide for all the samples.
However, when the temperature is higher than 440 �C, the curves
of the composite are above that of neat xSBR with the increase in
the filler content. This suggests that the thermal stability of xSBR
slightly increases at high temperature region by the addition of
PPy@HNTs. At 600 �C, the residual weight of the composites in-
creases with the increase of filler loading.



Fig. 10. Water uptake ratio of xSBR/PPy@HNTs composites (a); crosslink density of xSBR/PPy@HNTs composite (b).
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3.6. Swelling properties of the xSBR/PPy@HNTs composites

Fig. 10(a) shows the water absorption ratio of the xSBR/
PPy@HNTs composites for 3 days. The water absorption ratio of
composites decreases from 24.6% to 10.5% with the increase of the
filler loading, which is related to the formation of rigid network in
the composites which limits themovement of the rubbermolecular
chain. Fig. 10(b) shows the influence of PPy@HNTs loading on the
crosslink density of xSBR. Though our system is not crosslinked, the
crosslinking density can be compared to study whether there are
interactions between xSBR and PPy@HNTs. It is generally consid-
ered that the nanoparticles can adsorbed the rubber chains, which
leads to the decrease of the crosslink density. It can be seen that the
crosslink density of the composite decreases with the increase of
the filler content, which is attributed to the high specific surface
areas of PPy@HNTs. The surface adsorption effect of HNTs result in a
barrier effect for the formation of physical crosslinking points via
macromolecular chain tangles [50]. Previous report also found that
the addition of inorganic filler reduced the volume fraction of
rubber and hindered the curing, leading to the decrease of cross-
linked rubber density [51].

4. Conclusions

In summary, PPy@HNTs conductive filler was prepared by
adding ferric chloride as oxidizing agent in a uniformly dispersed
HNTs and pyrrole aqueous dispersion. z-potential measurement,
FTIR, and TEM showed that PPy was successfully polymerized on
the surfaces of the nanotubes, leading to a continuous conductive
layer on HNTs. xSBR/PPy@HNTs composite films were prepared via
solution mixing and casting drying method. The incorporation of
the conductive filler PPy@HNTs successfully conferred the good
conductivity of xSBR. When the content of filler was 10%, the
conductivity of the sample was 1.82 � 10�4 s/m. FTIR and XRD
confirmed the interfacial interactions between the PPy@HNTs and
the xSBR. PPy@HNTs could be uniformly dispersed in the rubber
matrix and nearly no aggregates of PPy@HNTs could be found. Both
the tensile strength and the elongation at break of the rubber
composites were improved by the addition of PPy@HNTs. Effective
load transfer of the rubber matrix to the fillers leaded to the
improvement of the storage modulus. A slightly decreased glass
transition temperature of the composite was found. The thermal
stability of xSBR slightly increased at high temperature region by
the addition of PPy@HNTs. PPy@HNTs leaded to reduced water
absorption and crosslinking density of the xSBR. All results showed
that the addition of PPy@HNTs could improve both the electrical
conductivity and mechanical performance of the rubber
composites.
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