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Abstract Poly(ethylene terephthalate) (PET)/carbon black (CB) composite fibers with improved mechanical properties in
tensile modulus and tensile strength are prepared by eletrospinning. Stable dispersions suitable for electrospinning are
obtained by dispersing melt pre-compounded PET/CB composites in hexafluoroisopropanol. The fiber morphology and CB
dispersion are investigated by FESEM and TEM. The addition of CB has no obvious effect on fiber diameter, and the average
fiber diameters for all the samples are around 2—-3 pm. CB in the fibers is in the form of submicron-sized clusters. The
thermal properties of the PET/CB composite fibers are evaluated by DSC, showing almost unchanged melting temperature
and crystallinity. Uniaxial tensile tests are used to measure the mechanical properties of the PET/CB composite fiber mats.
The fiber mats containing 1 wt%—8.5 wt% CB have significantly improved tensile modulus compared to neat PET fiber mat,
showing reinforcing effect of CB. The electrical conductivity of the fiber mats has also been tested.
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INTRODUCTION

Polymer/carbon black (CB) composites have been widely used in industry for many years as reinforcing,
conductive, antistatic, weather-resistant and black-colored materials because CB has good mechanical properties,
electrical conductivity, light-absorbing ability and color-stability. With the rapid evolution of the electrospinning
technique, polymer/CB composite fibers have gained interest'''? because more application fields and superior
properties are expected from their unique structure such as high specific surface area, high aspect ratio and high
porosity.

Some polymer/CB composite fibers! %! have been prepared by electrospinning with interesting properties
such as improved mechanical properties or electrical conductivity as compared to the corresponding neat
polymer fibers and the CB content can be from 1 wt%™ to 62.5 wt%!'!). Hwang et al.!"! and Chuangchote et al.””
reported dramatic increases in tensile modulus for electrospun polyurethane (PU)/CB and poly(vinyl alcohol)
(PVA)/CB composite fiber mats. Tiwari et al’ investigated the use of electrospun poly(e-caprolactone)
(PCL)/CB fibrous strips as flexible strain sensors using the principle that the conductive fibrous strips become
non-conductive at sufficiently high strains, and they also proposed a two-dimensional layered-percolation model
to explain the increase in electrical resistance with stretching. Based on polyacrylonitrile (PAN)/CB-related
electrospun webs, Im ez al.* ! investigated carbon fiber/CB webs as electromagnetic shielding materials and gas
sensors, and Wang et al.') reported electrode materials. Polycarbonate (PC)/CB, poly(ethylene oxide)/CB,
poly(methyl methacrylate)/CB, polyepichlorohydrin/CB, polyisobutylene/CB, polyvinypyrrolidone/CB,
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poly(vinyl chloride)/CB, polyaniline/CB, butyl rubber/CB and chitosan (CS)/CB electrospun mats were also
prepared’ "2,

PET is widely used in industry for making soft-drink bottles, thin films for photography or food packaging,
bearings, gears, housings for small appliances, etc. It is also a commonly used fiber-forming polymer, known as
polyester fibers, extensively used in textile industry. Because of its excellent mechanical and thermal
properties!®!, PET has been electrospun into fibers by both solution and melt electrospinning for various
applications such as filtration, charge storage, phase change materials and vascular graft materials!*™"),
However, the mechanical properties of polymer electrospun fibers are generally weak, limiting their
applications. Adding rigid fillers to prepare composite fibers with improved mechanical properties is certainly
beneficial for their applications. PET/multi-walled carbon nanotube (MWCNT) composite fibers have been
prepared by electrospinning!* '*. Mazinani et al.'"* reported an electrical percolation threshold around 2 wt%
MWCNT and significant improvement in mechanical properties through adding MWCNT for random PET fiber
mats. Compared to the MWCNT, CB is much cheaper and widely used, but to the best of our knowledge, the
research on PET/CB electrospun fibers is still lacking. An intriguing question then arises, whether PET/CB
composite fibers might have interesting properties. This paper gives a full account of our studies on the
preparation and characterization of PET/CB composite fibers.

EXPERIMENTAL

Materials

PET was provided by XinJiang Blue Ridge Tunhe Chemical Industry Joint Stock Co., Ltd. (China) with an
intrinsic viscosity [77] of 0.825 dL/g and dried in a vacuum oven at 80 °C for 8 h before use. CB (VXC-605),
with a primary particle diameter of 25 nm, a dibutyl phthalate (DBP) absorption of 1.48 cm’/g, and an iodine
absorption of 90 mg/g was purchased from Cabot (Shanghai), and hexafluoroisopropanol (HFIP) (purity >
99.5%) was purchased from Dongyang Biology Production Co. Ltd. (Yancheng, China).

Melt Compounding of PET/CB

PET/CB composites containing 1.0 wt%, 3.5 wt%, 6.0 wt%, 8.5 wt% and 16.0 wt% of CB were prepared by melt
mixing. Thus, desired amounts of PET and CB were manually premixed and then fed into the chamber of a
torque rheometer (RM 200A, Hapro Electrical Technology, Harbin, China). The screw speed, mixing
temperature and mixing time were 60 r/min, 250 °C, and 10 min, respectively. The samples are denoted as
PET/x% CB, where x% is the wt% of CB in the composite.

Preparation of Electrospinning Dispersions

Dispersions for electrospinning were prepared by dissolving the PET/CB composites obtained from the melt
mixing process in HFIP at room temperature with magnetic stirring for 4 days. For comparison, neat PET
solution was prepared by dissolving the commercial PET pellets in HFIP at room temperature, and two PET/CB
dispersions containing 6 wt% CB were prepared by direct solution compounding with or without sonication,
denoted as PET/6% CB-S1 and PET/6% CB-S2, where “S” means solution compounding, “1” represents no
sonication, and “2” with sonication. For PET/6% CB-S1, PET pellets and CB were stirred together in HFIP for
4 days at room temperature. For PET/6% CB-S2, firstly PET pellets were dissolved in HFIP at 40 °C for 4 days
to obtain a PET solution with a solution concentration of 15 wt%, and CB in HFIP with a concentration of
3.8 wt% was treated with sonication for 1.5 h and then stirred until use; then the two “solutions” were combined
in an appropriate proportion. The concentration in all the dispersions is 12 wt%.

Electrospinning

The electrospinning dispersion was placed into a 10 mL glass bottle capped with a 9-gauge blunt end needle. The
potential from a high voltage (15 kV) power supply was applied to the needle via an alligator clip. A square
(12.5 cm x 12.5 cm) piece of aluminum foil bundled around a grounded metal rotary drum (diameter: 8 cm,
rotating rate: 500 r/min) was used as a rotating collector. The collecting distance was kept at 15 cm and the flow
rate was 1 mL/h. All the samples were dried in a vacuum oven at 40 °C for 48 h to remove the residual solvent.
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Characterization

Field emission scanning electron microscopy (FESEM)

The morphology of the electrospun fibers was observed using a field emission scanning electron microscope
(JEOL JSM 7401, Japan) operating at an accelerating voltage of 3 kV or 1 kV. The diameters of the electrospun
fibers were determined using JEOL software (SMILEVIEW). For a better observation, all the samples were
coated with Au.

Transmission electron microscopy (TEM)

In order to investigate the dispersion of CB in the electrospun fibers, a small amount of cetyltrimethylammonium
bromide (CTAB) (0.5 wt%) was added into the PET/CB dispersion to obtain thinner fibers for TEM observation.
The fibers were directly electrospun onto Cu grids covered with an ultra-thin carbon layer, and investigated by a
Hitachi H-800 transmission electron microscope (Japan) at an accelerating voltage of 80 kV.

Differential scanning calorimetry (DSC)
DSC was carried out on the electrospun fiber mats to study the thermal properties of different samples using a
Q100 calorimeter (TA Instruments, USA). The samples were heated to 330 °C at a heating rate of 10 K/min in
nitrogen atmosphere. The temperature at which half the increase in heat capacity has occurred is defined as the
glass transition temperature (7).

The enthalpy of fusion of the crystals formed during electrospinning was calculated as follow:

AHf,e:(AHf_AHcc)/(l_WCB) (1

where Ar and AH, is the enthalpy of fusion and enthalpy of cold-crystallization occurring around 115 °C in DSC
curve, wcg is the weight ratio of CB in the composite.
Then, the degree of crystallinity of the electrospun mat can be calculated as follow:

X, =AH, /AH! ©)

where AH/ is the enthalpy of fusion of perfect crystalline structure of PET at equilibrium thermodynamic melt
temperature 7 and was taken as 140 J/g!"*,

Tensile tests

Specimens (5 cm X 1 cm) with thickness of approximately 0.1 mm were cut carefully from the electrospun fiber
mats. Before tensile tests, all specimens were conditioned at 25 °C for 72 h under a relative humidity of 50%. A
TCS-2000 tensile tester (Gotech) was used to determine the tensile properties of different samples, with a tensile
speed of 5 mm/min and a fixture distance of 10 cm.

Electrical resistivity
For bulk samples obtained from melt mixing, disk samples with a diameter of 30 mm and a thickness of 2.5 mm
(Style A) or a diameter of 75 mm and a thickness of 0.38 mm (Style B) were prepared for low- and high-
resistivity measurements, respectively. Samples with higher electrical resistivity (> 10* Q-cm) were measured by
the ZC-36 resistivity test (Shanghai Cany Precision Instrument). For more conductive samples (< 10® Q-cm), the
electrical resistivity was measured using a four-point test measuring instrument (KDY-1, Guangzhou Kunde Co.,
Ltd).

The electrical resistivities of the PET/CB fiber mats were tested by four-point method. PET/16%CB fiber
mats pressed under a pressure of 1.6 MPa at room temperature, 160 °C and 250 °C for 10 min were also tested
by the four-point method.

RESULTS AND DISCUSSION

Morphology of PET/CB Fibers
The key problem in electrospinning of polymer/inorganic composites is the homogeneous dispersion of
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inorganic particles in electrospinning solutions. Melt pre-compounding followed by dissolution has been shown
to be an effective way to resolve this problem***!. Thus, PET and CB were pre-compounded by melt mixing at
250 °C in a rheometer to get CB dispersed in PET. The pre-compounded composites can disperse in HFIP at
room temperature into homogeneous and stable black suspensions. No obvious precipitation of CB was observed
after storage for at least three days. Upon electrospinning, dark-colored fiber mats were obtained, as contrasted
to the white color of neat PET fiber mat. The color of PET/1% CB fiber mat is grey, all other samples with more
CB are black. Pedicini et al.!"” reported white fiber mats from black polymer solutions containing CB such as
PC/2% CB solution. The phenomenon is attributed to light scattering produced by the porous mat which
effectively “mask” the appearance of CB. According to the authors'”, the condition for obtaining white fiber
mats from black polymer/CB solutions is the fibrous morphology with fiber diameters in submicron size. In our
work, the average fiber diameters for all the samples are around 2-3 pm (Table 1, averaged from 100 fibers),
which do not meet the condition for obtaining white fiber mats, and CB plays efficiently a role of black pigment.

Table 1. Average diameters of the different fibers (um) with standard deviation
PET/1% PET/3.5% PET/6% PET/8.5%  PET/16% PET/6% PET/6%

Entry PET CB CB CB CB CB CB-S1 CB-S2
Fiber 05 28+06 27406 26405 24406 23406 32407  2.6+06
diameter

” Averaged from 100 fibers for each sample

The FESEM micrographs of PET/CB composite fibers containing different amounts of CB (0 wt%, 1 wt%,
3.5 wt%, 6 wt%, 8.5 wt% and 16 wt%) at two different magnifications are shown in Fig. 1 and Fig. 2. At low
magnification, cylindrical fibers were observed for all the samples except the one with 16 wt% CB where some
elongated beads appear due to presumably reduced viscosity of the electrospinning dispersion. In the design, the
concentration of PET/CB dispersion is kept constant. With a high CB content like 16 wt%, PET content is
considerably reduced, as a result, the solution viscosity considerably reduced. The average fiber diameters for all
the samples are similar, regardless of CB content (shown in Table 1). At high magnification, homogeneously-
distributed clusters of CB in the size of submicron range were observed on PET/CB composite fiber surfaces
even for PET/1% CB. With increasing CB content, more CB clusters were observed. In the literature!'* 3% 31,
beads-on-string structure or ridge-like structure with inorganic particles in the beads or ridges were often
observed in polymer/inorganic composite fibers when the dispersion of inorganic particles is poor. In this work,
almost no obvious beads-on-string structure or ridge-like structure with CB in the beads or ridges were observed,
although CB exists in the form of clusters, because the fiber diameter is much bigger than the size of the clusters.
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Fig. 1 FESEM micrographs of the electro
magnification): (a) 0 wt%, (b) 1 wt%, (c) 3.5 wt%, (d) 6 wt%, (e) 8.5 wt%, (f) 16 wt%, (g) PET/6% CB-S1,
and (h) PET/6% CB-S2

Fig. 2 FESEM micrographs of the electrospun PET/CB fibers with different carbon black contents
(high magnification): (a) 0 wt%, (b) 1 wt%, (c) 3.5 wt%, (d) 6 wt%, (e) 8.5 wt%, (f) 16 wt%, (g)
PET/6% CB-S1, and (h) PET/6% CB-S2



PET/CB Fibers Prepared by Electrospinning 1239

Dispersion of CB in the Fibers

Because FESEM micrographs only give information on the dispersion of CB localized on the fiber surface, TEM
was envisaged to further investigate the dispersion of CB in the composite fibers, and the micrographs are shown
in Fig. 3. Clearly, CB particles are observed as submicron-sized clusters in all the fibers regardless of CB
content. It is hard to see any primary particles. This is typically the feature of CB particles!-*** %! TEM results
are in agreement with FESEM results discussed above in view of CB dispersion, basically retaining the
dispersion state in melt-compounded PET/CB composites (Figs. 3e and 3f).

Fig. 3 TEM micrographs of the electrospun PET/CB fibers and FESEM micrographs of melt-compounded
PET/CB bulks with different carbon black contents: (a) 1 wt%, (b) 3.5 wt%, (c) () 6 wt% and (d) (f) 16 wt%

Thermal Properties of PET/CB Fiber Mats
Thermal properties of the materials are important for their usage and also affect their mechanical properties. In

this work, DSC was used to investigate the thermal behavior of the PET/CB composite fibers, and the
thermograms are shown in Fig. 4.
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Fig. 4 DSC curves of the electrospun PET/CB fibers: (a) PET, (b) PET/1% CB, (c) PET/3.5%
CB, (d) PET/6% CB, (e) PET/8.5% CB and (f) PET/16% CB

Glass transition, cold crystallization and melting are obvious in all the curves, showing typical heating
behavior of PET. Compared to neat PET fibers, PET/CB composite fibers have lower glass transition
temperature (7,) and lower cold crystallization temperature (7.), indicating degradation of PET during melt
compounding. Neat PET fibers were prepared by dissolving the commercial PET resin in HFIP without being
heated in the rheometer. As a general rule, 7, increases with molar mass when it is below the critical value. The
segments have bigger mobility when molar mass is lower, leading to the decrease of T,... However, as seen from
Table 2, for PET/CB composite fibers the melting temperature (7;,) is all around 249 °C and the enthalpy of
melting is all around 25 J/g, which are similar to those of neat PET fibers, indicating almost unchanged degree of
crystal perfection and crystallinity. It is noted that the variation of CB content has no obvious effect on thermal
properties of the PET/CB composite fibers.

Table 2. Thermal properties of the PET/CB composite fibers with different CB contents

Entry 1GY) Tn (°C) AH;. (J/g) Xe (%)
PET 62.4 2482 22.6 16.1
PET/1% CB 56.3 249.9 27.4 19.6
PET/3.5% CB 57.5 249.8 27.9 19.9
PET/6% CB 59.0 248.7 23.2 16.6
PET/8.5% CB 61.2 249.7 23.8 17.0
PET/16% CB 61.4 249.2 24.2 17.3

Mechanical Properties of PET/CB Fiber Mats
Uniaxial tensile tests were used to evaluate the mechanical properties of PET/CB fiber mats. The results are
given in Table 3, and the typical stress-strain curves are shown in Fig. 5.

Table 3. Mechanical properties of the PET/CB composite fiber mats
Young’s modulus

Entry (MPa) Tensile strength (MPa) Elongation at break (%)
PET 63.3+12.9 33+0.2 512 + 88
PET/1% CB 98.4 £ 8.8 35+£0.2 259 + 41
PET/3.5% CB 103.5+5.2 33+£0.2 291+ 55
PET/6% CB 98.1£9.1 39+0.3 185+ 33
PET/8.5% CB 98.2+8.1 32+0.1 206 + 47
PET/16% CB 61.0+54 22+0.1 152+ 14
PET/6% CB-S1 594+6.5 25+0.2 190 + 47

PET/6% CB-S2 93.1+£9.8 3.8+£0.1 458 £ 77
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Fig. 5 Representative stress-strain curves of PET/CB fiber mats: (a) PET, (b) PET/1% CB,

(c) PET/3.5% CB, (d) PET/6% CB, (e) PET/8.5% CB and (f) PET/16% CB

The tensile moduli of the PET/CB composite fiber mats containing 1 wt%—8.5 wt% CB are significantly
greater than that of neat PET (98—103 MPa versus 63 MPa), an increase of 55%, despite of the degradation of
PET during melt pre-compounding. The tensile modulus of the PET/16% CB sample is only 61 MPa, much
lower than those of samples containing less CB, due to severe aggregation of CB particles and also the imperfect
fiber morphology (elongated beads-on-string structure presents as seen from Fig. 1). As to tensile strength, only
PET/6% CB sample shows moderate increase compared to neat PET, although CB dispersion is reasonably
good. In general, the tensile strength is not only affected by filler dispersion, but also affected by the interfacial
interaction between polymer and filler. Because no special surface treatment of CB was taken, the weak
interfacial interaction is not beneficial for the increase of tensile strength.

Chuangchote et al® reported a 100% increase in tensile modulus for PVA/CB composite fiber mat
containing 8 wt% CB (to PVA), and decreases of both tensile strength and elongation at break upon the
incorporation of CB. Hwang et al.'"! found a 400% increase in tensile modulus for PU/CB composite fiber mat
containing 9.5 vol% CB and a decrease of elongation at break. Schiffman ez al.'"! showed a better conductivity
but no improvement in mechanical properties for CS/CB composite fiber mats. In fact, many factors could affect
the mechanical properties of the composite fiber mats, including the composition of the composite, interfacial
interaction between the components, nature (such as type and crystallinity) of the base polymer, fiber diameter,
porosity of the mat, bond structure between fibers, orientation of the fibers, dispersion of the filler, efc, making
analysis of the mechanical properties very complicated. In our work on PET/CB composite fiber mats, the
increase of tensile modulus is less than that of the cases of PVA/CB and PU/CB fiber mats mentioned above, but
it is still significant, meaning that the incorporation of CB to PET fiber mat can increase the stiffness of the
material, i.e. the ability against fiber orientation in the initial stage of loading**!.

Non-conductivity of PET/CB Fiber Mats

The electrical resistivities of all the PET/CB composite fiber mats were measured by the four-point method™,
and all the samples are non-conductive with a very high electrical resistivity (Igpy = 17.8) even for the sample
containing 16 wt% CB. For comparison, the electrical resistivity-CB content curve for PET/CB composites
prepared by melt mixing is given in Fig. 6, and the percolation threshold calculated from power law is 8.3 wt%
CB.

The non-conductivity of the PET/CB composite fiber mats could be attributed to three reasons. 1) Huge
inter-fiber pores: The pores of electrospun fiber mats are generally in micron size®. They certainly unfavor the
formation of conductive paths. 2) Big distance among CB clusters: It’s commonly known that electrospinning
process involves very high elongation rates (1000 s™') and jet cross-sectional area reduction by six orders of
magnitude”, so the distance among CB clusters is certainly much bigger than in bulk sample. Besides, the
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distance between two neighboring CB clusters could be much bigger than the average distance due to
inhomogeneous distribution of CB clusters, as evidenced in Fig. 3(d). 3) Lack of bond structure: As evidenced
by Fig. 1, no fiber-to-fiber bond structure was observed for all the PET/CB fiber mats due to fast evaporation of
the electrospinning solvent HFIP. The interface resistivity among fibers is huge.

= PET/CB

lgp, (Q-cm)

6

4

2F .

0 1 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16 18
Content of CB (wt%)

(=1

Fig. 6 Electrical resistivity as a function of CB content for PET/CB composites prepared by melt mixing

To support this point, the PET/16% CB fiber mat was melted at 250 °C in a hot press without mixing to
destroy the fibrous structure and pores. After cooling, the obtained bulk sample is conductive (Igpy = 1.9); while
it is still non-conductive (Igpy > 10) after cold pressing at room temperature or 160 °C which minimizes the
porosity but still keeps the interfaces among fibers.

Conductive PU/CB, CS/CB and PCL/CB composite fiber mats have been reported by Hwang et all'],
Schiffman et al!'Y, and Tiwari et al.®! It is noted that neat PU and neat CS fiber mats are already conductive
with Igpy of 7 and 8, and after the incorporation of CB the electrical resistivity is 4—5 orders of magnitude lower;
while the 1gpy of PCL/CB fiber mats can only be lowered to 6—7 (to the antistatic range). In PU/CB fiber mats, a
high density of bond structure presents!'; while in PCL/CB fiber mats, the dispersion of CB is fairly
homogeneous'™, facilitating the formation of conductive paths.

Fiber Mats from Differently-prepared Electrospinning Dispersions

The way of preparing electrospinning dispersions is important in view of CB dispersion, which is a decisive
factor affecting electrospinning and the properties of the final composite fiber mats. Therefore, the current
preparation method is compared with direct solution compounding with or without sonication using the
composition of PET/6% CB. No tip blockage caused by CB was observed during electrospinning regardless of
sonication, indicating that the dispersion of CB in such-prepared dispersions is acceptable for electrospinning
process. Compared to the sample PET/6% CB obtained from the melt pre-compounding method, the average
fiber diameters of the two samples (PET/6% CB-S1 and PET/6% CB-S2) (Fig. 1 and Table 1) have no much
difference; the dispersion of CB is similar in the case of sonication, but clearly poorer without sonication,
indicating the necessity of ultrasonic treatment in the direct solution compounding methods; the degree of
crystallinity has almost no change for both samples; the mechanical properties are comparable in the case of
sonication, but significantly lower without sonication due to the poor dispersion of CB (Fig. 1). Thus, melt pre-
compounding followed by dissolution is a viable approach for preparing the electrospinning dispersions having
reasonably good dispersion of CB, producing fiber mats having similar morphology, crystallinity and mechanical
properties to sonication method. The advantage of melt pre-compounding method is the suitability to large scale
preparation.
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CONCLUSIONS

PET/CB composite fiber mats containing 0 wt%—16 wt% CB can be prepared by dispersing melt pre-
compounded PET/CB composites in HFIP and subsequent electrospinning. CB in the fibers is in the form of
submicron-sized clusters. The average fiber diameter and crystallization behavior of PET during electrospinning
do not vary obviously with the change of CB content. All the composite mats are electrically non-conductive
even the one with 16 wt% CB, being much greater than the percolation threshold of the bulk sample. The tensile
moduli of the composite fiber mats containing 1 wt%—8.5 wt% CB increase significantly compared to that of
neat PET fiber mat. Excessive amount of CB such as 16 wt% is not favorable for the improvement of mechanical
properties due to severe aggregation of CB particles. PET/CB composite fiber mat having 6 wt% CB is found to
be a proper composition to have the best mechanical properties with 55% increase in tensile modulus and 20%
increase in tensile strength.

REFERENCES

Hwang, J., Muth, J. and Ghosh, T., J. Appl. Polym. Sci., 2007, 104(4): 2410

Chuangchote, S., Sirivat, A. and Supaphol, P., Nanotechnology, 2007, 18(14): 145705

Tiwari, M.K., Yarin, A.L. and Megaridis, C.M., J. Appl. Phys., 2008, 103(4): 044305

Im, J.S., Kang, S.C., Lee, S.H. and Lee, Y.S., Carbon, 2010, 48(9): 2573

Im, J.S., Kim, J.G. and Lee, Y.S., Carbon, 2009, 47(11): 2640

Wang, G., Dong, Q., Ling, Z., Pan, C., Yu, C. and Qiu, J.S., J. Mater. Chem., 2012, 22(41): 21819

Sujith, K., Asha, A.M., Anjali, P., Sivakumar, N., Subramanian, K.R.V., Nair, S.V. and Balakrishnan, A., Mater. Lett.,

2012, 67(1): 376

Threepopnatkul, P., Murphy, D., Mead, J. and Zukas, W., Rubber. Chem. Technol., 2007, 80(2): 231

Marek, P., Senecal, K., Nida, D., Magnone, J. and Senecal, A., J. Nanobiotechnology, 2011, 9(1): 1

10 Pedicini, A. and Farris, R.J., J. Polym. Sci., Part B: Polym. Phys., 2004, 42(5): 752

11 Schiffman, J.D., Blackford, A.C., Wegst, U.G.K. and Schauer, C.L., Carbohyd. Polym., 2011, 84(4): 1252

12 Kessick, R. and Tepper, G., Sensor. Actuat. B-Chem., 2006, 117(1): 205

13 Wang, C., Lee, M.F. and Jao, C.H., Eur. Polym. J., 2014, 52: 127

14 Mazinani, S., Ajji, A. and Dubois, C., J. Polym. Sci., Part B: Polym. Phys., 2010, 48(19): 2052

15 Chen, H.P., Liu, Z. and Cebe, P., Polymer, 2009, 50(3): 872

16 Chen, C.Z., Wang, L.G. and Huang, Y., Chem. Eng. J., 2009, 150(1): 269

17 Ma, Z., Kotaki, M., Yong, T., He, W. and Ramakrishna, S., Biomaterials, 2005, 26(15): 2527

18 Cai, Y.B.,Ke, H.Z., Lin, L., Fei, X.Z., Wei, Q.F., Song, L., Hu, Y. and Fong, H., Energ. Convers. Manage.,
2012, 64: 245

19 Chen, C.Z., Wang, L.G. and Huang, Y., Sol. Energ. Mat. Sol. C., 2008, 92(11): 1382

20 Hadjizadeh, A., Ajji, A. and Bureau, M.N., J. Mech. Behav. Biomed. Mater., 2011, 4(3): 340

21 Veleirinho, B., Rei, M.F. and Lopes-p,-Silva, J.A., J. Polym. Sci., Part B: Polym. Phys., 2008, 46(5): 460

22 OZg¢Am, A.E., Roskov, K.E., Genzer, J. and Spontak, R.J., ACS Appl. Mater. Interfaces, 2012, 4(1): 59

23 Ozgam, A.E., Roskov, K.E., Spontak, R.J. and Genzer, J., J. Mater. Chem., 2012, 22(12): 5855

24 Chronakis, L.S., Jakob, A., Hagstrom, B. and Ye, L., Langmuir, 2006, 22(21): 8960

25 Mckee, M.G., Wilkes, G.L., Colby, R.H. and Long, T.E., Macromolecules, 2004, 37(5): 1760

26 Chronakis, I.S., Milosevic, B., Frenot, A. and Ye, L., Macromolecules, 2006, 39(1): 357

27 Wang, C., Lee, M.F. and Wu, Y.J., Macromolecules, 2012, 45(19): 7939

28 Hunley, M.T., Pétschke, P. and Long, T.E., Macromol. Rapid Commun., 2009, 30(24): 2102

29 Wang, L., Yan, Y.B., Yang, Q.Q., Yu, J. and Guo, Z.X., J. Mater. Sci., 2012, 47(4): 1702

30 Ristolainen, N., Heikkild, P., Harlin, A. and Seppéla, J., Macromol. Mater. Eng., 2006, 291(2): 114

N N R W N =

O o0



1244 Z.Y. Xiong et al.

31 Ji, L., Saquing, C., Khan, S.A. and Zhang, X.W., Nanotechnology, 2008, 19(8): 085605

32 Sun, Y., Bao, H.D., Guo, Z.X. and Yu, J., Macromolecules, 2008, 42(1): 459

33 Xiong, Z.Y., Zhang, B.Y., Wang, L., Guo, Z.X. and Yu, J., Carbon, 2014, 70: 233

34 Lu, J.W,, Zhang, Z.P., Ren, X.Z., Chen, Y.Z., Yu, J. and Guo, Z.X., Macromolecules, 2008, 41(11): 3762
35 Bao, H.D., Guo, Z.X. and Yu, J., Polymer, 2008, 49(17): 3826

36 Bhardwaj, N. and Kundu, S.C., Biotechnol. Adv., 2010, 28(3): 325




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 2400
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 2400
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


