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ABSTRACT: Electrical conductivity developments of polypropylene (PP)/multiwall carbon nanotube (MWNT) and polybutene (PB)/

MWNT composites were carried out with polyethylene oxide (PEO) phase-separation behavior for the polymeric materials. The

low conductivity (8.47 � 10�8 S cm�1) of PP(98%)/MWNT (2%) was drastically increased up to 1.56 � 10�3 S cm�1 by only 2%

PEO(96%)/MWNT(4%) loading. The drastic improvement originated from the formation of an electrical connector structure with

the PEO/MWNT domain. The PB(93%)/MWNT(7%) conductivity was also improved by the PEO(92%)/MWNT(8%) loading

although the conductivity improvement effect was lower than that of the PP/MWNT. The Raman spectra showed that the MWNT

dispersity in the PB was poorer than that in the PP, resulting in the formation of a PEO/MWNT connector structure only at

higher loading. In addition, a PEO/carbon black composite was able to produce the connector structure for the PP/MWNT as well

as the PEO/MWNT. These results indicated that the highly conductive composites could be produced with smaller MWNT

amounts. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 3751–3757, 2013
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INTRODUCTION

Carbon nanotube (CNT) is one of attractive fillers for polymer

composite from the viewpoints of good electrical,1 mechani-

cal,2,3 and thermal4 properties. Because CNT has a high aspect

ratio, even the small loading amount allows these properties to

be strongly improved.5–7 CNT is a long length structure, result-

ing that the entanglement occurs. The entanglement brings

about a three-dimensional network structure (percolation) of

CNT. The formation of the CNT percolation in the polymer

composite brings about considerable improvement in the

electrical conductivity even with a small amount of the load-

ing.8–11 The electrical conductivity has a sizeable step of several

orders of magnitude above a CNT weight fraction.8,10 This elec-

trical behavior is due to the CNT percolation formation, and

the CNT weight fraction is called as the ‘‘percolation thresh-

old.’’8–11 The percolation threshold strongly depends on disper-

sity and/or alignment of the CNT in the polymer matrix.9 In

addition, the threshold depends on kinds of the polymer ma-

trix. For instance, in the cases of polyethylene (PE) and polye-

poxy matrices, the percolation thresholds were reported to be

about 2 wt %10 and about 0.0025 wt %,8 respectively. The

polymer coat intercepts the CNT–CNT contact, resulting that

higher concentration of the CNT is required to reach the

threshold.9 Therefore, the threshold certainly depends on the

surface coverage by the polymer matrix. If there is some interac-

tion between the CNT and the polymer, the surface coverage is

more likely to increase, and the threshold is raised. The contact

of uncoated CNTs is required to lower the threshold.

An application of phase separation between polymers has a

potential to prevent CNT surface from polymer coating. The

CNT in the interface would hardly be coated due to repulsion

between the polymers. Therefore, the phase separation gives the

contact of uncoated CNTs at the interface. If the phase-sepa-

rated polymer/CNT domain has electrical conductivity, it

becomes an electrical connector among the CNTs in the

polymer matrix. The size and/or dispersity control of such

connector certainly leads to lower the threshold.

In this work, electrical conductivity developments of PP/

MWNT and PB/MWNT have been carried out with PEO phase-

separation behavior for the polymeric materials. The PEO/

MWNT loading effects have been assessed in the conductivity,

and the changes of these percolation threshold values have been

studied. The formation of the PEO/MWNT connector structure

and the MWNT aggregation behavior has been evaluated by
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electron microscope and Raman spectra measurements. In

addition, the loading effects of two kinds of carbon black have

been studied in terms of the formation of the connector

structure as well as MWNT.

EXPERIMENTAL

Raw Materials

PP was supplied by Japan Polypropylene. The number-average

molecular weight (Mn) and the polydispersity (Mw/Mn) of the

PP were 4.6 � 104 and 5.7, respectively. PB was supplied by

Japan Polychem. The number-average molecular weight (Mn)

and the polydispersity (Mw/Mn) were 1.0 � 105 and 5.2, respec-

tively. PEO was purchased from Wako Pure Chemical Indus-

tries. The average molecular weight was 5.0 � 105.

MWNT was synthesized through the dissociation of methane at

750�C with a Fe2O3 catalyst. The diameter was from about

20–80 nm, and the length was from about 0.1–3 lm (these

values were obtained from the tenth MWNT samples).12 Two

kinds of acetylene black (Ketjenblack carbon EC300J and Denka

black) were supplied by Lion and Denki Kagaku Kougyou and

were denoted as KB and DB, respectively. The diameters of KB

and DB were 39.5 and 35 nm, respectively.

Sample Preparations

All composite samples were carried out with an Imoto Seisaku-

syo IMC-1884 melting mixer. The polymer/carbon material

composites were mixed at 180�C for the PP composite and

150�C for PB one at 100 rpm for 5 min.

Theses film preparation was carried out with a compress-mold-

ing. All composites were molded for 8 min at 180 or 150�C

under 10 MPa and then were quickly quenched up to room

temperature (ca. 20�C). All measurements were carried out with

the films.

Electrical Conductivity Measurement

The electrical conductivity of the film samples with 100 lm

thickness was determined at room temperature by a conven-

tional four-point-probe technique with a resistivity meter (Lor-

esta-GP MCP-T610, Mitsubishi Chemical).

Scanning Electron Microscope (SEM) Observation

SEM observation was carried out with a JEOL JSM-5800 and a

JSM-6701 F (Field emission-SEM (FE-SEM)) at 5–8 kV. In the

case of the SEM observation at the cross section of the compos-

ite sample, the sample was prepared by the fracture of about

800 -lm thick compression molded film in liquid nitrogen,

whereas, in the case of the SEM observation at the surface of

the composite sample, the compression molded film surface was

used without treatment. These samples were sputter-coated with

gold and were measured.

Raman Spectrometer Measurement

Raman spectra were obtained at room temperature with a

JASCO NR-1800 with 532 nm excitation wavelength (semicon-

ductor laser, laser power 100 mW).

RESULTS AND DISCUSSION

Figure 1 showed the electrical conductivity of the PP/MWNT,

PB/MWNT and PEO/MWNT as a function of the MWNT

loading. The PP/MWNT conductivity shows a drastic increase

between the 3 and 5% of the MWNT content, suggesting that

the MWNT percolation threshold is about 4%. The percola-

tion thresholds of the PB/MWNT and PEO/MWNT are about

7.5 and 2.5%, respectively. Although PB is a kind of polyolefin

as well as PP, there is a large difference in the percolation

threshold between them. Figure 2 showed the SEM micropho-

tographs cross section of the PB/MWNT and PP/MWNT. The

PP/MWNT microphotograph shows the existences of many

longer fibers. In addition, as shown in the high magnification

of the SEM microphotograph, the uncoated MWNT fibers can

be observed. In the case of the PB/MWNT microphotograph,

many white dots and shorter fibers corresponding to some

part of the MWNT are observed. As shown in Figure 3the

SEM microphotograph of the PP/MWNT surface distinctly

shows the MWNT network structure, and it cannot be

observed on the PB/MWNT surface. It reveals that the forma-

tion of the MWNT network structure is more difficult in the

PB/MWNT. The PB chains adhere to the MWNT surface and

interfere with the formation of the network structure. There-

fore, more loading amount of the MWNT is required to form

the network structure in the PB matrix. The percolation

threshold of the PEO/MWNT is much lower than that of the

PP/MWNT. The MWNT is well dispersible in PEO having

polarity. The formation of MWNT network structure easily

occurs, resulting that the percolation threshold lowers to the

lower MWNT content.

MWNT network structure such as entanglement is required for

conductivity appearance in MWNT composite, and its increas-

ing the number certainly leads to lowering the threshold.13

Figure 1. Electrical conductivity of PP/MWNT, PB/MWNT and PEO/

MWNT composites as a function of MWNT loading: % ¼ wt %.
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Shrivastava et al. reported that a use of polystyrene (PS) beads

during bulk polymerization of MWNT/styrene lowered the per-

colation threshold in PS matrix without any surface modifica-

tion of the MWCNT.13 The lowering was due to selective

concentration of the MWNT in the matrix with MWNT exclu-

sion effect of the PS beads. Such control method of the vacant

space by phase-separation is useful for minimization of the

MWNT percolation threshold. In this study, the threshold mini-

mization of the PP and PB composites was performed by a

similar method with phase-separation phenomenon. PP and

PEO are incompatible blend.14–16 The polymer blend showed

microscopically phase-separated (sea-island) morphology, and

its domain size depended on the PEO content.16 In addition,

the PB/PEO blend is incompatible as well as PP/PEO one. It is

noted here that our method for the threshold minimization

uses not MWNT exclusion effect but connector one. Figure 4

showed the expression mechanism of PP/MWNT (PB/MWNT)

conductivity with PEO/MWNT domain. The phase-separated

PEO/MWNT has conductivity and works as electrical connector

among free MWNT in the PP matrix. The MWNT network

structure is formed not by the MWNT entanglement but by the

connector.

Figure 2. SEM microphotographs cross section of PB/MWNT and PP/MWNT of composites. (a): PP(90%)/MWNT(10%) (b): PB(90%)/MWNT(10%).

Figure 3. SEM microphotographs of surface of PP/MWNT and PB/MWNT of composites. (a): PP(90%)/MWNT(10%) (b): PB(90%)/MWNT(10%).
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Figure 5 showed the electrical conductivity versus increment of

total MWNT content (D total MWNT) in PP(98%)/MWNT(2%)

þ n%[PEO(96%)/MWNT(4%)] or þ n%[PEO(92%)/MWNT

(8%)] composites. The PEO/MWNT loading certainly brings

about an improvement of the PP/MWNT conductivity. The

MWNT percolation thresholds in the PP/MWNT was about 3%

MWNT content, and the conductivity of the PP(98%)/

MWNT(2%) was very low (8.47 � 10�8 S cm�1). Only 2% load-

ing (corresponding to D total MWNT ¼ 0.04%) of the

PEO(96%)/MWNT(4%) brings about the drastic increase of
conductivity (1.56 � 10�3 S/cm). The improvement must be

originated from the formation of MWNT network structure with

the PEO(96%)/MWNT(4%) domain. The domain conductivity

is 5.33 � 10�2 S cm�1, indicating that the domain is able to work

as the connector among the MWNT in the PP matrix. The

conductivity of PP(98%)/MWNT(2%) is drastically increased by

the PEO(96%)/MWNT(4%) loading. The loading of the

PEO(92%)/MWNT(8%) with 1.59 � 10�2 S cm�1 conductivity

is effective for the conductivity increment of the PP(98%)/

MWNT(2%) as well as that of the PEO(96%)/MWNT(4%),

however, the small loading (corresponding to D total MWNT ¼
0.06%) does not show a clear effect for it. The PEO(92%)/

MWNT(8%) domain is more rigid than the PEO(96%)/

MWNT(4%) one because of its higher MWNT content. There-

fore, it seems that it is a little hard to disperse the PEO(92%)/

MWNT(8%) in the PP(98%)/MWNT(2%) matrix. The less

dispersity requires the higher loading amount.

Figure 6 showed the electrical conductivity versus D total

MWNT content in PP/PEO/MWNT and PP(98%)/MWNT(2%)

þ n%[PEO(92%)/MWNT(8%)] composites. These composites

were obtained from simultaneous (PP/PEO/MWNT) and batch

(PP(98%)/MWNT(2%) þ n%[PEO(92%)/MWNT(8%)]) mix-

ing methods with the same component content, respectively. As

shown in Figure 6the conductivity dependence on the D total

MWNT is certainly different between both mixing methods.

The increment rate of the conductivity in the PP/PEO/MWNT

is considerably slower than that in the PP/MWNT þ n%[PEO/

MWNT]. It seems that diffusion rate of the MWNT component

is not so high in the simultaneous mixing method.

Figure 4. Expression mechanism of conductivity.

Figure 5. Electrical conductivity versus increment of total MWNT con-

tent (D total MWNT) in PP(98%)/MWNT(2%) þ n%[PEO(96%)/

MWNT(4%)] or þ n%[PEO(92%)/MWNT(8%)] composites.

Figure 6. Electrical conductivity versus D total MWNT content in PP/

PEO/MWNT and PP(98%)/MWNT(2%) þ n%[PEO(92%)/MWNT(8%)]

composites: Each of amount of PP, PEO, and MWNT is the same between

both composites.
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The formation rate of the PEO/MWNT domain connector must

be slow. It is found that the batch mixing method is preferred

for the formation of the connector. In fact, as shown in Figure

7the existence of the connector structure can be observed in the

PP/MWNTþ 5%[PEO/MWNT].

Figure 8 showed the electrical conductivity versus D total MWNT

content in PB(95%)/MWNT(5%) þ n%[PEO(92%)/MWNT(8%)]

and PB(93%)/MWNT(7%) þ n%[PEO(92%)/MWNT(8%)]

composites. The PEO/MWNT loading does not show the conduc-

tivity improvement of the PB(95%)/MWNT(5%) and brings about

the slow increase of the PB(93%)/MWNT(7%) conductivity. These

results suggest that it is hard to form the connector structure with

the PEO/MWNT domain as compared with the PP/MWNT matrix.

Figure 9 showed the Raman spectra of the MWNT bundles,

PP(92%)/MWNT(8%) and PB(92%)/MWNT(8%) in the range of

1450–1750 cm�1 (around G band peak). The G band is originated

from an in-plane vibration of CAC bond in MWNT10 and shifts to

higher frequencies by the disentanglement of MWNT.9–11,17 The

maxima in the G band in the MWNT bundles and PB(92%)/

MWNT(8%) are located at 1581 and 1585 cm�1, respectively. The

maximum in the PP(92%)/MWNT(8%) is located at 1592 cm�1,

although another peak intensity around 1585 cm�1 can be

observed. The MWNT dispersity state in the PB matrix is lower

than that in the PP one, and the MWNT is rather aggregated. The

MWNT is bundled and is eccentrically located. The distance among

the MWNTs in PB matrix must be considerably far, and the higher

loading amount of the PEO/MWNT is required to form the

connector among.

Figure 10 showed the relationship between the total MWNT

content and conductivity of the MWNT composites. The PEO/

MWNT loading certainly brings about the conductivity incre-

ments of the PP/MWNT and PB/MWNT composites and leads

to the lowering of their MWNT percolation thresholds. For

Figure 7. SEM microphotograph of PP(98%)/MWNT(2%) þ5%[PEO(92%)/

MWNT(8%)] sample surface. Allows indicate connector structure.

Figure 8. Electrical conductivity versus D total MWNT content in

PB(95%)/MWNT(5%) þ n%[PEO(92%)/MWNT(8%)] and PB(93%)/

MWNT(7%) þ n%[PEO(92%)/MWNT(8%)] composites.

Figure 9. Raman spectra of MWNT bundles, PP/MWNT, PB/MWNT,

and PB/MWNT in the range of 1450–1750 cm�1 (around G band peak).

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38591 3755

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


instance, the 2% PEO(96%)/MWNT(4%) and the 5%

PEO(92%)/MWNT(8%) loadings increase the conductivity of

PP(98%)/MWNT(2%) up to 1.56 � 10�3 S cm�1 and 7.88 �
10�3 S cm�1, respectively. The conductivity values are approxi-

mately equal to one-tenth of that of the PP(95%)/MWNT(5%),

and the total MWNT contents are only 2.04 and 2.29% [ca. 41–

46% total MWNT contents of PP(95%)/MWNT(5%)], respec-

tively. The PB(93%)/MWNT(7%) shows a conductivity incre-

ment behavior as well as the PP(98%)/MWNT(2%), although

the PEO/MWNT loading effect is relatively less. For instance,

the 10% [PEO(92%)/MWNT(8%)] loading (7.09% total

MWNT content) provides about 150 times higher value (1.15 �
10�4 S cm�1) as compared with the PB(93%)/MWNT(7%).

The PEO/MWNT loading develops the conductivity of the PP/

MWNT and PB/MWNT, resulting that the usage of MWNT can

be considerably reduced.

Carbon black is also a kind of conductive material and is more

low-cost than MWNT. It seems that carbon black is able to

produce the connector structure as well as MWNT. The conductiv-

ity values of the PEO/MWNT, PEO/carbon black (KB) and PEO/

carbon black (DB) were summarized in Table I. The conductivity

(2.11 � 10�1 S cm�1) of the PEO(90%)/KB(10%) is almost the

Figure 10. Electrical conductivity versus total MWNT content. (a): PP/MWNT, PP(98%)/MWNT(2%) þ n%[PEO(96%)/MWNT(4%)] and PP(98%)/

MWNT(2%) þ n%[PEO(92%)/MWNT(8%)]. (b): PB/MWNT and PB(93%)/MWNT(7%) þ n%[PEO(92%)/MWNT(8%)].

Table I. Conductivity of Some Carbon Material Composites

Composites

Content of
carbon
material (%)

Conductivity
(S/cm)

PEO(98%)/MWNT(2%) 2 4.92 � 10�7

PEO(90%)/MWNT(10%) 10 2.00 � 10�1

PP(98%)/MWNT(2%) 2 8.47 � 10�8

PEO(10%)/KB(10%) 10 2.11 � 10�1

PEO(10%)/DB(10%) 10 2.45 � 10�6

PP(98%)/KB(2%) 2 2.36 � 10�8

Figure 11. Electrical conductivity versus increment of total carbon mate-

rials content (D total carbon materials) in PP(98%)/MWNT(2%) þ
n%[PEO(90%)/KB(10%)] or þ n%[PEO(90%)/DBT(10%)] and in

PP(98%)/KB(2%) þ n%[PEO(90%)/MWNT(10%)] composites.
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same as that (2.00 � 10�1 S cm�1) of the PEO(90%)/

MWNT(10%) although it of the PEO(90%)/DB(10%) is consider-

ably lower (2.45 � 10�6 S cm�1). Figure 11 showed the electrical

conductivity versus increment of total carbon materials content (D
total carbon materials) in PP(98%)/MWNT(2%) þ n%[PEO

(90%)/KB(10%)] or þ n%[PEO(90%)/DBT(10%)] and in PP

(98%)/KB(2%) þ n%[PEO(90%)/MWNT(10%)] composites. The

PEO(90%)/KB(10%) loading brings about the higher increment

rate of the PP(98%)/MWNT(2%) conductivity as compared with

the PEO(90%)/DB(10%) one. The difference of the increment rate

is due to the higher conductivity of the PEO(90%)/KB(10%). In

other words, the electrical quality of the PEO(90%)/KB(10%)

connector is higher than that of the PEO(90%)/DB(10%) one.

However, the increment rate of the conductivity is considerably

slower as compared with those of the PEO/MWNT loadings

(see Figure 5). The behavior suggests that it is rather difficult to

form the connector between carbon black and MWNT materials.

As shown in Figure 11the PP(98%)/KB(2%) matrix requires much

loading amount of the PEO(90%)/MWNT(10%) to increase the

conductivity. Form of the KB is spherical, and its aspect ratio is

low (ca. 1). Therefore, the formation of connector structure must

be hard as compared with the MWNT having the big aspect ratio.

CONCLUSIONS

In this work, the electrical conductivity developments of the

PP/MWNT and PB/MWNT were carried out with the PEO/

MWNT loading. The conductivity of PP/MWNT was drastically

increased by the PEO/MWNT loading. The PB/MWNT conduc-

tivity was also able to be improved by the loading although the

conductivity improvement effect was lower than that of the PP/

MWNT. The Raman spectra showed that the MWNT dispersity

state in the PB was lower than that in the PP, resulting that the

formation of the PEO/MWNT connector structure required the

more loading amount. In addition, the PEO/KB was able to

produce the connector structure for the PP/MWNT as well as

the PEO/MWNT. These results indicated that the highly

conductive composites were producible with the smaller

MWNT amounts.
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