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ABSTRACT: We have studied the electrical conductivity
and percolation threshold of polyurethane (PU) composites
filled with multiwalled carbon nanotubes (MWCNT) puri-
fied by increasing immersion time in aqueous solutions of
either nitric acid or a mixture of nitric and sulfuric acids at
808C. The MWCNT crystallinity peaks after 2 h of treat-
ment, which enables the PU composites to enhance the
percolation threshold and electrical conductivity in the con-
ductive network formation region. MWCNT treated under
either a milder or severer acidic condition deteriorate the
electrical behavior of the composites, since MWCNT are
poorly dispersed in the PU matrix in the former condition,

but lost their intrinsic electrical conductivity due to the par-
tial destruction of their crystalline structure in the latter.
Therefore, the acid treatment needs to be carefully con-
trolled to effectively purify the MWCNT, maintain the crys-
talline structure without further damage, and thereby im-
prove the electrical behavior of PU/MWCNT composites.
� 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106: 110–116,
2007
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INTRODUCTION

Multiwalled carbon nanotubes (MWCNT) are perma-
nently electrically conductive with an electrical con-
ductivity of � 1.85 3 103 S/cm.1 Compared with car-
bon black or carbon fiber as conductive reinforce-
ments, polymeric composite containing MWCNT can
form a conductive path at an extremely low content
owing to their high aspect ratio of 100–1000 and high
specific surface areas. Therefore, their use in various
applications, such as antistatic film and electromag-
netic shielding materials, has long been anticipated.
However, pristine CNT has poor compatibility with
most organic solvents and binders, which results in
poor dispersion and poor connectivity between the
CNT and polymer matrix.2

To overcome the incompatibility of the CNT with
polymer and eventually to improve the properties of
the CNT-filled polymer composites to enable their
practical application, many research efforts have been

made to modify the MWCNT surface.3–10 However,
the acid treatment should precede the modification of
the CNT surface, in which the impurities, such as me-
tallic catalyst and carbonaceous materials in the CNT
bundles, are removed and the CNT surface is func-
tionalized with carboxylic acid mainly at the open
end tip. In addition, nonhexagonal structures like
pentagon, heptagon, and Stone-Wales defect (i.e., 5-7-
7-5 defect) exist as CNT defects, which allow their
network curvature11,12 to be attacked during refluxing
the web-like deposits in the concentrated acidic solu-
tions because of their chemical reactivity. The pres-
ence of many defects in a nanotube under strong
treatment condition may allow the preexisting defec-
tive sites to act as origin points for the destruction of
the CNT crystalline structure.

It is well known that the CNT surface defect den-
sity is related to band energy.13 CNT structural
defects can reduce the effective band overlap and
thus carrier density, leading to an increase in their
electrical resistivity.13 Furthermore, the CNT damage
caused by the strong acid treatment may reduce the
conductance of the CNT themselves, and thus de-
crease the electrical conductivity of the CNT/polymer
composites as previously reported.14 Since defective
sites are inevitably accompanied by CNT synthesis,
the acid treatment condition needs to be optimized,
so that the CNT damage caused by the acid is mini-
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mized and the electrical conductivity of the polymeric
composites is enhanced.

The present study focused on the electrical proper-
ties of the polyurethane (PU) composites filled with
MWCNT oxidized by various conditions of acid treat-
ment. First, the MWCNT is purified with increasing
immersion time in 40% aqueous solutions of either ni-
tric acid or a mixture of nitric and sulfuric acids at
808C. We report the change in electrical conductivity
and percolation threshold of the PU/MWCNT com-
posites according to the acid treatment condition of
the CNT. The difference in the electrical behavior
of the PU/MWCNT composites is discussed in terms
of the CNT damage and the degree of CNT disper-
sion in the PU matrix caused by the acid treatment of
the CNT.

EXPERIMENTAL

Materials

Linear polyurethane (PU, Irostic S9815, Huntsman,
Germany) dissolved in methyl ethyl ketone (MEK)
was used as the matrix with a density of about 1.20
g/cm3 at 258C. The as-received MWCNT (Iljin Nano-
tech, Korea), synthesized by a catalytic CVD with the
carbon content of 95%, were used in this study. The
MWCNT is 10–50 lm long, 10–20 nm in diameter,
and had a density of � 1.83 g/cm3. Benzalkonium
chloride (Junsei Chemical, Japan) was used as a cati-
onic surfactant for all the compositions. MEK was
used as an organic solvent for the preparation of
MWCNT/surfactant suspension.

Acid treatment

Aqueous solutions of nitric acid and a mixture of
nitric and sulfuric acids at a ratio of 1 : 3 by volume
were used for the MWCNT purification. The acid
treatment of MWCNT was performed by increasing
the immersion time from 1 to 4 h at an acidic concen-
tration of 40% at 808C. First, 5 g of MWCNT was sus-
pended in 250 mL solution and refluxed under a
given set of treatment conditions. The treated
MWCNT was filtered and washed subsequently with
acetone and distilled water, until a pH of 7 was
achieved. The MWCNT oxidized with nitric acid and
with the mixture of nitric and sulfuric acids was des-
ignated as NX-MWCNT and MX-MWCNT, respec-
tively, where X is the acid treatment time.

Sample preparation

Acid-treated MWCNT (X-MWCNT) was first sus-
pended in MEK/surfactant solution in an ultrasonic
bath at room temperature for 3 h, where the surfac-
tant content was fixed at 0.6 wt % as the ratio to the

amount of MWCNT. The PU/MEK solution was
poured into a dilute MWCNT suspension, and the
mixture was again mechanically homogenized at
10,000 rpm for 10 min. After filtering and completely
evaporating the solvent in the mixture in a vacuum
oven at 708C for 12 h, the mixture was fully roll-milled
at 808C for 10 min. The roll-milled mixture was
pressed at 1008C for 15 min to obtain the specimens.

Measurements

The infrared spectra of the MWNTs pressed with KBr
were recorded up to 4000 cm21 using a Fourier trans-
form infrared spectrometer (FTS-60, Bio-Rad, USA).
The bonding structure of the carbon nanotubes was
analyzed by confocal micro-Raman spectroscopy at
532 nm Ar1-laser with 7.0 mW intensity (NRS-3000,
Jasco, Japan). Around 20 mg of MWCNT were
pressed in a sample holder with 1 mm diameter and
2 mm depth for measuring Raman. The microstruc-
tures of X-MWCNT were investigated by using high
resolution transmission electron microscope (HRTEM;
JEM-4010, JEOL, Japan) operated at an accelerating
voltage of 400 kV. The fractured surfaces of the con-
ductive PU/MWCNT composites were observed by
using field emission scanning electron microscope
(FESEM, S-2700, Hitachi, Japan). AC conductivity of
the PU/MWCNT composites was measured by
dielectric analyzer (DEA; GmbH CONCEPT40, Novo-
control, Germany) in the frequency range of 1021 to
106 Hz at room temperature. The specimens used to
measure the AC conductivity were disk-shaped, with
a diameter of 40 mm and a thickness of 0.5–1.0 mm.
The disk-shaped specimens were silver-pasted to
minimize the contact resistance between the speci-
mens and the Au-coated electrodes. The silver paste
(Dotite electroconductives D-550 type, Fujikura Kasei,
Japan) consisted of silver, acryl resin, and toluene,
and had a volume resistivity of less than 1025 O cm.
The conductive data were acquired by averaging the
measured values for more than five specimens.

RESULTS AND DISCUSSION

Figure 1 shows the FT-IR spectra of the pristine
MWCNT, the N1- and M2-MWCNT. The characteris-
tic peak is found at around 1630 cm21 indicated by
the arrow for N1- and M2-MWCNT, which could be
assigned to the C¼¼O stretching vibrations in the car-
boxylic groups. The characteristic peak observed for
the oxidized MWCNT could be found in all the acid-
treated MWCNT independently of the type of acid
aqueous solution and treatment time, but there was
no difference in peak intensity. Raman spectra were
compared for MX-MWCNT and pristine MWCNT as
shown in Figure 2. It is clear that the D and G bands
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of MWCNT were observed at around 1340 and
1580 cm21, respectively. Raman intensities of MX-
MWCNT at each band were changed from those of
pristine MWCNT according to treatment time, which
implies that the structure of the MWCNT is also

altered by the acid treatment. Since the D band is
derived from the disordered graphite structure and
the G band is associated with tangential C��C bond
stretching motions which originate from the E2g2

mode in graphite,15 the degree of disordered struc-
ture or of crystallinity can be obtained by using the
ratio of the intensity at D to G band as shown in Fig-
ure 3. Intensity ratios were minimized when the pris-
tine MWCNT were acid-treated during 2 h. This
means that a better crystallinity can be provided by
the acid treatment for 2 h. However, N1-MWCNT
showed a higher D/G ratio than pristine MWCNT
did, possibly because first the MWCNT were not suf-
ficiently purified due to the short acid treatment time
and second the imperfect ordered structure was swol-
len and thus changed into a disordered structure. In
addition, there was no effect on increasing the degree
of crystallinity with acid treatment beyond 3 h and
the intensity ratio remained almost constant, being
higher than the D/G ratio of the treatment time of 2
h. The mixture acid appeared to be more effective in
improving the degree of crystallinity of the MWCNT
at the same 2-h treatment time.

Figure 4 shows the frequency dependence of the
AC conductivity (rAC) of the PU composites filled
with M2-MWCNT measured at 258C. The change in
rAC provides information about the overall connec-
tivity of the conducting network and is categorized
into three behaviors by means of the size and distri-
bution of the conductive clusters: the dielectric
region, percolation transition region, and conductive
path formation region.16 The composite in which the
conductive network is not formed below the percola-
tion threshold behaves as a dielectric, so that the AC
conductivity increases linearly with increasing fre-
quency. Such behavior, however, was absent in our
figure and even the PU matrix showed the AC

Figure 1 Comparison of FT-IR spectra of pristine
MWCNT, N1-, and M2-MWCNT.

Figure 2 Raman spectra for pristine and oxidized
MWCNT by a mixture of nitric and sulfuric acids.

Figure 3 The ratio of Raman intensity at D to G bands as
a function of acid treatment time.
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conductivity deviating from the linearity. This may be
attributed to the presence of unknown materials such
as ion in the PU, since the ion in the polymer compos-
ite increased the imaginary permittivity, i.e., the con-
ductivity at low frequency range. In the percolation
transition region the AC conductivity was equal to
the DC conductivity up to the characteristic fre-
quency, above which the conductivity was linearly
increased again. Considering the nonlinear AC con-
ductivity of PU, the percolation transition may have
occurred at the range from 0.3 to 0.7 wt % of the M2-
MWCNT content. Above the percolation threshold,
the conductivity remains constant at a given fre-
quency range as shown in the conductivity of the M2-
MWCNT composites with more than 0.9 wt % of
MWCNT.

The DC conductivity can be deduced from the AC
conductivity when the frequency tends to zero. Fig-
ures 5 and 6 compare the DC conductivity of the
NX- and MX-MWCNT composites as a function
of the MWCNT content obtained from the results
of AC conductivity. The conductivity abruptly in-
creased at a characteristic MWCNT content, termed
the percolation threshold, in all cases, as shown by
the arrow in each figure. However, it should be
noticed that not only the percolation threshold
occurred at different MWCNT content depending on
the acid treatment time and the acid solution, but
also that the composites in the region of the conduc-
tive path formation showed different conductivity
even at the same MWCNT content, although at a
loading level of less than the critical content, the con-
ductivity of all the composites showed an order of
10210 to 1029 S/cm.

In classical percolation theory, the dependence of
the rDC of the composites on the MWCNT content (p)

above the percolation concentration (pc) can be des-
cribed by a scaling law of the form.17

sDC � s0ðp� pcÞt for p > pc (1)

where r0 is a fitted constant and t the critical expo-
nent. To obtain the fitting parameters in eq. (1), non-
linear curve fittings of the results obtained in Figures
5 and 6 were performed for p > pc. The best-fitted
results are listed in Table I, where the critical expo-
nents t were determined from the slope of the least-
square on the plot of log(p 2 pc) versus log(rDC). The
fitting curves were also plotted as the solid line in the
Figures.

An explicit trend in which the higher the degree of
crystallinity of the MWCNT the lower the percolation
threshold of the composites was observed for all com-
posites, except the M4-MWCNT. In addition, the fit-
ted constant, r0, and the conductivity at 5 wt % of the
MWCNT exhibited higher values, regardless of the
solution used when the MWCNT had the minimum
intensity ratio D/G as shown in Figure 3. The fitted

Figure 4 Change in AC conductivity of PU/M2-MWCNT
composites as a function of frequency. The legend shows
the weight percentage of M2-MWCNT.

Figure 5 DC conductivity of (a) N1-, (b) N2-, (c) N3-, and
(d) N4-MWCNT composites with the MWCNT content.
The percolation threshold is also shown in each figure.
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constant should actually have the same conductivity
to the MWCNT themselves, about 103 S/cm,1 but it is
always underestimated because of the contact resist-
ance among the MWCNT in spite of the formation of
percolation network. Therefore, the high values of the
fitted constant and the conductivity in the percolation
path formation region imply that the better MWCNT

dispersion in the PU matrix and the higher degree of
crystallinity can be achieved by suitable acid treat-
ment of the MWCNT.

Figure 7(a) shows the optical microscopic image of
the N1-MWCNT filled composite. The N1-MWCNT is
not dispersed well enough, resulting in the formation
of many aggregates of the N1-MWCNT in many pla-
ces. Besides, since the condition of purifying the NX-
MWCNT at 808C for 1 h was not enough to remove
the amorphous carbon in the MWCNT bundles, to
open the end cap, and thus to functionalize the end
tip of the MWCNT with the carboxylic acid as
observed in Figure 7(b), the N1-MWCNT composites
showed the highest percolation threshold in the given
composite systems and a very low value of conduc-
tivity at the concentration of 5 wt % of the MWCNT,
as confirmed in Figure 5 and Table I. In Figure 7(b),
the black and white arrows indicate the end tip and
amorphous carbon, respectively.

Figure 8(a) compares the degree of dispersion of
the M2-MWCNT in PU composite, in which few
aggregates were found and the MWCNT were well
dispersed. Figure 8(b) shows the HRTEM image of
M2-MWCNT. No defects or impurities are evident.
Not only have most walls maintained their intrinsic
shape, but the tangles have disappeared without
extraordinary damage. Since the M2 treatment condi-
tion was successful in removing impurities, function-
alizing the MWCNT end tip and obtaining the highest
degree of crystallinity, it is seen that a lower percola-
tion threshold and the highest electrical conductivity
in the region of the conductive path formation were
observed.

Actually, we could not find any macroscopic differ-
ence in the degree of MX-MWCNT dispersion in any
of the measured composite systems. All the compo-
sites showed well-dispersed MX-MWCNT in the PU
matrix in the same manner as shown in Figure 8(a).
Nevertheless, to show the different behavior in the
electrical conductivity may be due to the MWCNT
damage caused by strong acidic condition. HRTEM
images of M4-MWCNT are shown in Figure 8(c–e).
The very strong oxidative condition of M4 caused

Figure 6 DC conductivity of (a) M1-, (b) M2-, (c) M3-,
and (d) M4-MWCNT composites with the MWCNT
content. The percolation threshold is also shown in each
figure.

TABLE I
Comparison of Percolation Threshold in the Composite Systems

MWCNT r0 (S/cm) pc (wt %) t

Conductivity at
5 wt % of

MWCNT (S/cm)

N1-MWCNT 1.46 3 1026 1.037 6 0.08 1.06 6 0.07 5.13 3 1026

N2-MWCNT 3.00 3 1025 0.540 6 0.19 1.30 6 0.09 1.22 3 1024

N3-MWCNT 1.35 3 1026 0.773 6 0.09 1.03 6 0.03 4.55 3 1026

N4-MWCNT 3.42 3 1026 0.702 6 0.03 1.00 6 0.07 8.82 3 1026

M1-MWCNT 2.00 3 1025 0.687 6 0.03 1.00 6 0.06 5.30 3 1025

M2-MWCNT 3.00 3 1024 0.578 6 0.05 1.11 6 0.04 1.21 3 1023

M3-MWCNT 5.00 3 1025 0.625 6 0.09 1.30 6 0.09 1.62 3 1024

M4-MWCNT 7.41 3 1026 0.702 6 0.02 1.00 6 0.03 1.69 3 1025
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Figure 7 (a) Optical microscopic and (b) HRTEM image of N1-MWCNT-filled PU composite and N1-MWCNT, respec-
tively.

Figure 8 (a) Optical microscopic image of M2-MWCNT-filled PU composite, and HRTEM images of (b) M2-MWCNT
and (c), (d), and (e) M4-MWCNT.
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greater CNT damage than the other conditions.
Severely thinned MWCNT with fewer tube walls can
be observed in Figure 8(c). Especially, the inner tube
walls had been stripped off in all M4-MWCNT com-
positions. The stripping of the inner walls may have
originated from the propagation of the damage gener-
ated in the open end tips of the MWCNT as observed
in Figure 8(d). Over time, the strong acid attacks the
relatively unstable weak sites along with the inner
tube wall, with the damage spreading out over the
entire inside of the tube which is finally pulled down
as shown in Figure 8(e), where the tube is swollen up
to about 80 nm in diameter and its hollow structure is
destroyed by the destruction of crystalline structure.
The mixture acid confined to the inside of the
destroyed tube is shown. This is the main reason why
the PU/MWCNT composites that underwent acid
treatment under stronger conditions showed poor elec-
trical behavior in spite of well-dispersed MWCNT.

In summary, the acid treatment is inevitable for the
purposes of purification, functionalization, and modi-
fication of CNT. To enhance the electrical properties
of the PU/MWCNT composite, however, the acid
treatment condition needs to be controlled to effec-
tively purify the MWCNT bundles and to maintain
the crystalline structure without further MWCNT
damage. Insufficient acid treatment prevents the
impurities from being removed and the MWCNT
from being well dispersed in the polymer matrix. On
the contrary, excessive severe acid treatment damages
the crystalline structure of the MWCNT and reduces
the electrical conductivity despite good MWCNT
dispersion in the polymer matrix. By analyzing the
electrical conductivity and percolation behavior, the
relationship between the acid treatment conditions
and the electrical properties of MWCNT-filled poly-
mer composites treated with those conditions can be
evaluated.

CONCLUSIONS

MWCNT is purified at 808C in 40% of aqueous solu-
tions of either nitric acid or a mixture of nitric and
sulfuric acids, with increasing immersion time. The
degree of crystallinity, as obtained from Raman spec-
troscopy measurements, shows a maximum for the
MWCNT treated for 2 h in the mixture acid solution.
Electrical conductivity is measured by a dielectric an-
alyzer, and a percolation threshold of acid-treated
MWCNT/PU composites is exactly evaluated. The

MWCNT with the maximum degree of crystallinity
enables the PU/MWCNT composites to present a
lower percolation threshold and the highest electrical
conductivity in the region of the conductive network
formation in the given composite systems. Excessive
acid treatment damages the MWCNT crystalline
structure, resulting in their composites showing poor
electrical behavior despite good MWCNT dispersion
in the polymer matrix. Since the MWCNT obtained
via insufficient acid treatment are not well dispersed
in the matrix or sufficiently purified such that the
end tips of the MWCNT remain unopened, the com-
posites also exhibit low conductivity and high perco-
lation threshold. It is concluded that the acid treat-
ment condition applied to the MWCNT must be con-
trolled to purify effectively the impurities in the
MWCNT bundles and to maintain the crystalline
structure without further damage to the MWCNT for
ensuring superior electrical properties of the polymer
composites.

References

1. Ando, Y.; Zhao, X.; Shimoyama, H.; Sakai, G.; Kaneto, K. Int J
Inorg Mater 1999, 1, 77.

2. Kuzmany, H.; Kukovecz, A.; Simon, F.; Holzweber, M.; Kram-
berger, C. H.; Pichler, T. Synth Met 2004, 141, 113.

3. Sano, M.; Kamino, A.; Okamura, J; Shinkai, S. Langmuir 2001,
17, 5125.

4. Narimatsu, K.; Nishioka, J.; Murakami, H.; Nakashima, N.
Chem Lett 2006, 35, 892.

5. Wei, G.; Saitoh, S.; Saitoh, H.; Fujiki, H.; Yamaguchi, T.; Tsubo-
kawa, N. Polymer 2004, 45, 8723.

6. Yoon, K. R.; Kim, W.-J.; Choi, I. S. Macromol Chem Phys 2004,
205, 1218.

7. Chen, J.; Rao, A. M.; Lyuksyutov, S.; Itkis, M. E.; Hamon, M.
A.; Hu, H.; Cohn, R. W.; Eklund, P. C.; Colbert, D. T.; Smalley,
R. E.; Haddon, R. C. J Phys Chem 2001, 105, 2525.

8. Bahr, J. L.; Yang, J.; Kosynkin, D. V.; Bronikowski, M. J.;
Smalley, R. E.; Tour, J. M. J Am Chem Soc 2001, 123, 6536.

9. Ying, Y.; Saini, R. K.; Liang, F.; Sadana, A. K.; Billups, W. E.
Org Lett 2003, 5, 1471.

10. Peng, H.; Reverdy, P.; Khabashesku, V. N.; Margrave, J. L.
Chem Commun 2003, 2003, 362.
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