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ABSTRACT: Polymer/carbon nanotube (CNT) nanocom-
posites have received much attention recently. In this
study, we attempt to enhance the electrical conductivity of
polyimide (PI) by variously modifying multiwall carbon
nanotube (MWNT). We report the successful synthesis of
PI/MWNT composite films using a blending process, and
examine their properties and morphology. We modified
MWNT by three different methods: thermal purification
(U-CNT), oxidation with HNO3 (N-CNT) and modification
with a silane coupling agent (G-CNT). We confirmed the
successful preparation of the modified MWNTs by Fourier
transform infrared (FTIR) and Raman spectroscopy, and

transmission electron microscopy (TEM). The low amor-
phous surface characteristics of N-CNT produced low sur-
face resistance in the range of 105–106 X/cm2 for the PI/
N-CNT composites, which dispersed the buildup of elec-
trostatic charge and improved dispersion. On the other
hand, the better miscibility and interaction between G-
CNT and PI, for the PI/G-CNT composites present supe-
rior thermal stability and mechanical properties. VC 2011
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INTRODUCTION

Carbon nanotubes (CNT) have excellent strength,
elastic modulus, and electrical and thermal conduc-
tivity properties due to their intrinsic high aspect ra-
tio (L/D) structure.1 CNT have a wide variety of
applications such as hydrogen storage,2 chemical
sensor,3 nanoelectronic devices,4 and flat-panel field
emission displays.5 They are potentially useful as
nanoreinforcements in composite materials by the
addition of small quantities into polymer materials.
The potential role for CNTs in nanocomposites has
attracted much attention recently.6–9 Polymer/CNT
nanocomposites properties depend on the dispersion
and compatibility of CNT in the polymer matrix.
The lack of interfacial interactions between CNT and
the polymer matrix result in intrinsic strong van der
waals interaction between CNTs, which causes their
facile aggregation. To enhance the dispersion within
a polymer matrix, it is necessary to modify CNT
structure to place a polar functionality on the
surface.10–13 Many studies arm to disrupt CNT
accretion, and improve dispersion by surface modifi-
cation techniques such as chemical grafting-modifi-
cation,14–18 use of silane coupling agents,19–21 ball
milling,22,23 and nonionic-surfactant modification.24

Polyimide (PI) is ubiquitous in the electronic and
aerospace industries, due to its excellent mechanical
properties, superior thermal stability, and chemical
resistance. Reduction of PI electrical resistance less-
ens the build-up of electrostatic charge on the PI sur-
face. Researchers have reported reduction in surface
resistance to the range of 105–108 X/cm2 by the
addition of singlewall carbon nanotubes (SWNT)25–28

or multiwall carbon nanotube (MWNT) to PI compo-
sites.29–32

The network-like structure of dispersed CNT
reduces the amount of CNT necessary to improve
the properties of PI/MWNT nanocomposites. In this
study, we investigated PI/MWNT nanocomposites
with various MWNT surface treatment modifications
to improve their dispersion in the PI matrix. Nitric
acid pretreatment provides well-dispersed PI/
MWNT nanocomposites without significantly dam-
aging the properties of MWNTs. Additionally, we
used silane coupling agent to increase the degree of
interaction between PI and MWNT for further
improvement in mechanical properties and thermal
stability of the PI/MWNT nanocomposites.

EXPERIMENTAL

Materials

Pristine MWNT with diameter 10–30 nm and length
5–15 lm was fabricated by chemical vapor deposi-
tion (CVD) with 95% purity supplied by Nano Port
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Corporation in China. 1-methyl-2-pyrrolodinone
(NMP, Acros, 99%), nitric acid (HNO3, Acros, 65%),
c-glycidyloxypropyltrimethylsilane (GOTMS, Acros,
97%), 3,30,4,40- biphenyl tetracarboxylic dianhydride
(BPDA, CHRISKEV, 98%), and p-phenylenediamine
(p-PDA, Acros, 99%), were used as received without
further purification.

Preparation of nitric acid-modified MWNT

Pristine MWNT was purified by oxidation in air, at
550�C for 45 min, to remove amorphous carbon and
residual metal catalyst to obtain the unmodified
MWNT (U-CNT). After manual grinding by mortar
for 10 min, U-CNT was mixed with 6M nitric acid
using ultrasonication with power of 150W at room
temperature for 30 min. The dispersed mixture was
refluxed at 120�C for 3 h, washed, and filtered with
distilled water and methanol, to obtain nitric acid-
modified MWNT (N-CNT).

Preparation of silane-modified MWNT

N-CNT and c-glycidyloxypropyltrimethylsilane,
GOTMS (N-CNT:GOTMS ¼ 1:1 by weight) were dis-
persed in distilled water by ultrasonication for 30
min, refluxed at 120�C for 6 h, and then washed and
filtered with distilled water and methanol, to obtain
silane-modified MWNT (G-CNT). Figure 1 shows a
schematic of the silanization process.

Preparation of poly(amic acid) (PAA)

For the preparation of PI precursor, poly (amic acid),
diamine p-PDA (0.05 mmol) was added to a flask
and dissolved in NMP (73.5 g) with vigorous stir-
ring. After 30 min, dianhydride BPDA (0.051 mmol)
was added and reacted at room temperature under
nitrogen for 4 h. The PAA solution was obtained
with 12% wt % solid content. To control the molecu-
lar weight, the molar ratio of dianhydride and dia-
mine was kept to 1.02:1.

Preparation of PAA/MWNT composites by
blending

U-CNT, N-CNT, or G-CNT was added to NMP and
ultrasonicated with power of 80 W at room tempera-
ture for 6 h to obtain a uniformly dispersed MWNT
suspension, and then the solution was mixed with
PAA. The mixture was stirred at room temperature
under nitrogen for 12 h to obtain the PAA-MWNT
composites. Figure 2 outlines the reaction scheme.

Figure 1 Schematic of silanization process of MWNT.

Figure 2 Reaction scheme for preparing PI/CNT composites.
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Synthesis of PI/MWNT hybrid films

The films were prepared by coating PAA solution
on glass plates for multi-step thermal curing (100,
150, 200, 250, 300, and 400�C, each temperature held
for 1 h) to provide the PI/MWNT films.

Characterization

FTIR analysis was performed with a Perkin-Elmer
FTIR System. The JEOL-JEM-1230 microscope was

used for transmission electron microscopy (TEM).
Raman spectroscopy of powdered MWNT samples
was performed using the Raman R-3000 over a scan-
ning range of 200–2000 cm�1, with an incident laser
wavelength of 514 nm. To determine acid content of
modified CNT, 0.2 g N-CNT or G-CNT was added
into 100 mL of 0.01N NaOH, stirred for 24 h and

Figure 3 FTIR spectra of MWNTs: (a) U-CNT, (b) N-
CNT, (c) G-CNT.

Figure 4 TEM image: (a) N-CNT, (b) G-CNT.

Figure 5 Dispersion states of MWNTs (A: untreated
MWNT, B: U-CNT, C: N-CNT, D: G-CNT) after ultrasoni-
cation pretreatment for: (a) 10 min, (b) 1 h, (c) 1 week.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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then neutralized by titrating 0.01N HCl solution.
Thermal gravimetric analysis (TGA) was performed
with Netzsch TG 209 F3 equipment under nitrogen,
from 35 to 900�C, with a heating rate of 20�C/min.
Tensile testing was carried out with an Instron 4466
tester, at a tensile rate of 5 mm/min at room temper-
ature. Five specimens (about 0.5 cm wide and 30 lm
thick) were used for each PI composite. Electrical
properties were measured with the ULTRA Mesoh-
meter SM-8200, and tests were conducted at room
temperature, with voltage 100 V.

RESULTS AND DISCUSSION

Figure 3 compares the FTIR spectra of U-CNT, N-
CNT, and G-CNT. As shown in trace (b), absorption
bands at 3434 cm�1 for AOH group, 1720 cm�1 for
C¼¼O group and 1210 cm�1 for CAO group are pres-
ent, suggesting that during the nitric acid treatment
process, carboxylic acid, and hydroxyl groups
formed most on the end of MWNT without signifi-
cantly damaging the MWNT and reducing its length.
TEM image of N-CNT is shown in Figure 4(a). In
trace (c), the absorption band around 2700–3000
cm�1 represents an alkyl group stretch v(-CH), and
the absorption band around 1100–1200 cm�1 results
from the silane (SiAOAC) functional group, which
confirms the successful reaction of GOTMS with
MWNT to form G-CNT. The TEM image in Figure

4(b) shows silanized MWNT. Some amorphous sil-
ane molecules of GOTMS are present on the tube-
end surface of a MWNT.
Figure 5 shows the dispersion states of untreated

and modified MWNTs in distilled water at various
time intervals. In Figure 5(a), all MWNTs show good
dispersion after 10 min of ultrasonication. After 1 h,
the untreated MWNT and U-CNT start to aggregate
[Fig. 5(b)], which can be attributed to agglomeration
due to their hydrophobic nature. The N-CNT and G-
CNT samples in vials C and D, respectively,
remained effectively dispersed because of their
chemical surface treatments; these samples retained
good suspension stability in distilled water even af-
ter one week [Fig. 5(c)].
The acid content of modified MWNT was deter-

mined by titration method, as summarized in Table
I. After silane modification of N-CNT, the acid con-
tent is decreased from 0.68 mmol/g to 0.58 mmol/g,
which is much less than the acid content of 2.55
mmol/g obtained for MWNT modified by mixed
sulfuric and nitric acids (3:1 by volume) at 50�C for
2 h under ultrasonication. The thermal stability’s of
various modified MWNTs were examined by TGA.
The U-CNT decomposition temperature at 10%
weight loss and at the maximum decomposition rate
is 528�C and 594�C, respectively; while N-CNT and

TABLE I
Characteristics of Various MWNTs

Sample aT10 (
�C) bTd (

�C) cRs (%) dG/D

eElectrical
conductivity (S/cm)

Acid content
(mmol/g)

U-CNT 528 594 1.8 1.2 3.1�10�1 –
N-CNT 604 654 2 1.0 5.0�100 0.68
G-CNT 595 668 3.4 2.6 2.6�100 0.58

a T10, 10% decomposition temperature.
b Td, decomposition temperature at the maximum decomposition rate.
c Residues of TGA analysis at 900�C.
d G-band/D-band intensity ratio obtained by the integration of Raman curve.
e Electrical conductivity determined by four-probe method at room temperature.

Figure 6 Raman spectra of various MWNTs.
Figure 7 FTIR spectra: (a) PI and the PI hybrid films: (b)
with U-CNT, (c) with N-CNT, (d) with G-CNT.
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TABLE II
Thermal Properties of PI and PI/MWNT Composites

MWNT

10% decomposition temperature (�C)

ox-CNT N-CNT G-CNT

0% 598
0.1% 601 599 616
0.5% 604 612 617
1% 609 612 621
2% 614 616 618
3% 620 616 625

Figure 8 TEM images of the PI hybrid films: (a) with 3%
U-CNT, (b) with 3% N-CNT, (c) with 3% G-CNT.
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G-CNT samples show enhanced thermal stabilities,
as listed in Table I. Purified N-CNT can achieve bet-
ter thermal stability under nitrogen and electrical
conductivity than U-CNT, which suggests that the
nitric acid treatment can effectively remove the
remaining amorphous carbon of U-CNT. Table I also
shows the G/D ratio obtained from Raman spectra
shown in Figure 6. This indicates the degree of
MWNT dispersion. G-CNT presents the highest G/D
ratio because of a significant increase in the intensity
of its G-band intensity. This suggests that using the
GOTMS silane-coupling agents leads to significant
improvement in MWNT dispersion above that of U-
CNT and N-CNT.

For the preparation of PI films, a two-step proce-
dure is commonly used. First, by the ring opening
polyaddition of aromatic dianhydride and diamine in
polar aprotic solution, a PAA solution is formed, in
which MWNT can be uniformly dispersed. By ther-
mal cyclodehydration processes, PAA/MWNT can
be then converted to PI/MWNT films. Figure 7 com-
pares the FTIR spectra of PI and PI/MWNT hybrid
films. The conversion of PAA to PI can be elucidated
by the decrease of the carbonyl acid absorption at
1672 cm�1, and by the characteristic absorption bands
of imide group observed at 1773 cm�1 (C¼¼O asym-
metric stretching), 1703 cm�1 (C¼¼O symmetric
stretching) and 1358 cm�1 (CANAC imide ring
stretching). The addition of these modified MWNTs
into the PI matrix does not change the chemical struc-
ture of PI. Figure 2 presents the interaction between
PI and silanol in G-CNT. However, there might be
also reaction between unreacted carboxyl acid and
the silanol, which can also improve the dispersion of
G-CNT in the PI composites. In the TEM images
shown in Figure 8(a), aggregation of bundled U-CNT
is apparent, revealing the poor interaction between
U-CNT and the PI matrix. As shown in Figure 8(b,c),
purified N-CNT has better dispersion than U-CNT
does, while G-CNT has the best dispersion and com-
patibility in the PI matrix.

Table II provides TGA thermal stability results of
PI/MWNT nanocomposite films. The decomposition
temperature (Td) at 10% weight loss of pristine PI is
598�C. The PI/MWNT composite Td increases gradu-

ally on addition of modified MWNT, which helps
protect the PI composite film from thermal decom-
position. Td reaches a maximum temperature of
620�C for 3 wt % U-CNT added to the PI composite.
Higher thermal decomposition temperatures are
achievable by the addition of G-CNT into PI in place
of either U-CNT or N-CNT, due to a more homoge-
neous dispersion of G-CNT, and stronger interaction
with the PI matrix. The thermal decomposition tem-
perature increases up to 625�C when the PI compos-
ite is combined with 3 wt% G-CNT.
Table III summarizes the tensile strength and elon-

gation at break point for the PI nanocomposite films
with various modified MWNT loadings. Formation of
a network structure between MWNT and PI reduces
the mobility of PI molecules, thereby increasing the
strength of PI nanocomposite materials. G-CNT sub-
stituted PI produces nanocomposites with better ten-
sile strength and elongation properties compared
with U-CNT and N-CNT substitution. For 3 wt % U-
CNT and N-CNT substituted PI samples, the tensile
strength is about 138 MPa. On the other hand, the ten-
sile strength of G-CNT samples reached a maximum
of 181 MPa for 1 wt % G-CNT, about 1.5 times of that
of PI. Better dispersion and stronger interaction
occurs because of hydrogen bonding between the G-
CNT and the PI matrix. This composition provides for
better elasticity modulus without significant sacrifice
of elongation of the PI nanocomposites.
MWNT’s high aspect ratio of significantly

improves electrical conductivity of the polymer ma-
trix, enabling a reduction in surface electrostatic
charge (ESC) buildup. Table IV shows that surface
and volume resistances gradually decrease as
MWNT content is increased. The criterion for elec-
trostatic charge mitigation (106–108 X/cm2) is met
when PI is loaded with 1 wt% of U-CNT or N-CNT.
However, 3 wt % of G-CNT is required for PI nano-
composites to meet the same criterion. This might be
because of formation of an amorphous phase on the
surface of G-CNT, which hinders MWNT electrical
transportation in PI composites. Similarly, the forma-
tion of N-CNT using oxidative nitric acid produced
a less amorphous surface, dispersion forms conduc-
tive paths, and increases electrical conductivity of

TABLE IV
Electrical Properties of PI and PI/MWNT Composites

MWNT

Surface resistance (X/cm2) Volume resistance (X-cm)

ox-CNT N-CNT G-CNT ox-CNT N-CNT G-CNT

0% 4.5 � 1014 3.6 � 1013

0.1% 2.5 � 1014 4.2 � 1011 1.2 � 1013 8.3 � 1012 1.5 � 1013 1.2 � 1013

0.5% 7.5 � 1013 1.6 � 1011 3.2 � 1013 3.5 � 1010 9.1 � 1010 7.1 � 1012

1% 6.2 � 106 2.9 � 107 7.3 � 1010 8.3 � 106 1.2 � 106 3.5 � 1011

2% 3.1 � 106 9.4 � 105 2.9 � 1010 2.5 � 106 6.9 � 105 6.6 � 108

3% 3.5 � 106 2.9 � 105 1.6 � 107 3.3 � 106 3.1 � 105 5.6 � 107
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the PI nanocomposites. As the N-CNT loading
reaches 3 wt %, PI nanocomposite electrical resist-
ance reduces to 2.9 � 105 X/cm2.

CONCLUSIONS

This study succeeded in fabricating a homogene-
ously dispersed PI nanocomposite with variously
modified MWNTs. The MWNTs were modified in
nitric acid to render a less amorphous surface,
improve dispersion throughout the PI, and form
effective conductive paths, thereby improving the
electrical conductivity of the PI nanocomposite. Fol-
lowing treatment with a GOTMS silane coupling
agent, the MWNTs were better able to disperse,
thereby providing stronger PI matrix interactions,
and significantly enhancing the mechanical and ther-
mal properties of the nanocomposite.
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