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ABSTRACT: A facile methodology has been developed
to synthesize silver-filled multiwalled carbon nanotubes
(S-MWNTs)-polyimide (PI) nanocomposites with high
thermal conductivity for applications in flexible printed
circuits or buried film capacitors, requiring efficient heat
dissipation. MWNTs functioned as modules to facilitate
the distribution of Ag particles within PI matrix. The inter-
calation of Ag within MWNTs was performed using capil-
lary action upon mixing AgNO3 solution with PI
precursor and followed by calcinations to reduce the ionic
silver to Ag. The existence of Ag in the PI nanocomposites
was observed from transmission electron microscope
images and verified with the energy-dispersive X-ray spec-
trometer. Homogeneous dispersion of SMWNTs in PI
matrix and strong interaction between S-MWNTs and PI

were also suggested by SEM cross-section images. The
thermal conductivity of S-MWNT/PI nanocomposite was
a function of the content of S-MWNTs in PI matrix. The
PI nanocomposite containing 1.5 wt % of S-MWNTs
(S-MWNT/PI-1.5) exhibited the highest thermal conductiv-
ity, 0.37 W/mK. A decrease in thermal conductivity was
observed while the surface roughness of the nanocompo-
site was higher than 1 lm owing to the high content of
S-MWNT in PI. In addition, the modified MWNTs improved
flexibility of the PI matrix. VC 2012 Wiley Periodicals, Inc. J Appl
Polym Sci 000: 000–000, 2012
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INTRODUCTION

Carbon nanotubes (CNTs) have been widely utilized
as fillers in polymeric nanocomposites to improve
the composite properties owing to the excellent me-
chanical strength and superior thermal and electrical
conductivities of CNTs.1–8 The intercalation of met-
als within CNTs using capillary action or decoration
of metals on the surface of CNTs has been com-
monly applied to modify CNTs with integrated
properties.5,9–13 For example, Ma and Lee et al.5,12

prepared silver-decorated CNTs to increase the elec-
trical conductivity and optical transmittance of
CNTs. Polyimides (PIs) with good chemical resist-
ance, superior thermal stability, and high mechanical
strength are widely applied in electronic and aero-
space industry.14–17 With the addition of single-
walled or multiwalled carbon nanotubes (SWNTs or
MWNTs) in the PI matrix, the nanocomposites will
have improved thermal conductivity, mechanical

strength, electrical conductivity, and dielectric con-
stant for advanced applications.4,6–8,15–26 Recently,
Zhang et al.8 reported an enhanced thermal conduc-
tivity of PI nanocomposite to 0.4 W/mK by incorpo-
ration of 5 wt % AlO(OH)-coated MWNTs in PI
matrix compared to 0.17 W/mK for pure PI.
In this study, modification of MWNTs was suc-

cessfully performed by filling with Ag from AgNO3

solution, which was able to wet the surface of
MWNTs owing to its low surface tension.13 The ther-
mal conductivity of PI nanocomposites was
improved significantly to the literature reported
value,8 0.4 W/mK, only with the addition of 1.5 wt
% of S-MWNTs in PI matrix. Meanwhile, the result-
ing nanocomposites retain good thermal stability
and film flexibility, suggesting their potential appli-
cations in electromagnetic shielding materials,
capacitors, field emission materials, and aerospace
materials.

EXPERIMENTAL

Materials

The MWNTs (purity, >97%) with the diameter of
10–40 nm and the length of 5–15 lm were commer-
cial products from Advanced Nanopower Inc.
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(Taipei, Taiwan). Pyromellitic dianhydride (PMDA,
99.5%, Chiskev, Leawood, KS) was purified by
recrystallization with acetic anhydride (99.8%, Tedia)
and then dried in a vacuum oven at 125�C over
night. 4,40-Diaminodiphenylether (ODA, 98%, Lan-
caster) was dried in a vacuum oven at 120�C for 3 h
prior to use. N,N-dimethylformamide (DMF, Tedia)
was dehydrated with molecular sieves (4 Å). Silver
nitrate (S, 99.8%, Showa) was used as received.

Synthesis of S-MWNTs

As received, MWNT was purified by HNO3 treat-
ment and followed by heating at 673 K under air for
30 min and nitrogen for 3 h. After cooling to room
temperature, the acid-treated nanotubes (A-MWNTs)
were ultrasonicated in a beaker containing over-satu-
rated AgNO3 solution for 2 h. After filtration and
washing with distilled water, the modified nano-
tubes were dried at room temperature for 48 h and
followed by calcination at a heating rate of 5�C/min
to 473 K (or 573 or 673 K) for 1 h under Ar to obtain
S-MWNTs.

Synthesis of S-MWNTs–PI nanocomposites

The procedure to prepare the S-MWNTs–PI nanocom-
posite films is shown in Scheme 1. First, the S-MWNTs
were dissolved in DMF in a three-necked flask in an
ultrasonic bath at room temperature for at least 30
min. The ODA monomer was then added into the
above solution under nitrogen at room temperature
for 2 h. Subsequently, the PMDA monomer was intro-
duced into the solution in five portions. After PMDA
was completely dissolved in the solution, the mixture
was further stirred for 3 h to obtain the precursor
S-MWNT–polyamic acid. This precursor was coated
on a glass substrate and followed by the thermal imid-
ization process in an air-forced oven, which was iso-
thermal for 1 h at each of the following temperature:
60, 100, 150, 200, and 300�C. The final thickness of
obtained S-MWNT-PI nanocomposite films was in the
range of 30–50 lm. In this article, the PI nanocom-
posites containing S-MWNTs were denoted by
S-MWNT-PI-x, where x (0.3–10) implied the weight
percentage of S-MWNT within composites. Reference
samples denoted A-MWNT-PI-3 and x-MWNT-PI-3
were prepared by adding 3 wt % of A-MWNT or
untreated MWNT (x-MWNT) in composites.

Measurements

The morphology of samples was analyzed by a high-
resolution transmission electron microscope (JEOL
JEM-2010) with the energy-dispersive X-ray spec-
trometer (EDS) as well as a field emission scanning
electron microscope (JEOL JSM-6330F). For TEM

observation, nanocomposite films were embedded
into epoxy capsules and then cured at 70�C for 24 h
in a vacuum oven. The sample-imbedded epoxy was
then microtomed into 90-nm thick slices in the direc-
tion normal to the plane of the films with Leica Ultra-
cut Uct. The morphology of S-MWNT powders or the
fractured surfaces of S-MWNT/PI nanocomposite
films was inspected by SEM. The fracture surface
was obtained by breaking the cryogenic films by liq-
uid N2. The X-ray diffraction (XRD) analysis was car-
ried out with the MAC Science MXP18 for powders
or with the Rigaku RU-H3R for films. The dynamic
mechanical analysis (DMA, TA Instruments DMA-
2980) was performed from 60 to 400�C, at a heating
rate of 3�C/min and at a frequency of 1 Hz.
Thermogravimetric analysis (TGA, TA Instruments
TGA-Q500) was performed from 60 to 900�C at a heat-
ing rate of 20�C/min under nitrogen. The thermal con-
ductivity of the nanocomposite was measured by a
hot disk sensor (TechMax H5DR). The experimental
value was the averages of three measurements per-
formed. The surface morphology and roughness of
nanocomposite films were also investigated by an
atomic force microscope (AFM, Digital Instrument
NS4/D3100CL) under a contact mode.

RESULTS AND DISCUSSION

The SEM images of the fractured surface of
S-MWNT-PI-10 nanocomposite are shown in

Scheme 1 Schematics of preparing S-MWNT-PI-x nano-
composite films.
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Figure 1. The diameter of S-MWNTs in this PI nano-
composite shown in Figure 1(a) was around 56 nm,
which was larger than that of S-MWNTs ranging
from 20 to 30 nm, indicating the thick coating of PI
on S-MWNTs and also the strong adhesion of PI to
S-MWNTs. No gap between S-MWNT and PI matrix
as well as no aggregates of S-MWNTs were
observed in the cross-section of nanocomposites
shown in Figure 1(b). Those phenomena suggested a
strong bonding between S-MWNTs and PI matrix to-
gether with a homogeneous dispersion of S-MWNTs
throughout the PI matrix.6,26 The homogeneous
dispersion of S-MWNTs and the tight interaction
between S-MWNTs and PI at the interface lead to a
higher thermal conductivity for the obtained hybrid
films.

In this study, the optimum calcination tempera-
ture to efficiently reduce silver ions to silver was 473
K after comparing the filling conditions revealed
from TEM images of S-MWNTs and the XRD spectra
of various S-MWNT-PI nanocomposites. Figure 2(a)

shows the TEM image of S-MWNTs calcinated at
473 K. Most of the silver particles deposited inside
the S-MWNTs (indicated by arrows with asterisk) or
on the open ends of nanotubes (indicated by
arrows). The longest silver-filling length of nano-
tubes was around 100 nm, which was compatible to
the reported metal-filling levels.27,28 In addition,
large silver particles formed and attached to the sur-
face of MWNTs rather than inside the tubes when
the heating temperature was higher than 473 K. The
EDS results shown in Figure 2(b) confirmed the
S-MWNT sample calcinated at 473 K containing 6.52
wt % of silver, 7.02 wt % of carbon, and 86.46 wt %
of copper. The high composition of copper was
owing to the usage of copper grid for TEM.
The XRD patterns of the S-MWNTs powders and

S-MWNT-PI-x nanocomposite films are shown in
Figure 3. The main diffraction peaks at 38 and 44�

were corresponding to the 111 and 200 crystalline
planes, respectively, of the cubic structure of
silver.5,9 For nanocomposite films with the content

Figure 1 SEM images of S-MWNT-PI-10 hybrid film.
Magnification: (a) 100 K; (b) 50 K. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 2 (a) TEM images of S-MWNTs; (b) EDS spec-
trum of S-MWNTs. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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of S-MWNTs <0.5 wt %, no diffraction peaks corre-
sponding to silver can be observed. The intensity of
the characteristic silver peaks increased proportion-
ally with the content of S-MWNTs that those diffrac-
tion peaks was visible for nanocomposites S-MWNT-
PI-1 to �5. The results again confirmed the success-
ful reduction of silver precursor to silver particles
during the synthesis process.

Two types of reference PI nanocomposites contain-
ing unmodified MWNTs (x-MWNT-PI) or only
A-MWNT was prepared to investigate the effect of
modification of MWNTs on the resultant properties
of nanocomposite films. Figure 4 shows the tan d as
a function of temperature for the x-MWNT-PI-3,
A-MWNT-PI-3, and S-MWNT-PI-3 nanocomposites
containing same amount (3 wt %) of various
MWNTs. The peak of tan d curve was assigned as
the glass transition temperature (Tg) of each hybrid

film. The Tgs of x-MWNT-PI-3, A-MWNT-PI-3, and
S-MWNT-PI-3 were 383, 382, and 384�C, respec-
tively. The change in Tg for the hybrid films contain-
ing 3 wt % of three types of MWNTs was negligible.
On the other hand, the intensity of the tan d curves
indicated the damping intensity and the stiffness of
hybrids. The damping intensity increased slightly
when the hybrid films containing A- or S-MWNTs
which have smaller length and length/width ratio
than nonmodified ones. Consequently, the modified
MWNTs induced the softness in hybrid films.
The TGA profiles of pure PI, S-MWNTs, and

S-MWNT-PI-x nanocomposite films are shown in
Figure 5. For pure S-MWNTs, no significant weight
loss can be detected in the temperature range up to
550�C. It has been noticed that the addition of
MWNTs changes the thermal stability of nanocom-
posites owing to the metallic residue.25 In this study,
the decomposition temperature (Td) at 5% weight
loss of pure PI was 572�C, which was lower than
that of films with 0.3–0.7 wt % of S-MWNT, all
around 575�C. In contrast, when the content of
S-MWNTs in PI was more than 1 wt %, Td was
slightly decreased to 568�C. The char yield of all
nanocomposites was smaller than that of pure PI,
indicating the increase in softness of nanocomposites
with the presence of S-MWNTs.
Figure 6 shows the thermal conductivity as a func-

tion of the content of various MWNTs in S-MWNT-
PI hybrid films as well as three reference samples,
pure PI, x-MWNT-PI-3, and A-MWNT-PI-3.
The thermal conductivity of pure PI was about 0.2
W/mK. Adding 3 wt % unmodified MWNT in PI
increased the thermal conductivity to 0.27 W/mK. A
significant decrease in thermal conductivity of the
hybrid film containing 3 wt % acid-treatment
MWNTs (A-MWNT-PI-3) was observed. The cutoff

Figure 3 XRD patterns of S-MWNTs and S-MWNT-PI-x
nanocomposite films.

Figure 4 The tan d curves of PI nanocomposites contain-
ing 3 wt % of unmodified (x�), acid-treated (A�), and
silver-filled (S�) MWNTs as a function of temperature.

Figure 5 The TGA profile of the pure PI and S-MWNT-PI-x
nanocomposite films.
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of MWNTs during acid treatment leads to a lower
aspect ratio of A-MWNTs and consequently reduces
their thermal conductivity. After filling with silver
in MWNTs, the electron transfer ability was

restored that the thermal conductivity of hybrid
films was largely improved simultaneously. When
the S-MWNT content was <1.5 wt %, the thermal
conductivity of hybrid films increased with the con-
tent of S-MWNT. The S-MWNT-PI-1.5 exhibited the
highest thermal conductivity, close to the highest
literature value of 0.4 W/mK.8 However, the more
S-MWNT addition increased the surface roughness
as confirmed with the AFM images shown in Figure
7 that the thermal conductivity of S-MWNT-PI-5
was lower than pure PI. Similar trend was observed
from the previous results,17 where the decrease in
mechanical strength was observed when the com-
position of S-MWNT in PI was higher than 1.5 wt
%. The mean roughness (Ra) of hybrids containing
1, 1.5, and 3 wt % of S-MWNTs was 300–400 nm,
600–700 nm, and 1 lm, respectively. The surface
roughness of PI nanocomposite higher than 1 lm
was believed to trap significant amount of air at the
interface of the probe and sample during measure-
ments by hot disk sensor. In addition, too many
S-MWNTs in PI matrix might increase the free
volume of PI nanocomposite and thus the thermal
resistance was increased.

Figure 6 Effect of MWNTs content on thermal conduc-
tivity of various MWNT-PI nanocomposites.

Figure 7 AFM images of hybrid films (a) S-MWNT-PI-1; (b) S-MWNT-PI-1.5; (c) S-MWNT-PI-3. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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CONCLUSIONS

MWNTs functioned as nanomodules to disperse
silver within PI matrix by capillary action and
followed by calcination in Ar. MWNTs after acid
treatment and silver filling were homogeneously dis-
persed in PI matrix and strong bonded to PI matrix
as confirmed with SEM and TEM images. The pres-
ence of Ag in MWNTs was evidenced by EDS and
XRD results. The Tg of S-MWNT-PI-x nanocompo-
site films was at least 400�C and the Td was around
550�C, indicating that the addition of S-MWNT
does not decrease the thermal stability of PI hybrid
films. Notably, the thermal conductivity of hybrid
film was proportional to the content of S-MWNT <2
wt %. The hybrid film with only 1.5 wt % S-MWNTs
in PI matrix (S-MWNT-PI-1.5) showed the highest
thermal conductivity, 0.37 W/mK, which was close
to the literature-reported value. The PI nanocompo-
sites with excellent thermal conductivity, sufficient
thermal stability, and good film flexibility are poten-
tial materials for the applications in flexible printed
circuits or buried film capacitors requiring efficient
heat dissipation.
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