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ABSTRACT Reinforcement efficiency of different types of carbon nanotubes (CNT) have been compared in polyacrylonitrile (PAN)
films at nanotube loadings of 5, 10, and 20 wt %. The films are characterized for mechanical, dynamic-mechanical, and
thermomechanical properties, electrical conductivity, as well as structural analysis. PAN/CNT composite films exhibit electrical
conductivities up to 5500 S/m. Based on X-ray diffraction, PAN crystallinity was shown to increase with the presence of CNT. PAN-CNT
interactions in the various composites were compared using conventional activation energy analysis. The strongest physical interaction
between PAN and CNT was found in samples containing single-wall carbon nanotubes (SWNT). CNT surface area was also measured
using nitrogen gas adsorption and correlated with PAN-CNT composite film mechanical properties, in an effort to better understand
PAN-CNT interactions for different CNT morphologies. Solvent behavior of various composite films has also been investigated. The
presence of CNT was found to improve PAN solvent resistance.
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INTRODUCTION

Structure-property relationships in polymer/carbon
nanotube (CNT) composite materials are influenced
by many factors, including (i) polymer matrix-CNT

interactions (1-6); (ii) overall dispersion quality, exfoliation,
and orientation of CNT (1, 4, 7-9); (iii) diameter, type, and
morphology of CNT (10-12); as well as (iv) various loadings
of CNT in the matrix (13). Though the body of literature
focused on characterization of polymer/CNT composites for
various applications is extensive (14-17), a large number
of these studies concentrate only on understanding the effect
of individual factors on the properties of these nanocom-
posites. Several studies have also summarized the work on
polymer/CNT composites, showing advancements in me-
chanical (9, 18-20), electrical (21-23), and optical proper-
ties (24, 25), dispersion of CNT in polymer matrices (9, 26),
as well as the overall challenges for processing of polymer/
CNT nanocomposites (27, 28). Some studies on mechanical
property enhancement in polymer/CNT composites have
focused on orientation and dispersion of CNT (1, 4, 29); the
affect of surface area and size of CNT (10, 11); CNT loading
in polymer matrices; as well as interfacial interaction be-
tween the polymer and CNT (1, 4, 15, 30).

Polyacrylonitrile (PAN) is an important polymeric materi-
al because of its use as a precursor for carbonaceous
materials, including carbon fibers (31, 32) and porous/
activated carbon materials for electrode (33, 34) and for
nanofiber processing for some biological applications (35, 36).
Several studies have reported PAN/CNT films and fibers with

improved mechanical properties due to good interaction
between PAN and CNT (11, 37, 38). Recent work has
detailed the processing of PAN/CNT composite fibers for
next-generation carbon fiber production (1, 2, 39), as well
as PAN/CNT films and fibers for electrochemical superca-
pacitor applications (33, 34, 40-42). Although there has
been a body of work dedicated to PAN/CNT composite fibers
that include conventionally spun (i.e., solution, gel, and dry-
jet wet spinning) (1, 2, 11, 37, 39, 43) and electro-spun
(44, 45) fibers, up to this point, only limited studies exist on
PAN/CNT composite films (38, 46-51). Studies on PAN/
multiwall carbon nanotube (MWNT) films show that at
nanotube loadings ranging from 1 to 25 wt % uniform
dispersion of MWNT was achieved (52, 53). In addition,
previous work form our group also shows that PAN com-
posite films could also be fabricated using singe-wall carbon
nanotubes (SWNT) and vapor grown carbon nanofibers
(VGCNF) (46, 47) with uniform dispersion, improvements in
mechanical and electrical properties, and enhancements in
PAN crystallization and dimension stability. So far, PAN
composite films produced using CNT show the potential to
disperse nanotubes well throughout the matrix and improve
various properties for many potential applications.

Toward the efforts for deeper understanding of process-
ing PAN/CNT composites, in this work the influence of CNT
type, morphology, impurity level, and loading in the PAN
matrix are all investigated. In previous work, similar studies
were performed on poly(methyl methacrylate)/SWNT com-
posite films for high SWNT loadings (up to 15 wt %) of
different impurity levels (metallic impurity up to 35 wt %)
(54). In this work, PAN/CNT films at various nanotube
loadings (i.e., 5, 10, and 20 wt %) were fabricated. The
reinforcement efficiency of different types of CNT including,
SWNT, double-wall carbon nanotubes (DWNT), MWNT, and
VGCNF have been compared in PAN films, and mechanical
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and electrical property and morphology characterizations
were performed on composite films. These characterizations
are used to investigate the roles that CNT-PAN interaction,
as well as CNT surface area and structure play toward
property changes observed in composite properties as
compared to control films.

EXPERIMENTAL SECTION
Five batches of SWNT (SWNT1: Lot X-5054C (3 wt % metallic

impurity); SWNT2, Lot XO-0PPP (1 wt % metallic impurity);
SWNT3, Lot XO-1PPP (1 wt % metallic impurity); SWNT4, Lot
P-0252 (6 wt % metallic impurity); and SWNT5, Lot R-0231 (35
wt % metallic impurity) were obtained from Carbon Nanotech-
nologies, Inc. (Houston, TX). DWNT (Batch 270c700056, 5 wt
% catalytic impurity) was obtained from Nanocyl, Co. (Belgium),
MWNT (3 wt % catalytic impurity) from Iljin Nanotech, Co.
(Korea), and VGCNF (Batch PR24-HHT-LD2850, 0.3 wt %
impurity) from Applied Sciences, Inc. (Cedarville, OH). The
catalytic impurity of the each type of nanotube was determined
from the thermogravimetric analysis (TGA) based on the re-
sidual weight. PAN (Mw 100 000 g/mol) containing 6.7% methyl
acrylate random comonomer was obtained from Japan Exlan
Company. Dimethylformamide (DMF) was purchased from
Sigma-Aldrich and used as-received.

Carbon nanotubes and VGCNF were added to 50 mL of DMF
and sonicated (Fisher FS30 bath sonicator, frequency 43 kHz,
power 150 W) for 48 h (DWNT was sonicated for 6 days) until
an optically homogeneous dispersion was formed. The homo-
geneity of dispersion was confirmed by optical microscopy to
ensure that no large chunks were present in the nanotube
dispersion. In previous work, UV-vis spectroscopy has been
used to analyze CNT dispersions in DMF and have shown that
stable uniform dispersions are achievable (55). Two-hundred-
forty to three-hundred milliograms PAN was added to the CNT/
DMF dispersion homogenized and dissolved while stirring.
Excess solvent was evaporated to obtain the final solution
volume of 25 mL. PAN/CNT/DMF solutions analyzed by optical
microscopy appeared homogeneous at this scale. The PAN/CNT/
DMF solution was cast on a glass substrate and kept in a vacuum
oven at 80 °C for 3 days for solvent removal to form the film.
PAN/CNT composite films with thickness ∼25 µm containing
various loadings of CNT (5, 10, and 20 wt %) were all prepared
by the same procedure.

Thermogravimetric analysis (TGA) of CNT powders was
conducted on TGA 2950 (manufactured by TA Instruments, Inc.)
in air at a heating rate of 10 °C/min. Raman spectra were
collected using a Holoprobe Research Raman Microscope
equipped with a 785 nm excitation laser (made by Kaiser
Optical System Inc.). For porosity and Brunauer-Emmett-Teller
(BET) surface area measurements, the isothermal N2 gas ad-
sorption and desorption at 77 K were carried out on ASAP 2020
(manufactured by Micromeritics Inc.), on samples degassed at
90 °C for 16 h. Wide-angle X-ray diffraction was performed
using a MicroMax002 WAXS/SAXS source (λ ∼0.15418 nm)
equipped with 2D R-axis V++ detector system (manufactured
by Rigaku/MSC Inc.). Scanning electron microscopy (SEM) was
performed on a LEO1530 field-emission microscope (operating
voltage 10 to 16 kV). High-resolution transmission electron
microscopy (HR-TEM) was performed on a Hitachi HF-2000
transmission electron microscope operated at 200 kV. Thermal
mechanical analysis and coefficient of thermal expansion (CTE)
was determined using a thermo-mechanical analyzer (TMA)
(manufactured by TA Instruments, model TMA 2940) at 0.05
MPa prestress (film dimensions: 10 mm long by 2 mm wide; 4
to 6 samples were tested for each film type) during the second
heating cycle using a heating rate of 5 °C/min. RSA III instru-
ment (manufactured by Rheometrics Scientific) was used to

measure tensile and dynamic mechanical properties of the
films. The gauge length, film width, and strain rate for tensile
tests were 20 mm, 2 mm, and 10%/min, respectively. Dynamic
mechanical measurements were carried out at testing frequen-
cies of 0.1, 1, 5, and 10 Hz at a temperature increment of 1
°C/min. Solvent resistance tests were carried out by placing the
composite film in DMF at 25 °C for 1 h. In-plane dc electrical
conductivity was measured by the four-probe method (manu-
factured by Signatone).

RESULTS AND DISCUSSION
Physical Properties of CNT. For this study, the five

SWNT samples as listed in the experimental section are
referred to as SWNT1-SWNT5, respectively. The degrada-
tion temperature for the various CNT used were determined
from TGA plots and are listed in Table 1. MWNT and VGCNF
was found to degrade at higher temperatures as compared
to the various SWNT and DWNT (56), which may be due to
the existence of layered graphitic structures. The lower
degradation temperature found for SWNT4 and SWNT5 as
compared to SWNT1, SWNT2, and SWNT3 may be due to
the presence of higher metal content as well as smaller tube
diameter (i.e., the average diameter for SWNT4 and SWNT5
was 1 nm and that for SWNT1, SWNT2, and SWNT3 was 2
nm). An inverse relationship was observed when the deg-
radation temperatures were plotted against the BET surface
area of nanotubes (Figure 1). This analysis suggests that
larger surface area may be associated with lower initiation
temperature for degradation.

FIGURE 1. Initial degradation temperature as a function of BET
surface area for various CNT.

Table 1. Degradation Temperatures and BET
Surface Area of Various Carbon Nanotubes in Air
carbon

nanotube
samples

initial degradation
temperature (°C)

temperature at
the fastest

degradation rate (°C)

BET
surface area

(m2/g)

SWNT1 516 550 583 ( 2
SWNT2 489 555 830 ( 6
SWNT3 483 570 795 ( 10
SWNT4 424 510 823 ( 10
SWNT5 368 421 434 ( 4
DWNT 440 456 563 ( 1
MWNT 584 640 161 ( 1
VGCNF 695 755 41 ( 1
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Morphology of the various CNT were also characterized
by both transmission and scanning electron microscopy
(Supporting Information Figures S1 and S2). SWNT bundle
diameter was determined to be in the range of 8 to 30 nm.
Due to their higher catalytic impurity content, metallic
particles were clearly observed for samples SWNT4 and
SWNT5. The size of the metal particles in the SWNT4 and
SWNT5 are in the range of 3 to 5 nm. SWNT3 powder
sample was observed to have most uniform bundle diameter
distribution based on SEM observations, as well as least
metal (from TGA) as compared to all other types of SWNT
used in this study. The average diameter of the DWNT was
found to be about 5 nm. DWNT samples used in this study
tended not to form bundles but instead exist as highly
entangled individual nanotubes. MWNT and VGCNF also
exist as individual entangled nanotubes/fibers. VGCNFs
exhibit double-layer morphology. The inner-wall of VGCNF
is oriented at an angle with respect to the fiber axis, whereas
the outer wall is oriented parallel to the nanofiber axis. The
inner diameter is ∼25 nm and the outer diameter is ∼60
nm (57).

The 2θ and d-spacings values obtained from wide-angle
X-ray diffraction (WAXD) for the various SWNT are listed in
Table 2. All CNT powders show a characteristic peak around
∼44°, which is attributed to a (100) plane in graphite (58)
and/or a (110) reflection of the R-Fe body-centered cubic
lattice. SWNT1, SWNT2, and SWNT3 show the peak at 25.9°
attributed to (002) plane of the interplanar graphite spacings
resulting from the existence of some DWNT and few-wall
carbon nanotubes present along with SWNT in these batches
(39). DWNT, MWNT, and VGCNF also exhibit a peak at
∼25.4° to 26.3° due to the graphitic layer stacking. Ordered
SWNT bundles exhibit a 2D hexagonal crystal lattice packing
and show X-ray diffraction peaks at ∼8 and ∼13° which
correspond to (10) and (11) planes (59). WAXD of SWNT4
and SWNT5 show the peaks corresponding to (10) and (11)
planes. From the d-spacing for the (10) plane and assuming
an intertube distance (di) in the SWNT bundle of 0.34 nm,
the average diameter (dt) of SWNT4 and SWNT5 is calculated
using eq 1 and estimated to be 0.92 and 0.94 nm, respec-
tively. The absence of (10) and (11) planes in the X-ray
pattern of SWNT1, SWNT2, and SWNT3 further indicates
disruption of these crystalline packing due to the presence

of other CNT types (i.e., DWNT and few-walled carbon
nanotubes) in these batches (39). The peak at ∼21° 2θ for
SWNT4 can be attributed to the γ-band of carbon, which
arises because of the packing of saturated structures such
as aliphatic carbons (60-63).

Raman spectra for various CNT powders were collected and
the intensity in all cases is normalized with respect to the
intensity of the G band (1550-1605 cm-1) (see the Support-
ing Information, Figure S3). The peaks located in the region
of ∼200-500 cm-1 correspond to the radial breathing mode
(RBM). The disorder-induced D band appears at ∼1300 cm-1

because of the presence of disordered carbon, and SWNTs
with incomplete or modified wall structure. The normalized
intensity of D band for SWNT1, SWNT2, SWNT3, SWNT4,
and SWNT5 is 0.2, 0.25, 0.1, 0.12, and 0.08, respectively,
assuming that the intensity of G band in all cases is 1. High
intensity of D band for SWNT1 and SWNT2 indicate that
these nanotube samples contain more amorphous and
disordered carbon among SWNT powders used in this study.
The intensity of D band of both MWNT and VGCNF is also
very high (2.17 and 0.99, respectively), indicating amor-
phous carbon and highly defective graphitic structures
present in these two samples. The peak positions and the
full width at half maxima (fwhm) of the G band for the higher
frequency component for various CNTs are listed in Table
S1 of the Supporting Information. G bands for SWNT4 and
SWNT5 clearly show two peaks characteristic of metallic and
semiconductive tubes present in SWNT samples as com-
pared to SWNT1, SWNT2, and SWNT3 (samples established
as a mixture of tube types) powders given in Figure 2.

Nitrogen absorption measurement results given in Table
1 show that all SWNT samples and DWNT have higher BET
surface area as compared to MWNT and VGCNF. The BET
surface areas for SWNT2, SWNT3, and SWNT4 are 830, 795,
and 834 m2/g, respectively, and are significantly higher than
those for SWNT1 (583 m2/g) and SWNT5 (434 m2/g). BET
surface areas for MWNT and VGCNF are 161 and 41 m2/g,
respectively. The pore volume distribution curves for all CNT
samples used are also plotted in the Supporting Information,
Figure S4.

Table 2. Summary of Wide-Angle X-ray Diffraction Results for CNT Powders
peak identity SWNT1 SWNT2 SWNT3 SWNT4 SWNT5 DWNT MWNT VGCNF

(11) plane 2θ (deg) 8.14 8.02
d (nm) 1.085 1.101

(10) plane 2θ (deg) 13.18 13.22
d (nm) 0.671 0.669

γ-band carbon 2θ (deg) 20.74
d (nm) 0.428

(002) interplanar
graphitic spacing

2θ (deg) 25.92 25.97 25.86 25.44 25.88 26.30
d (nm) 0.344 0.343 0.344 0.350 0.344 0.339
cryst size (nm) 30 40 30 83 93 150

(100) graphite/
(110) R-Fe

2θ (deg) 43.56 43.01 43.05 43.93 44.28 43.30 42.90 42.60

d (nm) 0.208 0.210 0.210 0.206 0.204 0.209 0.211 0.212

dt ) dSWNT(10) - di (1)
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Mechanical and Electrical Properties of PAN/
CNT Composite Films. Tensile modulus, tensile strength,
elongation-at-break, and electrical conductivity values for the
composites are listed in Table 3. PAN/SWNT2, PAN/SWNT3,
PAN/SWNT4, PAN/VGCNF composite films with 5 wt %
loading of CNT exhibit improved mechanical properties
relative to the control PAN film. Among the SWNT containing
composites, films prepared using SWNT3 shows the highest
improvement in tensile modulus (3.7 GPa for control PAN
to 5.6 GPa for PAN/SWNT3) and tensile strength (53 MPa
for control PAN to 77 MPa for PAN/SWNT3). PAN/SWNT2
and PAN/SWNT4 show similar enhancement in tensile
modulus (4.9 and 5.0 GPa for PAN/SWNT2 and PAN/SWNT4,
respectively). The relatively lower enhancement in tensile
properties for SWNT2 composite film as compared to SWNT4
may be attributed to the presence of more amorphous
carbon/defective tube structures in these samples as evi-
denced from Raman data. Composite films prepared from
SWNT1 and SWNT5 show little enhancement in tensile
modulus and a decrease in tensile strength as compared to
the control PAN (Table 3). One factor that may contribute
to the lack of improved mechanical properties for SWNT1
and SWNT5 composites is the low surface area measured
for these samples (Table 1), which would lead to reduced
interfacial interaction with PAN as compared to SWNT2,
SWNT3, and SWNT4. Among DWNT, MWNT, and VGCNF
composites at 5 wt % CNT loading, only PAN/VGCNF
composite film exhibits improvement in tensile properties
(4.4 GPa tensile modulus and 80 MPa tensile strength).

Tensile modulus increases for SWNT3, SWNT4, and
SWNT5 composites with 10 wt % SWNT loading (Table 3),
and a significant improvement in tensile strength is observed
for PAN/SWNT3 films. Overall, among various SWNT com-
posites, the improved tensile strength of films containing
SWNT2, SWNT3, and SWNT4 may be attributed to their

higher surface area as compared to SWNT1 and SWNT5.
With the increase in loading to 10 wt % PAN/DWNT, PAN/
MWNT, and PAN/VGCNF composites, all exhibit improve-
ment in the tensile properties as compared to the control
films. In addition to films with 5 and 10 wt % CNT loading,
four types of CNT (SWNT1, SWNT3, SWNT5, and VGCNF)
were also used to prepare the composite films with 20 wt
% loading. PAN/SWNT3 composite film shows the highest
increase in modulus, and tensile strength, of 244 and 79%,
respectively, whereas strain-to-break decreased by 519% as
compared to the control PAN films. These tensile properties
compare favorably to the values obtained with PAN/SWNT
(60/40) films reported earlier (47). As expected, with increas-
ing CNT loading, the electrical conductivity of PAN/CNT
composite films also increases (Table 3). The PAN/SWNT3
films at all loadings (5, 10, and 20 wt %) exhibit the highest
electrical conductivity among all composite films prepared
with same loading of CNT (Table 3). The electrical conductiv-
ity of PAN/SWNT3 samples increase from 88 to 243 to 5500
S/m for the 5, 10, and 20 wt % samples, respectively. These
results are higher than previously published work. PAN/
MWNT electrospun mats exhibit conductivities of 20-50
S/m for samples containing up to 10 wt % CNT (64).
Activated PAN/MWNT electrospun fiber mats with 3 wt %
loading exhibit electrical conductivity of ∼96 S/m (65). PAN/
MWNT films fabricated by hot pressing of CNT coated PAN
nanoparticles at 5 and 10 wt % loading show values of 3.942
× 10-1 and 2.886 S/m, respectively (66).

Improvement in tensile modulus, tensile strength, as well
as electrical conductivity of polymer matrix in the presence
of CNT depends on a number of factors. Interfacial interac-
tion between CNT and polymer is one of the critical factors
that can dictate the composite properties. CNT-polymer
interaction depends on the interfacial area between the
polymer and the CNT. As the surface area of CNT increases,
the available interfacial area between the polymer and
nanotube also increases which may result in better poly-
mer-CNT interaction and consequently improved compos-
ite properties. Figure 3a shows the plot of tensile modulus
of various PAN/CNT films as a function of the measured CNT
BET surface area. From these plots, the general trend is that
tensile modulus of the composite films improves as the CNT
surface area increases. Similarly, the tensile strength of
various films is also plotted as a function of CNT surface area
(Figure 3b). With the exception of PAN/VGCNF films, which
shows higher strength despite its low surface area at the
same CNT loading, the tensile strengths of various composite
films increase with increasing nanotube surface area. Im-
proved tensile properties of PAN/VGCNF films may be
attributed to the long length of VGCNF (30-100 µm),
whereas the length of SWNT, DWNT, and MWNT is typically
estimated to be on the order of several hundred nanometers
to a few micrometers. The effect of nanotube surface area
on the reinforcement efficiency has been previously studied
for poly(vinyl alcohol) by Cadek (10) and for polyacrylonitrile
by Chae (11). The results suggest that reinforcement scales
linearly with the total nanotube surface area. The results

FIGURE 2. Normalized G band of Raman spectra for the various
SWNT powder samples used in this study.
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from the PAN/CNT films in this work are in agreement with
Cadek on poly(vinyl alcohol)/CNT systems (10).

Dynamic Mechanical Properties of PAN/CNT
Composite Films. The storage modulus (E′) and tan δ
curves of control PAN and PAN/CNT (5 wt %) composite
films are shown in Figure 4. The storage modulus (E′) and
tan δ curves for 10 and 20 wt % PAN/CNT composite films
are shown in the Supporting Information, Figures S5-S6.
Storage modulus and tan δ curve for the 10 and 20 wt %
composites show are similar trends to those in Figure 4. Tan
δ peak temperatures for PAN/CNT composite films in general
are higher than that of the PAN films. Moderate enhance-
ment in storage modulus are obtained for PAN/SWNT2, PAN/
SWNT3 PAN/SWNT4, PAN/MWNT, and PAN/VGCNF com-
posites at 5 wt % CNT loading, below the glass transition
temperature (Tg). At 25 °C, PAN/SWNT3 exhibits the highest
enhancement in storage modulus (1.7 times that of the
control PAN). However, no improvement in storage modulus
is observed for PAN/SWNT1, PAN/SWNT5, and PAN/DWNT
composites.

Enhancement in storage modulus for the composite films
is significantly higher above the Tg. The highest increase in
storage modulus above Tg is observed for 5 and 10 wt %
PAN/SWNT3 films, followed by PAN/SWNT4, PAN/SWNT5,
and PAN/SWNT2 composites. The storage modulus at 125
°C is about 14, 27, and 31 times that of the control PAN for
5, 10, and 20 wt % PAN/SWNT3 films, respectively. For
PAN/SWNT4, the improvement in storage modulus at 125
°C is 7 and 13 times that of control PAN for 5 and 10 wt %
composites, respectively, whereas it is 5 and 9 times for
PAN/SWNT2 at 5 and 10 wt % loadings, respectively.

For SWNT1 composite films at low loading, enhancement
in storage modulus above Tg is considerably low as com-

pared to SWNT2, SWNT3, SWNT4, and SWNT5; however,
at higher CNT loading (20 wt %), significant enhancement
in storage modulus (10 times that of control PAN at 125 °C)
is observed. Storage modulus at 125 °C for PAN/DWNT,
PAN/MWNT, and PAN/VGCNF is comparable for both 5 and
10 wt % CNT loading. However, enhancement is signifi-
cantly less as compared to the PAN/SWNT3 composite film.

The tan δ peak typically shifts to higher temperature and
its magnitude decreases for PAN/SWNT composites (11, 37).
The highest reduction in magnitude of the tan δ peak is
observed for the PAN/SWNT3 composite film at 5 wt % CNT
loading (Figure 4); the tan δ magnitude decreased from
∼0.37 for control PAN to ∼0.2 for the PAN/SWNT3 com-
posite. For the PAN/SWNT2 and PAN/SWNT4 composites,
the magnitude of the tan δ peak is ∼0.25. For SWNT1 and
SWNT5, the value of the tan δ peak height is ∼0.3. At 5 wt
% loadings, PAN/VGCNF composites show no appreciable
reduction in tan δ magnitude (Figure 4). Previously published
work from this group on PAN/VGCNF films show similar tan
δ behavior for 5 and 10 wt % loadings (46). For PAN/DWNT
and PAN/MWNT, the magnitude of tan δ peak shows slight
reduction to ∼0.3 (Figure 4). A similar trend in magnitude
of the tan δ peak is observed for the composite films with
10 wt % loadings. Reduction in the tan δ peak magnitude
for the PAN/CNT composites suggests suppression of poly-
mer molecular motion, hence imparting more elastic be-
havior. This suppression of molecular motion can be con-
sidered a result of interaction between the polymer and CNT.
Therefore, PAN/SWNT3 (5 wt %) composites exhibit the
highest interaction as indicated by the highest reduction in
magnitude of tan δ peak (Figure 4), and this trend was also
observed at all other loadings (10 and 20 w%). The trend in
tensile modulus, tensile strength, storage modulus, and

Table 3. Mechanical and Electrical Properties of Control PAN and PAN/CNT Composite Films
CNT loading

sample (wt %) (vol %) modulus (GPa) strength (MPa) elongation (%) conductivity (S/m)

Control PAN 0 0 2.7 ( 0.4 57 ( 4 22.3 ( 6.5
PAN/SWNT1 5 4.6 3.8 ( 0.3 47 ( 9 1.6 ( 0.6 1.2
PAN/SWNT2 5 4.6 4.9 ( 0.1 79 ( 8 5.1 ( 1.3 6.1
PAN/SWNT3 5 4.6 5.6 ( 0.3 77 ( 3 3.9 ( 0.9 88.1
PAN/SWNT4 5 4.6 5.0 ( 0.5 70 ( 12 4.4 ( 1.4 4.1
PAN/SWNT5 5 4.6 3.9 ( 0.3 48 ( 8 2.0 ( 0.5 7.3
PAN/DWNT 5 4.0 3.5 ( 0.2 48 ( 15 1.9 ( 0.8 0.006
PAN/MWNT 5 3.3 3.4 ( 0.1 35 ( 4 1.2 ( 0.2 0.005
PAN/VGCNF 5 3.1 4.4 ( 0.3 80 ( 6 5.5 ( 1.6 0.7
PAN/SWNT1 10 9.2 3.1 ( 1.3 41 ( 17 1.7 ( 0.7 35.2
PAN/SWNT2 10 9.2 4.8 ( 0.4 72 ( 13 5.2 ( 1.6 78.0
PAN/SWNT3 10 9.2 6.8 ( 0.7 93 ( 9 4.3 ( 1 243.0
PAN/SWNT4 10 9.2 6.4 ( 1.3 74 ( 28 1.6 ( 0.9 37.6
PAN/SWNT5 10 9.2 5.6 ( 0.4 56 ( 11 1.3 ( 0.5 30.0
PAN/DWNT 10 8.0 4.4 ( 0.6 64 ( 10 1.9 ( 0.6 5.9
PAN/MWNT 10 6.8 3.6 ( 0.3 56 ( 9 2.1 ( 0.6 1.5
PAN/VGCNF 10 6.3 4.1 ( 0.3 73 ( 6 3.7 ( 0.5 35.2
PAN/SWNT1 20 18.5 4.9 ( 0.3 72 ( 9 1.9 ( 0.3 2.7 × 102

PAN/SWNT3 20 18.5 9.3 ( 0.7 102 ( 8 3.6 ( 0.6 5.5 × 103

PAN/SWNT5 20 18.5 7.0 ( 1.1 66 ( 22 1.8 ( 0.7 1.3 × 102

PAN/VGCNF 20 13.1 4.0 ( 0.2 59 ( 3 2.5 ( 0.3 88.8
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magnitude of tan δ peak for the PAN/CNT composites are
in good qualitative agreement with each other.

The storage modulus of control PAN and various PAN/
CNT films at different temperature are determined (Figure
5). The difference in storage modulus between the compos-
ite films and the control PAN film (E′composite - E′PAN) is plotted
as a function of temperature in Figure 5. This analysis is a
means to study the contribution of the CNT materials in the
composites and also give some insight in PAN-CNT interfa-
cial interaction. It is expected that above Tg, the polymer
expands more rapidly as compared to more dimensionally
stable nanotubes. For this reason, the contact forces be-
tween the polymer and nanotubes are expected to decrease
as the temperature is raised. Hence polymer-nanotube
slippage may occur at high temperatures causing the modu-
lus difference to decrease (67-69). In this work, the modulus
difference (E′composite - E′PAN) for DWNT, MWNT, and VGCNF
composite films decrease to approximately zero above Tg

denoting complete slippage of CNT from the polymer ma-
trices (no CNT contribution to the modulus) (Figure 5). For
the PAN/SWNT composites, the values for SWNT samples
were varied from 0.2 GPa (SWNT1 5 wt %) to 1.4 GPa
(SWNT3 20 wt %) showing better interaction of SWNT with

PAN at the interfaces. Improvement in PAN-CNT interfacial
interaction may be due to smaller tube diameter and the
increase in CNT surface area for these samples. Similar
studies of temperature-dependent modulus contribution
from CNT have been reported for epoxy/CNT (70), PAN/CNT
(71), and polypropylene/CNT (72) composites. A better
understanding of the observed phenomenon is required for
designing polymer-nanotube interfaces, and to achieve
efficient load transfer between the nanotube matrix.

The tan δ curves from dynamic mechanical analysis of
the films performed at frequencies of 0.1, 1, 5, and 10 Hz
were used for activation energy calculations. On the basis
of the tan δ curves, the Tg is determined for the composite
films, which is evidence for PAN molecular motion. Activa-
tion energy for the composite at this transition (Tg) is
indicative to the level of physical interaction between the
PAN and CNT. Using conventional Arrhenius analysis, eq 2
was used to determine the activation energy; the values are
listed in Table 4.

FIGURE 3. (a) Tensile modulus of control PAN and PAN/CNT composite films as a function of CNT surface area. Correlation was based on all
the samples except sample number 8 (PAN/VGCNF). (b) Tensile strength of control PAN and PAN/CNT composite films as a function of CNT
surface area. Correlation was based on all the samples except sample number 8 (PAN/VGCNF).

f ) Aexp(- EA

RT) (2)
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Where EA is the activation energy, f, R, and T are
frequency, gas constant, and absolute temperature, respec-

tively. The activation energies for the PAN molecular motion
in the various films are compared in Figure 6a. As compared
to the control PAN films, increases in EA signify of interaction
between the polymer and the nanotubes. At 5 wt % CNT
loading, the activation energy of PAN/SWNT3 is 2.3 times
that for the PAN film. Meanwhile, at the same loading, the
increase in activation energy for PAN/SWNT1 and PAN/
SWNT2 is 1.6 and 2.0 times that of the control PAN,
respectively. For composites with 10 wt % nanotube load-
ing, activation energy enhancement is the largest for PAN/
SWNT3, followed by PAN/SWNT1, PAN/SWNT4, PAN/
SWNT2, and PAN/SWNT5. For composites containing 20 wt
% CNT, the increase in activation energy for PAN/SWNT5
is larger than that for PAN/SWNT1 and PAN/SWNT3 com-
posites. At both 5 and 10 wt % loadings, activation energy
for PAN/MWNT composite films shows no significant change
as compared to the control PAN (Figure 6a and Table 4). EA

among the composites show that PAN-CNT interaction
varies, and this may be based on several factors, which
include CNT loading, structure and morphology of the tubes,
dispersion of the CNT in the composite, as well as impurities
present in the CNT samples.

Thermal Properties of PAN/CNT Composite
Films. Dimensional change in PAN/CNT composites as a
function of temperature are measured and classified based
on different slopes of the curve for films. The curve is divided
into three regions, as shown in Figure 6b (taking the control
PAN and PAN/SWNT1 composite films with 10 wt % loading
as examples). The temperatures at which slope of the curves
change are the transition temperatures, named as the first
transition temperature (TI) and second transition tempera-
ture (TII), respectively, and are listed in Table 4. The coef-

FIGURE 4. Storage modulus (E′) and tan δ versus temperature plots of various PAN/CNT composite films with 5 wt % CNT loading.

FIGURE 5. Storage modulus (E′) difference between PAN/CNT films
and control PAN film as a function of temperature.
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ficient of thermal expansion (CTE) in all three regions for
various films were determined and are listed in Table 4. All
PAN/CNT composite films exhibit reduced thermal expan-
sion as compared to the control PAN film. The CTE values
for the control PAN film are 55 × 10-6 K-1, 91 × 10-6 K-1,
and 60 × 10-6 K-1 in regions I, II, and III, respectively. At 5
wt % CNT loading, PAN/SWNT3 shows the highest reduction
in CTE relative to the control PAN (CTE reduced from 55 ×
10-6 K-1 for control PAN to 18 × 10-6 K-1 (region I), a
reduction in CTE of about 67%). PAN/SWNT4 films show the
next highest reduction in CTE followed by PAN/SWNT5,
PAN/SWNT2, PAN/SWNT1, PAN/MWNT, PAN/DWNT, and
PAN/VGCNF. Similar trends in CTE reduction are shown for
composites with 10 wt % (except for PAN/MWNT) and 20
wt % CNT loadings. These values are higher than CTE
reported for PAN/SWNT (60/40) films with 1.7 × 10-6 K-1

and 0.6 × 10-6 K-1 below and above Tg, respectively (47).
Xu et al. (73) reported a decrease in CTE of PVDF/SWNT

composite by 35 wt % and at 49 wt % nanotube loading. In
our case, CTE of the PAN/SWNT3 composite film with only
20 wt % loading is reduced by 90% as compared to the
control PAN, indicating good polymer-nanotube interac-
tion. It is noteworthy that for various PAN/SWNT compos-
ites, the trend for reduction in CTE follows a similar order
as that for enhancement in tensile and dynamic mechanical
properties. PAN/VGCNF composite films show the lowest
reduction in CTE as compared to other composite films,
indicating relatively poor interaction between PAN and
VGCNF, which is also evident by the SEM images of tensile
fractured film surfaces (46). Analysis of CTE values for
various PAN/CNT composites in regions I, II, and III show

that CTE decreases with increasing CNT surface area (see
the Supporting Information, Figure S7).

Raman Spectra of PAN/CNT Composite Films.
Radial breathing mode (RBM) bands in Raman spectra for
CNT powders and various composite films were fitted with
Lorentzian components (Figure 7) (see also the Supporting
Information, Figure S8). Each component corresponds to
certain nanotube diameter which can be calculated from the
frequencies of the RBM bands (74). For SWNT1, SWNT2,
SWNT3, and DWNT powders and their composite films,
RBM peaks were fitted with two Lorentzian components
located at 263 and 267 cm-1 (Figure 7). For SWNT4 powder
and PAN/SWNT4 composite films, RBM band was fitted with
three Lorentzian components located at 235, 263, and 267
cm-1, whereas the RBM band for SWNT5 powder and PAN/
SWNT5 films was fitted with three Lorentzian components
located at 233, 263, and 267 cm-1. The peaks located at 233,
235, 263, and 267 cm-1 correspond to the nanotube diam-
eters of 1.01, 1.00, 0.89, and 0.88, respectively. At 785 nm
laser excitation, not all CNT diameters, chirality, and metallic
tubes can be observed for the samples used in the current
work.

RBM peak intensity varies for the composite films as
compared to the CNT powders (Figure 7). RBM intensity
depends on the laser excitation energy (Elaser). Under strain,
the energy separation between the van Hove singularities,
Eii shifts closer to or farther away from laser excitation
energy (Elaser). When the difference |Eii - Elaser| decreases,
RBM intensity increases and vice versa. RBM intensity
reaches a maximum when Eii ) Elaser. The second-order
energy separation, E22

s , for the semiconducting nanotube for

Table 4. Dynamic and Thermomechanical Analysis Results for Control PAN Film and Various PAN/SWNT
Composite Films

CNT loading
(wt%)

activation energy
(kJ/mol)

transition temperaturesb (°C) CTE (× 10-6/°C)

sample Tg
a (°C) TI TII region I region II region III

control PAN 0 425 88 75 99 55 91 60
PAN/SWNT1 5 659 94 67 101 35 59 43
PAN/SWNT2 5 843 89 70 109 24 51 28
PAN/SWNT3 5 969 89 64 103 18 30 9
PAN/SWNT4 5 476 96 65 105 19 41 12
PAN/SWNT5 5 479 90 69 105 30 46 17
PAN/DWNT 5 457 92 74 103 41 66 45
PAN/MWNT 5 400 98 67 101 37 63 32
PAN/VGCNF 5 754 96 72 99 39 72 58
PAN/SWNT1 10 1011 92 71 100 32 59 53
PAN/SWNT2 10 1006 90 68 100 23 35 17
PAN/SWNT3 10 1343 92 65 93 11 20 6
PAN/SWNT4 10 1069 102 66 95 18 26 16
PAN/SWNT5 10 619 104 66 98 17 29 16
PAN/DWNT 10 913 92 68 106 28 47 48
PAN/MWNT 10 438 94 71 102 29 55 40
PAN/VGCNF 10 538 94 72 99 36 61 54
PAN/SWNT1 20 434 98 74 97 22 33 44
PAN/SWNT3 20 526 108 65 98 7 9 4
PAN/SWNT5 20 892 103 78 96 14 20 18

a Tg is determined by DMA at a frequency of 1 Hz. b Transition temperatures are determined by TMA. TI, the first transition temperature; TII,
the second transition temperature.
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the 263 cm-1 peak is in the range of 1.81-1.88 eV (75).
Under compressive stress, the E22

s value for the 263 cm-1

peak increases (mode 1) (76) and shifts farther away from
the laser energy value of 1.58 eV, resulting in decreased
intensity. PAN/SWNT and PAN/DWNT composites do show
the decreased intensity of peak at 263 cm-1 as compared
to CNT powders (Figure 7).

The E22
s value of the 267 cm-1 peak is between 1.81 and

1.90 eV (75). Under compressive stress, the E22
s value of the

267 cm-1 peak decreases (mode 2) (76), shifts closer to Elaser,
and results in increased intensity (75, 76). PAN/SWNT5
composite films exhibit increased intensity of 267 cm-1 peak
(Figure 7). However, the intensity for the 267 cm-1 peak
decreased for PAN/SWNT1, PAN/SWNT3, PAN/SWNT4, and
PAN/DWNT composite films (Figure 7). PAN/SWNT2 com-
posites show no significant change compared to their cor-
responding CNT powders. The reason for this decreased
intensity is not clear. As mentioned previously, all intensities

have been normalized linearly taking the intensity of the
G-band as unity.

The intensity of the peak at 235 cm-1 decreased for PAN/
SWNT4 composite films as compared to that for the SWNT4
powder. With increase in SWNT4 loading, 235 cm-1 peak
intensity for composite films further decreases. This inten-
sity variation comes from the effect of strain exerted by PAN
molecules on resonance. Under compressive strain, the E22

s

value of the 235 cm-1 peak located in the range of 1.59-1.67
eV will decrease (mode 2) and shifts to closer to the laser
energy (75, 76). Normalized 235 cm-1 peak intensities for
the PAN/SWNT5 composite film are suppressed as com-
pared to that for the SWNT5 powder and decrease with
increasing SWNT5 loading (Figure 7).

For SWNT1, SWNT4, SWNT5, and DWNT containing
composite films, the RBM peak positions show a slight
upshift to higher frequency as compared to their respective
CNT powders (Figure 7). The RBM peak positions for the
other composite films show no significant difference relative
to their CNT powders. Calculation of the pressure depen-
dence of RBM position showed that RBM position increase
approximately linearly with increasing pressure (77). The
upshift of RBM for various PAN/CNT films may also be due
to the compressive force exerted by the PAN molecules on
the nanotube bundles.

G band positions, fwhm of G band, and G′ band position
(at ∼2585 cm-1) for CNT powders and various PAN/CNT
composite films were observed from Raman spectroscopy.
No significant shift of G band position is observed for PAN/

FIGURE 6. (a) Activation energy for the PAN Tgin control PAN and
various PAN/CNT composite films. Dashed line represents the activa-
tion energy for control PAN films which is independent of CNT. (b)
Thermal expansion as a function of temperature for control (a) PAN
and (b) PAN/SWNT1 (90/10) composite films.

FIGURE 7. Radial breathing mode (RBM) of Raman spectra for
DWNT, various SWNTs, and their corresponding composite films.
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CNT composite films (except for the PAN/SWNT1 compos-
ites), as compared to the G band of their CNT powder,
whereas fwhm decreases in composite films with an in-
crease in nanotube loading for most CNT. An upshift of the
G′ band is observed for the PAN/CNT composite films except
for PAN/MWNT and PAN/VGCNF films. In PAN/MWNT and
PAN/VGCNF films, the excitation from laser occurs only at
the outer walls of the tubes, resulting in no shift in G′ band
position. The upshift of G band and G′ band in polymer/CNT
composites is attributed to the compressive force on the
nanotubes exerted by the polymer (78). The G′ band is more
sensitive to the pressure as compared to the G band,
resulting in larger band position shift (79).

Solvent Resistance of PAN/CNT Composite
Films. PAN/CNT composite films with 10 wt % CNT loading
were immersed in DMF for 1 h at room temperature (25 °C)
(see the Supporting Information, Figure S9). Various PAN/
SWNT composite films remain intact and retained their
shapes indicating strong interaction between PAN and
SWNT. For the PAN/SWNT1, PAN/SWNT4, and PAN/SWNT5
composite films, no obvious disintegration is observed,
indicating that no significant amount of SWNT material is
removed because of the addition of solvent. Of the five PAN/
SWNT films, PAN/SWNT2 and PAN/SWNT3 composites
shows the least solvent resistance, as indicated by the
removal of SWNT material from the films. Mechanical and
electrical properties and thermal expansion results for vari-
ous PAN/SWNT composite films indicate that the interaction
between PAN and SWNT3 is better. Hence, the results from
solvent-resistance of PAN/SWNT3 films are contrary to what

is expected on the basis of mechanical properties measured.
In the case of PAN/DWNT, PAN/MWNT, and PAN/VGCNF
composite films, solvent resistance in lower than that ex-
hibited by the various PAN/SWNT films. These films disin-
tegrate more readily and imply that PAN interaction with
DWNT, MWNT, and VGCNF is weaker than PAN-SWNT
interaction. The solvent study does confirm that all SWNT
exhibit better interaction with PAN than do DWNT, MWNT,
and VGCNF.

Structure and Morphology of PAN/CNT Compos-
ite Films. WAXD patterns for various films are measured
and analyzed. PAN crystallite size calculated using Scherrer
equation from the (110) peak at ∼16.8° 2θ, and PAN X-ray
crystallinity values are given in Table 5. PAN crystallinity
increases by the addition of CNT. PAN crystal size deter-
mined from (110) peaks in the composite films is smaller
than that in the control PAN film. PAN crystallinity and
crystal size are the largest in the composite film containing
MWNT. SEM images of various CNT powder showed MWNT
and VGCNF exist as individual nanotubes while SWNT form
bundles. MWNT, SWNT, and DWNT are more entangled.
Morphologies of the fractured cross-section of the various
PAN/CNT (10 wt %) composite films were observed by SEM.
CNTs are well-dispersed in the PAN matrix except for DWNT.
Previous results from this group for PAN/DWNT fibers show
that DWNTs exhibit poor dispersion and are highly en-
tangled (11). During preparation of composite films, DWNT
was the most difficult to disperse in the solvent. Though
more sonication time is used to disperse DWNTs, its disper-
sion quality in the polymer is not very good. The SEM images

Table 5. Structural Properties and Density of Control PAN and PAN/CNT Composite Films
CNT loading

PAN
crystallinity (%)

PAN cryst
size (nm)

experimental
density (g/cm3)

theoretical densitya

(g/cm3)sample (wt %) (vol %)

control PAN 0 0 43 5.7 1.15 ( 0.06 1.18
PAN/SWNT1 5 4.6 48 4.9 0.89 ( 0.05 1.19
PAN/SWNT2 5 4.6 47 5.2 0.97 ( 0.04 1.19
PAN/SWNT3 5 4.6 46 5.1 1.00 ( 0.01 1.19
PAN/SWNT4 5 4.6 46 4.8 0.98 ( 0.01 1.19
PAN/SWNT5 5 4.6 48 5.1 0.97 ( 0.02 1.19
PAN/DWNT 5 4.0 48 5.4 0.88 ( 0.01 1.19
PAN/MWNT 5 3.3 50 5.4 0.95 ( 0.01 1.20
PAN/VGCNF 5 3.1 49 5.4 1.22 ( 0.07 1.20
PAN/SWNT1 10 9.2 47 5.2 0.68 ( 0.01 1.19
PAN/SWNT2 10 9.2 46 5.2 0.92 ( 0.03 1.19
PAN/SWNT3 10 9.2 45 4.9 1.08 ( 0.01 1.19
PAN/SWNT4 10 9.2 46 4.7 0.96 ( 0.09 1.19
PAN/SWNT5 10 9.2 49 5.0 0.98 ( 0.06 1.19
PAN/DWNT 10 8.0 46 4.9 0.87 ( 0.01 1.21
PAN/MWNT 10 6.8 50 5.4 0.88 ( 0.02 1.22
PAN/VGCNF 10 6.3 46 5.1 0.91 ( 0.09 1.23
PAN/SWNT1 20 18.5 41 4.8 0.93 ( 0.02 1.20
PAN/SWNT3 20 18.5 38 4.5 1.03 ( 0.01 1.20
PAN/SWNT5 20 18.5 41 4.8 1.08 ( 0.03 1.20
PAN/VGCNF 20 13.1 43 5.9 0.66 ( 0.05 1.28

a Theoretical density of the composite films is calculated using the equation Fc ) Vf (Ff - Fm) + Fm, where Fc is the density of the composite
film; Vf is the volume fraction of filler; Fm is the density of PAN (1.18 g/cm3); Ff is the density of filler SWNT (1.3 g/cm3) (80), DWNT (1.5 g/cm3)
(81), MWNT (1.8 g/cm3) (82), and VGCNF (1.95 g/cm3) (82).

A
R
T
IC

LE

1340 VOL. 2 • NO. 5 • 1331–1342 • 2010 Guo et al. www.acsami.org



do not show any significant difference in the dispersion
quality of various SWNTs in the PAN matrix.

CONCLUSIONS
Polyacrylonitrile composite films of about 25 µm thick-

ness have been processed using eight different types of
carbon nanotubes at nanotube loadings of 5, 10, and 20 wt
%. Generally, tensile modulus and tensile strength of PAN/
CNT composites increased, whereas coefficient of thermal
expansion decreased with increasing CNT surface area.
Dynamic mechanical properties of the composite films have
been measured and compared to those of the control PAN.
In-plane dc electrical conductivity and film solvent resistance
in DMF was also characterized. On the basis of these studies,
it is concluded that in general DWNT, MWNT, and VGCNF
exhibit relatively poor interaction with PAN when compared
to SWNT used in this study. However, different SWNT
samples were observed to have variable interaction with
PAN depending on metallic impurity, surface area, and
diameter. Using Raman Spectroscopy, RBM, D, G, and G′
bands have been analyzed and discussed for various CNT
and PAN/CNT composite films. Structure and morphology
of the films have been examined by SEM and WAXD.
Among all composites, PAN/SWNT3 exhibits the highest
improvement in tensile modulus, storage modulus, electrical
conductivity, and most reduction in thermal shrinkage. The
study also shows how CNT structure and morphology can
affect the overall properties of polymer-CNT composites.
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