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Abstract The optical, thermal and electrical behavior of
single-wall carbon nanotubes (SWCNTs)/poly(methyl
methacrylate) (PMMA) composite are studied as a function
of SWCNTs concentration. The nanocomposites were
prepared in the form of films by solution casting technique.
The concentrations of SWCNTs in SWCNTs/PMMA films
were 0, 0.5, 1, 1.5, 2, 3.5, 5, 7.5, and 10 wt%. High-reso-
lution transmission electron microscopy showed that
SWCNTs doped in PMMA is less fragmented as compared
to the powder SWCNTs. This is due to the interactions with
polymers as well as the fabrication method. X-ray dif-
fraction patterns of SWCNTs/PMMA composite films
indicated that there is no covalent interaction between
SWCNTs and PMMA. In addition, it demonstrates a
homogeneous dispersion of SWCNTs in PMMA matrix.
The optical properties of SWCNTs/PMMA films of
SWCNTs concentration from 0 to 2.0 wt% have shown
that the absorption intensity of the composite was enhanced
~ 8.5 times as compared to the plain PMMA. Photoacou-
stic spectroscopy technique was used as a powerful and
non-destructive tool to determine the thermal diffusivity
(o), thermal effusivity (e) and thermal conductivity (k). The
composites exhibited &~ 160 % improvement in k at
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2.0 wt%. Furthermore, the DC electrical conductivity
measurements of SWCNTs/PMMA showed that the per-
colation threshold value was about 2.0 wt% of SWCNTs
loading.
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Introduction

In the last two decades, carbon nanotubes (CNTSs) have
attracted significant scientific attention because of their
superior properties, such as low weight, very high aspect
ratio, high thermal conductivity, electrical conductivity,
and elastic moduli [1-3]. These outstanding properties of
CNTs make them an attractive candidate for making novel
composites of CNTs in a series of host polymer matrices
with multifunctional features [4, 5]. Therefore, CNTSs/
polymer nanocomposites are a new class of promising
materials for potential applications, such as photovoltaic
cells, transport layers and light emitting diodes (LEDs) [6].
However, the efficient utilization of CNTs for fabricating
nanocomposites depends on homogeneous dispersion of
CNTs within the polymer matrices [7, 8].

Photoacoustic (PA) technique is a photothermal detec-
tion technique; that is, proved to be a powerful tool to study
the optical, electronic and thermal properties of such
materials without particular sample treatment in a non-
destructive manner [9]. PA method has gained more pop-
ularity due to its simple, elegant experimental technique as
well as the versatility in employing different configurations
to measure the required thermophysical parameters with
great accuracy [10]. Moreover, there have been some
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efforts to exploit the electrical conductivity of CNTs to
develop new materials as conductive polymers or anti-
static coatings [11].

In this work, we have employed PA technique to
investigate the SWCNTs concentration dependence of
thermophysical properties [thermal diffusivity («), thermal
effusivity (e) and thermal conductivity (k)]. Different levels
of single-walled carbon nanotubes (SWCNTSs) were added
to poly(methyl methacrylate) (PMMA) to form composite
films using casting solution technique. The optical
absorption measurements of SWCNTs/PMMA composite
films were performed for different concentrations of CNTs
from 0 to 2.0 wt%. Furthermore, the DC electrical con-
ductivity of the prepared films was also studied.

Experimental
Preparation of SWCNTs/PMMA nanocomposite films

The composite films of SWCNTs/PMMA with different
SWCNTs concentrations were prepared using solution
casting method as follows: PMMA solution was prepared
by dissolving PMMA (Sigma Aldrich) in chloroform
(Fluka) with weight ratio of 1:27. The solution was stirred
for long time (24 h). Nanocomposite films of SWCNTSs/
PMMA were prepared by adding the desired weight of
SWCNTs powder (Chengdu Organic Chemicals Co.,
China) to the above solution and stirred for 4 h on a
magnetic stirrer. The produced mixture was cast in Petri
dishes and left in a ventilated fuming hood till it com-
pletely dried and solidified. Nine films were obtained of
PMMA + x wt% SWCNT, where x = 0,0.5, 1, 1.5, 2, 3.5,
5, 7.5, and 10 wt% of thicknesses 58, 49, 48, 53, 57, 60, 58,
62, and 60 um, respectively. The dried films were rea-
sonably homogeneous and clear.

Measurements

The optical properties measurements were carried out
using a Jasco double-beam UV-vis spectrophotometer
(model V-670) within wavelength range of 200-3,000 nm.
In addition, the dimension of SWCNTs was measured by a
Jeol high-resolution transmission electron microscope
(JEM-2100 operated at 200 kV and equipped with Gatan
CCD higher resolution camera).

X-ray diffraction patterns were carried out with an
automated powder diffractometer (Bruker D8-advace dif-
fractometer) with Cu X-ray tube (wavelength:
ko1 = 1.540598), the tube potential was 40 kV and the
tube current was 40 mA.

PA measurements were carried out by gas microphone
detection method. The light beam from 200 mW (514 nm)
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argon ion laser (Melles Griot, Carlsbad, CA 92009) was
mechanically modulated by optical mechanical chopper
(SR540), and focused on to the sample which was carefully
mounted inside a PA cell (MTEC Model 300). The sound
wave generated from the sample was subsequently detected
as an acoustic signal by a high-sensitive electrical micro-
phone fixed in the PA cell. The PA signal was then
amplified by a low-noise preamplifier and further processed
using a lock-in amplifier (Stanford Research System,
Model SR830 DSP). A personal computer was interfaced
to the system for automatic data acquisition and analysis. A
schematic diagram of the PA experimental set-up for
thermal properties measurements was shown in our previ-
ous work [12]. All the measurements were carried out at
room temperature.

The DC electrical conductivity () of SWCNTs/PMMA
composite films was measured using a standard two-point
contact method (sandwich like) on rectangular film slabs in
an Oxford Optistat cryostat at room temperature. An
electrometer type Keithly 6517B and an Oxford tempera-
ture controller ITO53 were connected to a personal com-
puter (PC) via GPIB interface TNT5004 card and the data
was recorded by a PC.

Results and discussion

High-resolution transmission electron microscopy
(HRTEM)

Figure 1 shows the TEM image of SWCNTs/PMMA at
concentration of 2.0 wt%, while the inset shows a high-
resolution TEM image of SWCNTSs. The estimated outer

Fig. 1 TEM image of SWCNTs/PMMA composite film at concen-
tration of 2.0 wt%, the inset shows higher resolution TEM image of
SWCNTs
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Fig. 2 X-ray diffraction patterns of: a SWCNTSs in powder form and
b SWCNTs/PMMA composite films at SWCNTs concentration of
0.5 wt%

diameter is <2 nm and length of 5-30 pm. It is clearly
observed that CNTs doped in PMMA is less fragmented
compared to the powder case. This is due to the interac-
tions with polymers as well as the fabrication method.

Structural properties (X-ray diffraction measurement)

Figure 2a, b show X-ray diffraction patterns of SWCNTs
in a powder form and SWCNTs/PMMA composite films at
a concentration of 0.5 wt%, respectively. From Fig. 2a, it
is easily seen that there are three dominant peaks at
20 = 26.6°, 43.45° and 54.7°, which correspond to the
hexagonal graphite structures (002), (101) and (004) pha-
ses, respectively. Although Fig. 2b shows the broad bands
diffraction peaks at 20 = 17° and 32° corresponding to
PMMA [13], which indicates its amorphous nature. This
behavior indicates that there is no covalent interactions
between SWCNTs and PMMA [14]. In addition, this may
prove a homogeneous dispersion of SWCNTs in PMMA
matrix. Similar results have been obtained by Oh et al.
[15]. In their work, they concluded the absence of CNTs
peaks in X-ray diffraction pattern in CNT/TiO, composite
for photo-degradation activity.

Optical absorption measurements

The absorption spectra of SWCNTs/PMMA nanocompos-
ite films for various concentrations in the wavelength range
of 1,000-2,100 nm are shown in Fig. 3. Absorption spectra
of the composite films show a drastic increase in the
intensity with respect to that of PMMA for SWCNTs
concentrations. It is clearly seen that as the SWCNTs
concentration increases, the absorption increases at the
same time, due to the significant incorporation for low
concentrations of SWCNTs in composite films. This
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Fig. 3 Optical absorption spectra of SWCNTs/PMMA nanocompos-
ites with SWCNTs concentrations: a 0, b 0.5 wt%, ¢ 1.0 wt%,
d 1.5 wt%, and e 2.0 wt%
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Fig. 4 Absorption intensity of SWCNTs/PMMA vs. SWCNTs con-
centration at different wavelengths

indicates that in the blend, an electronic interaction takes
place between the two materials. The absorption intensity
increases nearly 8.5 times when SWCNTs concentrations
increase to 2.0 wt% as compared to the plain PMMA. In
addition, we observed that the highest peak absorption was
at 1,670 nm. This peak originally belongs to the polymer as
can be seen in the pure spectrum (denoted in Fig. 3a).

For further clarification of the dependence of intensity
on SWCNTSs concentrations in the films, we draw directly
this relation for different wavelengths as shown in Fig. 4.
We can see that the intensity is enhanced almost linearly as
the concentration is increased. Although the relation is
believed to be linear, there is slight damp in the intensity at
1.5 wt% concentration. This might be due to slight inho-
mogeneous distribution in that sample or slight change in
the sample thickness.
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Thermal properties measurements

The thermal diffusivity () is an important physical quan-
tity to be determined for a material since it is an intrinsic
property in the bulk regime. This quantity gives an indi-
cation to the rate at which the heat is distributed in a
material [16] and this rate depends not only on the thermal
conductivity (k), but also on the rate at which the energy
can be stored [17-19]:

o= ﬁin m?/s (1)
pc

where p is the density and c is the specific heat capacity of

the sample.

o is calculated from the characteristic frequency (f.),
which is the modulation frequency at which the sample
goes from thermally thick region to the thermally thin
region [17, 20]. The PA signal varies with ™' in case of
optically opaque and thermally thin samples (ug<L,
us > L, ug > ,uﬁ) [10, 21], while in case of thermally thick
samples, the thermal diffusion length, yg, is smaller than
the optical absorption length, ug, the PA signal varies with
w2 [10]. So, at f., there is a distinct change in the slope
(in the relation between Inf and InPA signal). If f. is the
characteristic frequency of the sample of thickness, L, then
o can be calculated from [12, 17]:

o :ch2 (2)

The PA signal amplitude was recorded at various
chopping frequencies (f) for each sample (depth profile
analysis). The plots of In(PA) amplitude vs. In(f) are shown
in Fig. 5a, b for representative SWCNTs/PMMA
nanocomposite films of SWCNTSs concentrations (0.5 and
2.0 wt%). The calculated values of o for these samples are
given in Table 1. It is clearly seen that the measured value
of o for the plain PMMA film without SWCNTs addition
(pure) is 1.25 x 1077 m%s, which is very close to the
reported value of o« for PMMA (=1.11 x 1077 m2/s) [22].
Moreover, there is 98 % enhancement of o from its original

@ Springer

Table 1 The values of thermal diffusivity (o), thermal effusivity
(e) and thermal conductivity (k) for different concentrations of
SWCNTs/PMMA

SWCNTs Thermal Thermal Thermal

concentration diffusivity effusivity (e) conductivity

(Wt%) () 107" m%s)  (Ws"?’m™2K™") (k) (W/m K)

+0.1 +7 +0.02

0 1.25 644 0.23

0.5 1.43 839 0.32

1.0 1.67 858 0.35

1.5 1.89 931 0.41

2.0 2.48 1,226 0.61

Pure - - 6,000 [28]
SWCNTs

value by increases in SWCNTs ratio for 2.0 wt% SWCNTSs
concentration.

Thermal effusivity (e) is another thermal quantity that
can be measured by PA technique, which is a measure of
its ability to exchange thermal energy with its surroundings
and gives information about the surface heating of the
substances. As mentioned before, in case of thermally thick
and optically opaque samples, the amplitude of the PA
signal “g” is given by [23, 24];

B1
q= - J? (3)
o 12
where B =07 __ I is the incident light intensity, 7 is

2 2al, T,
the ratio of specific heats, Py is the ambient pressure, o, is

the gas thermal diffusivity, [, is the length of the gas col-
umn, 7 is the ambient temperature, and fis the modulation
frequency.

Using Si wafer as a reference sample, with a well-
known thermal effusivity (16,060 Ws'?m~2K~' [24]). The
constant factor, B, is calculated by normalizing the signal
measured for the sample to that measured for Si. The
obtained e values for samples with SWCNTSs concentration
from 0.5 to 2.0 wt% are also given in Table 1, where the
slopes of Si and the samples were obtained from Fig. 6 by
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Fig. 6 PA signal amplitude vs. (1/f) for: a plain PMMA, b 0.5 wt%,
¢ 1.0 wt%, d 1.5 wt%, e 2.0 wt% concentrations of SWCNTs/PMMA
and f Si as a reference

linear fitting for the relation between (1/f) and PA ampli-
tude (g). The results show that the values of e for
SWCNTSs/PMMA increases from 644 to 1,226 Ws'?/m? K
as the concentration of SWCNTs increases from 0 to
2.0 wt%.

Finally, thermal conductivity (k) is one of the most
important thermal parameters, which is considered as an
indicator of the material. The measured values of o and e
are used to calculate k for all films from the relation [9, 25,
26]:

k=eVa (4)

The calculated values of & are also displayed in Table 1.
It can be seen that the values of k for the plain PMMA is
0.23 W/m K, which is very close to the reported value of
k for PMMA (0.21 W/m K) [27]. The measured values of
k for our composite samples as a function of concentration
of SWCNTs from 0 to 2.0 wt% are presented in Fig. 7.
There is again an increase in k with increasing SWCNTs
concentration. The increase in k is more significant
(=160 %) at 2.0 wt% SWCNTs concentration. Mainly,
this increase is due to the presence of a new phase (for
SWCNTs) with high thermal conductivity, which increases
the heat flow in the composite. This increase is noticeable
and more significant as the concentration of CNTs
increases. Such enhancement in k with increasing CNTs
concentration was reported by other authors [1, 27, 28].
Mazov et al. [28] recorded the thermal conductivity of
polypropylene-based composites with multiwall carbon
nanotubes (MWCT) with different diameters, morphology
and different MWCT concentrations (0-17 wt%). They
concluded that there is a continuous increase of thermal
conductivity value up to the highest concentrations (i.e.,
16-17 wt%) thus reaching value of 0.55-0.56 W/m K.
Moreover, fairly similar results were obtained by Han et al.

0.6 -

0.4 =

0.2 =

Thermal conductivity (W/m.K)

0.0 0.5 1.0 1.5 2.0
Concentration (wt%)

Fig. 7 Thermal conductivity of SWCNTs/PMMA nanocomposite
films as a function of SWCNTSs concentration

[27]. In their work, they concluded that many factors such
as CNTs aspect ratio, mixing conditions, alignments and
others affect the enhancement of thermal conductivity of
CNTs composites.

The conduction of heat in polymer such as PMMA may
be considered as the propagation of harmonic elastic waves
through a continuum and propagation occurs via interac-
tion of the quanta of thermal energy called “phonons”. In
this case, the thermal conductivity, &, is given by [27]:

B Covl

k
3

(5)
where Cj, is the specific heat capacity per unit volume, v is
the average phonon velocity, and / is the phonon mean free
path. For PMMA, [ is extremely small due to phonon
scattering from numerous defects leading to reduce / and in
turn k. However, the very weak dependence on filler con-
tent for C,, and v leads to the fact that the mean free path of
thermal energy carrier essentially determines the thermal
diffusivity value and consequently thermal conductivity.
For an SWCNTs/PMMA nanocomposite, the thermal
parameters (o and k) depend upon the connectivity area of
contact between the SWCNTSs and its thermal conductivity.
In the present case, the increase in SWCNTSs concentration
leads to higher connectivity, which leads to fewer scatter-
ing center and consequent increase in the mean free path of
thermal energy carrier (phonon). This argument explains
the observed increase in o and k. Besides that the presence
of a new phase with high thermal conductivity leads to
increase in the heat flow [1].

Electrical properties measurements
Figure 8 shows the DC electrical conductivity (o) of the

SWCNTs/PMMA composite films from 0 to 10.0 wt%
SWCNTs concentrations at room temperature. The results
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Fig. 8 DC electrical conductivity for SWCNTs/PMMA nanocom-
posite films of different concentrations

show that the value of ¢ for plain PMMA film was about
13 x 107" Sm™". It is clearly seen that ¢ increases
about four orders of magnitude as SWCNTSs concentration
increases from 2.0 to 3.5 wt%. The percolation threshold
value is about 2.0 wt% of SWCNTs loading. Our result is
in good agreement with previous studies for SWCNT/
polymer composites [29]. We believe that the increase in ¢
may be due to the creation of extensive conductive net-
works due to the high electrical conductivity of the filler
(SWCNTs) that facilitate electrons transport in the com-
posite when SWCNTSs concentrations increase. In other
words, as the SWCNTs approach each other by increasing
SWCNTs concentration, the current can flow even through
without direct contacts between SWCNTs. This mecha-
nism is well known and called “quantum mechanical tun-
neling” [1], where electrons can move through the
insulator between conductive elements (CNT) with a cer-
tain probability. Our results are in good agreement with
others [8, 30, 31]. Chu et al. [30] concluded that the DC
electrical conductivity is enhanced as the CNT loading
increases reaching the percolation threshold where the
conductive path of the interconnected CNTs is formed
across the volume of the composite.

Conclusion

Composite films of SWCNTs/PMMA have been fabricated
with SWCNTs loading up to 10.0 wt% using casting
technique. The absorption intensity of the composite was
enhanced =~8.5 times compared to the plain PMMA.
Furthermore, the thermophysical parameters including o,
e and k were obtained using PA technique. We demon-
strated a 160 % increase in k with SWCNTs loading of
2.0 wt%. The increase in k with the increasing in CNTs
loading was attributed to the enhancement of connectivity

gs —
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which resulted in a decrease in scattering center and con-
sequent increase in the mean free path of the thermal
energy carrier (phonon). The DC electrical conductivity
measurements of SWCNTs/PMMA films showed that the
percolation threshold value was about 2.0 wt%.
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