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Abstract

Multiwalled carbon nanotubes (MWCNTs) were incorporated into a poly(methyl methacrylate) (PMMA) solution to
develop a transparent and flexible composite conductive film. Monitoring the MWCNT-granule size in the PMMA solu-
tions as well as after the film casting, the self-aggregation of MWCNTs was thoroughly investigated to provide a highly-
dispersed polymeric conductor. In addition to the degree of acid treatment of MWCNTs, the dipole moment of solvent and
the random-coil length of polymer were considered to be the key factors for the MWCNTs to retain the highly-dispersed
state in the polymer matrix after solidification. Investigating several solvent systems, dimethylformamide was found to
have the best dispersing capability for the MWCNT/PMMA system to give a surface electrical conductivity up to
10�2 S/cm at ca. 3.0 wt% of MWCNT, which was considered to be well above what had been reported for such a low level
of MWCNT loading, with a light transmittance over 95%. Finally, the polymer-rich layer, which is usually formed on the
coating surface due to the surface tension and wetting characteristics of the MWCNT/PMMA mixture, was mechanically
peeled off to give an increase in electrical conductivity of nearly two orders of magnitude.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since carbon nanotubes were first reported in
1991 by Iijima [1], they have been intensively
.
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investigated due to their mechanical, chemical and
electrical properties [2–4]. Carbon nanotubes
(CNTs) are considered as functional additives in
polymeric composites systems. In particular, when
compared with other spherical-shaped conductive
filling materials such as carbon black and silver
particle, their relatively large length/diameter
aspect ratios help the composite systems show a
high electric conductivity at low concentrations
of the carbon nanotubes, due to their low percola-
tion threshold [5,6]. Although CNTs have excellent
properties in nature, their dispersion characteris-
tics specifically incorporated in various binding
systems still remain as a challenge to be required
for the optoelectronic device fabrication and
assembly processes.

Curran et al. reported the electrical conductivity
as about 10�4 S/cm at 35 wt% loading of single-
walled carbon nanotubes (SWCNT) in poly(m-phen-
ylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene)
[6]. It was reported that the poly(phenyleneethynyl-
ene) (PPE)-functionalized SWCNT was soluble in
organic solvents and the electrical conductivity
of PPE-SWCNT/polycarbonate composite system
reached 4.81 S/cm at 7 wt% of SWCNT loading
[7]. Recently, there was a report on the SWCNT/
PMMA composite system giving the electrical con-
ductivity of 10�6 S/cm at 2 wt% of SWCNT loading
[8]. For MWCNT/polyimide composite systems,
Ogasawara et al. reported 10�4–10�2 S/cm of electri-
cal conductivity with 3.3–14.3 wt% of MWCNT
loading [9], and Zhu et al. reported 10�10–10�5

S/cm at around 1–12 wt% of MWCNT loading [10].
The electrical conductivity of a water-soluble com-
posite system, MWCNT/PVA(poly vinyl alcohol),
was reported as 10�2 S/cm with 3 wt% of MWCNT
loading [11]. For transparent applications, the elec-
trical conductivity of the H2O2-treated MWCNT/
polycarbonate(PC) composite system was 10�1 S/
cm at 7 wt% loading of peroxide-treated MWCNT
[12]. The electric sheet resistivity of the MWCNT/
PMMA composite system reached 103 X/square at
1 wt% of MWCNT loading using UV-ozone treat-
ment for MWCNT [13].

Reviewing previously-reported results, CNT/
polymer composite systems show a wide range of
electrical conductivities in a wide range of CNT
loading, which makes it difficult to identify the
key factors of the electrical threshold. It is often
found that different researchers provide different
values of electrical conductivity and light transmit-
tance for the same material systems. Furthermore,
it should be pointed out that those reported values
are not always reproduced by different researchers.
Those discrepancies in electrical conductivities may
be due to the non-uniform spatial distribution of
carbon nanotubes in the states of liquid mixtures
or solidified forms. As well known, CNTs are
hardly dispersed and easily agglomerate to form
various-sized granules, which could influence the
electrical conductivity and transparency to a great
extent. The agglomerated CNTs usually require
additional amount of CNT loading to reach the
electrical percolation state and the CNT-agglomer-
ated spots could become a serious defect in vari-
ous optoelectronic applications.

The percolation threshold for the electrical con-
ductivity has been investigated to depend on the
aspect ratio [14], alignment [15], and dispersion
[16]. In particular, MWCNTs have an extremely
large surface area with the van der Waals attraction
and, thus, they easily self-aggregate in polymeric
solutions [17–19]. There have been many attempts
to obtain a homogeneous, fine, and stable disper-
sion of carbon nanotubes in polymeric composites
[20,21]. Several mechanical and chemical techniques
have been introduced, despite the lack of under-
standing of the dispersion and stability of nanotubes
in polymeric solutions [8]. The mechanical disper-
sion methods include a high shear mixing known
as melt blending, which is relatively easier than the
other methods, yet not efficient, because of the high
viscosity of the composites even at low concentra-
tions of the nanotubes [22]. In the case of chemical
techniques, the open-end functionalization method
is most widely used, which involves refluxing the
CNTs in nitric acid, whereupon the carboxylic
groups which are formed on the CNT surfaces are
converted into other functional groups via standard
condensation reactions [23,24]. Functionalization
techniques of the CNT sidewalls have been reported
to use such organic reagents as azomethine ylides,
carbenes, nitrenes, aryl radicals and diazonium to
disperse CNTs in various polymer systems [25–30].
However, the CNT dispersion is yet to be under-
stood in different solvents and different polymers
in relation with the functionalization of CNT
sidewalls.

Although CNTs look dispersed well in the solu-
tion state right after the physical mixing, they
often give CNT sediments or floating granules
after being placed still for a time being. Unless
there is a good compatibility among the solvent,
polymer and CNTs, we believe that the CNT
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granule size grows in the polymeric solution with
time to reach a critical granule size for sedimenta-
tion. In addition, although a well-dispersed CNT
mixture is used, the CNTs could easily agglomer-
ate to form CNT grains while being solidified by
the solvent evaporation in the drying process of
film casting.

In this study, we carefully investigated the
MWCNT dispersion in various PMMA polymer
solutions by measuring the dispersed granule size of
MWCNT using a dynamic light scattering technique,
which was correlated well with visual observation
and light transmittance of the solution mixtures.
The acid treatment conditions and different solvent
type were studied in relation with the electrical con-
ductivity, aggregated-MWCNT granule, and light
transmittance of coated thin films. The surface mor-
phology of MWCNT/PMMA coating was mechani-
cally modified by peeling off the polymer-rich layer
subsequently to give an enhanced electrical pathway
of MWCNTs.

2. Experimental

2.1. Multiwalled carbon nanotubes

The multiwalled CNTs synthesized by the ther-
mal chemical vapor deposition (CVD) method were
purchased from Iljin Nanotech Co., Korea. The
diameters, lengths of the carbon nanotubes and
number of multiwalled shells were measured by
TEM (JEM-3011 TEM, JEOL Tokyo, Japan) to
give about 10–20 nm in outer diameter, 1–10 lm in
length, and ca. 17 walls (Fig. 1). The impurity con-
tent estimated by thermo-gravimetric analysis was
approximately 5 wt% (TGA, DuPont, Ltd., TGA
2910, USA).
Fig. 1. SEM and TEM micr
The MWCNTs were heat treated in an oxygen-
flowing environment to remove amorphous carbon
impurities. The optimum heat treatment tempera-
ture was determined by using TGA to prevent the
thermal degradation of the carbon nanotubes. The
pre-treatment time, treatment temperature, ramping
and oxygen flow rate were 1 h, 663 K, 5 K/min and
40 standard cubic centimeters per minute (SCCM),
respectively.

After the heat treatment, an acid treatment was
used to remove metallic catalyst impurities. The
MWCNTs were sonicated for several hours in a
(3:1) mixture of concentrated sulfuric (98%) and
hydrochloric (100%) acid at a frequency of
20 kHz. The sonication time was 12, 18, and
24 h. Finally, the MWCNTs were subjected to cen-
trifugation at a speed of 12,000 rpm for 20 min and
then rinsed with water repeatedly using a PTFE fil-
ter with a pore size of 0.2 lm. The Raman spectra
were obtained using an FT-Raman spectrometer
(Model: FRA 106/S, Bruker Optics, Germany) to
check the effects of the acid treatment time on
the efficiency of functionalization.

2.2. Polymer matrix systems

5 wt% of polymethylmethacrylate (PMMA)
(Mw = 350,000 g/mol, 1.15 g/cm3, Sigma–Aldrich)
was dissolved in four different solvent systems:
chloroform, toluene, tetrahydrofuran (THF), and
dimethylformamide (DMF) with a mechanical stirrer.
The purified MWCNTs were dispersed in a 5 wt%
solution of PMMA for four different solvent sys-
tems and sonicated for several hours at a frequency
of 20 kHz. For comparison, in this study, a semi-
crystalline transparent polymer, PVDC copolymer
(poly(vinylidene chloride-co-acrylonitrile-co-methyl
ographs of MWCNTs.
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methacrylate)) (Mw = 90,000 g/mol, 1.68 g/cm3,
Sigma–Aldrich), was investigated using DMF as a
solvent (PVDC/DMF weight ratio: 0.05, MWCNTs/
PVDC weight ratio: 0.005).

2.3. MWCNT dispersion

The solution dispersion of the MWCNTs was
visually examined using optical microscopy (Olym-
pus Inc., Japan) and UV–Vis–NIR spectroscopy
(Model: Cary 50, Varian Inc., USA). Dynamic light
scattering (DLS, Model: DLS-7000, Otsuka Elec-
tronics, Japan) experiments were performed for
the MWCNT/PMMA/DMF mixture having a
MWCNT/PMMA weight ratio as 0.025 and a
PMMA/DMF weight ratio as 0.0006. The dilute
mixture was aged at ambient temperature for two
weeks to evaluate the stability of the dispersion
before the DLS experiments.

2.4. Electrical conductivity

The MWCNT/PMMA/DMF mixtures were
prepared for the measurement of electrical conduc-
tivity maintaining the PMMA/DMF weight ratio
at 0.05 varying the MWCNT contents with respect
to PMMA from 0 wt% to 3.0 wt% in increments
of 0.5 wt%. Thin composites films were cast on
the surface of the poly(ethylene terephthalate)
(PET) film as well as glass plate using a solvent
casting method. Prior to the solvent casting, the
PET film was treated with an oxygen plasma
(250 W and 150 mTorr, 30 s.) and the glass plate
was cleaned and coated with hexamethyldisilazane
(Model: AZ AD Promoter-K, AZ Electronics
Materials, Luxembourg) to enhance the adhesion
between the composite films and the substrates.
The electrical conductivity was monitored by a
4-point type probe (Model: Universal probe, Jan-
del Inc., USA) connected to a current/voltage
source-measure unit (Model: Keithley 236, Keith-
ley Instruments Inc., USA). The contact pressures
between the probe needle and the film surface
were carefully controlled by means of a tension
knob to prevent the surface from being damaged
by the needle. The contact pressure was approxi-
mate 15 g/cm2.

The MWCNT/PMMA composites films were
mechanically polished using micro-fiber pad and
alumina powder (diameter: 0.3 lm, Model:
XL16756, Excel technologies Inc., USA) to enhance
the electrical contact between the MWCNTs and
the probes of the 4-point probe instrument. The sur-
face morphology of the polished surface was inves-
tigated by scanning electron microscopy (Model
S-2400, Hitachi Inc., Japan).

3. Results and discussion

3.1. Effects of acid-treatment time

The Raman spectra of the carbon nanotubes are
shown in Fig. 2. The prominent D (at around
1290 cm�1) and G (at around 1590 cm�1) band
peaks clearly indicate the intrinsic characteristics
of the carbon nanotubes. The carbon nanotubes
exhibit a strong tangential mode band at ca.
1590 cm�1 and a weak band at ca. 1290 cm�1, which
is attributed to the sp-3 hybridized carbon in the
hexagonal framework of the nanotube walls [31].
As the acid treatment time increases from 12 to
24 h, the peak intensity increases in the region
around 3300 cm�1 (more exactly: 3370–
3470 cm�1), which corresponds to the O–H stretch-
ing in carboxylic groups on the MWCNT surface.
There is an apparent increase in the peak intensity
at 3300 cm�1 with the acid treatment time of
MWCNTs. As the acid treatment time increases,
the CNT length is decreased and, subsequently,
the probability of functionalization tends to
increase [23]. Accordingly, our results demonstrate
that the MWCNTs are shortened and their sidewalls
are substantially functionalized by the acid treat-
ment after 24 h.

3.2. Dispersion of MWCNT/polymer solution

mixtures

In this study, MWCNT dispersion was investi-
gated for four different types of solvent (chloro-
form, toluene, THF and DMF) and two polymer
systems (PMMA and PVDC). When a black and
uniform ink-type appearance is observed, the
MWCNTs can be regarded as being dispersed well
in the polymer solutions. On the other hand, if the
MWCNT dispersion is not good, some of
the MWCNTs are sedimented at the bottom of
the solution mixture and the color becomes lighter
black.

The MWCNT/polymer solution mixtures are
compared in Fig. 3a and b before and after sonica-
tion, respectively. Fig. 3c shows the aged mixtures
after 24 h of sonication treatment. As shown in
Fig. 3a, all the acid-treated MWCNTs are not dis-
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Fig. 2. Raman spectra of MWCNTs for various acid treatment conditions.
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persed in the organic solvents before the sonication
treatment to form granules at the bottom of the bot-
tles as the arrow indicated in figures. After sonica-
tion in Fig. 3b, the MWCNTs look as being
dispersed well in all the polymer solutions, although
there are a slight difference in color and uniformity
among samples. At a glance, the sonication process
seems to be an efficient way in dispersing MWCNTs
in organic solvents. However, after 24 h of aging
following the sonication process, the MWCNTs
begin to agglomerate and sediment as can be
observed in Fig. 3c for the samples in chloroform,
toluene, and THF. These three solvent systems
exhibit different colors and different amounts of



Fig. 3. Visual observation of MWCNT polymer mixtures (a) before sonication, (b) after sonication, and (c) aged for 24 h after sonication.
The samples indicated are 1: MWCNT/PMMA/chloroform, 2: MWCNT/PMMA/toluene, 3: MWCNT/PMMA/THF, 4: MWCNT/
PMMA/DMF and 5: MWCNT/PVDC/DMF.
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sedimentation, indicating different dispersing capa-
bility. Apparently, the DMF system shows no sedi-
mented MWCNT granules and maintains as a
homogeneous mixture after 24 h of aging. The order
of dispersion capability in the visual examination,
which is based on the color and amount of sedi-
mentation, is DMF > THF > chloroform > toluene.
The physical dispersion of sonication, which is most
commonly used in CNT dispersion, usually provides
a good-looking mixture for a short period of time,
but the long-term stability should be checked for
following downstream fabrication processing.

Further evaluation of the MWCNT dispersion
was performed using UV–Vis–NIR transmittance
and optical microscopy. The UV–Vis–NIR trans-
mittances of samples in Fig. 3c, which are aged
for 24 h after sonication, are compared in Fig. 4.
A well-dispersed mixture provides darker color in
visual observation, which should correspond to a
lower value in transmittance intensity. Low trans-
mittance is due to the diffusion of light by the
well-dispersed particles in the solution mixture, indi-
cating that MWCNTs are well-dispersed. The DMF
system, which was darkest in color in Fig. 3c, exhib-
its 89% of transmittance at 380 cm�1 of wavenum-
ber (Fig. 4), whereas the chloroform and toluene
systems show pale gray and about 95% of transmit-
tance. According to Fig. 4, the order of transmit-
tance intensity is toluene > chloroform > THF >
DMF, which apparently agrees with the order
of the dispersion capability examined in visual
observation.
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The optical microscopy images for the MWCNT/
polymer film are shown in Fig. 5 for the samples cor-
responding to those examined in Fig. 3b. The chloro-
form (Fig. 5a) and toluene (Fig. 5b) mixtures show
noticeable MWCNTs agglomerates in PMMA
mixture. The MWCNT agglomerate size in chloro-
form and toluene are relatively smaller than that in
THF (Fig. 5c). There are no agglomerates observed
in the MWCNT/PMMA/DMF mixture, indicating
Fig. 5. Optical micrographs of MWCNT polymer mixtures coated on
MWCNT/PMMA/toluene; (c) MWCNT/PMMA/THF; (d) MWCNT/
prepared at the same mixing ratios of MWCNTs/PMMA as 0.005, and
that DMF have the best dispersion ability among
the solvents, which agrees well with results in visual
observation and light transmittance. Although
DMF is the best solvent for PMMA, it is not the case
for the PVDC polymer system as seen in Fig. 5e. In
the MWCNT/PVDC/DMF system, MWCNTs look
well-dispersed in visual examination (Fig. 3) and
transmittance (Fig. 4), but a loosely-agglomerated
granules can be observed in Fig. 5e. Accordingly, it
glass substrate comparing (a) MWCNT/PMMA/chloroform; (b)
PMMA/DMF and (e) MWCNT/PVDC/DMF. All samples were

polymer/solvent as 0.05.
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should be mentioned that different polymer gives dif-
ferent dispersion for the same solvent to be used in
CNT mixtures.

DMF turns out to be the most effective solvent
system to disperse the MWCNTs in the PMMA
solution among four different types of solvents
investigated in this study. DMF and THF are clas-
sified as polar aprotic solvents, whereas toluene and
chloroform are classified as non-polar (lipophilic)
solvents, which may be represented by the dipole
moment. The dipole moment values of these four
solvents are 3.820 D for DMF, 1.750 D for THF,
1.040 D for chloroform and 0.375 D for toluene
[32]. Although detailed mechanism is not clear yet,
it may be reasonably speculated that the dipole–
dipole interaction among the solvent molecule, car-
boxylic groups in MWCNT, and polar groups in
PMMA chains. The order of the dipole moment val-
ues consists with the dispersion capability estimated
by visual observation and transmittance measure-
ment. Subsequently, we consider that the solvent
polarity is closely associated with the MWCNT dis-
persion in PMMA solution.

From the viewpoint of physical interaction of
polymer chains and MWCNTs, the MWCNT dis-
persion in polymers may be evaluated by comparing
the dimensions of the polymer chain and MWCNT
in the molecular level [8]. The average radius of
gyration of the isolated PMMA chains in a dilute
solution may be expressed as hS2i = a(Mw)b, where
hS2i is the mean-squared radius of gyration in the
unit of 0.01 nm2. Mw is the molecular weight of
PMMA, and the constants a and b for PMMA
are 0.0713 and 1.0098, respectively [8]. Using the
above equation, the average diameter of a random
coil may be estimated by 2hS2i1/2. For the PMMA
system with Mw = 350,000 g/mol in this work, the
average diameter of PMMA coil may be estimated
to be 34 nm. However, the molecular weight of
PVDC used in this study is 90,000 g/mol, which
gives the estimated average diameter of PVDC ran-
dom coil is 7.3 nm. Consequently, the average dia-
meter of PMMA coil is about 3.4 times larger
than that of the carbon nanotubes (ca. 10 nm),
whereas that of the PVDC random coil is even
shorter than the diameter of the carbon nanotubes.
Therefore, it may be reasonable to mention that the
PMMA coil is long enough to be capable of wrap-
ping up the carbon nanotubes effectively to prevent
the agglomerations of nanotubes bundles, which is
not the case with PVDC. This consideration agrees
with the observed dispersion of PMMA and PVDC
systems in color (Fig. 3), transmittance (Fig. 4) and
agglomerates (Fig. 5).

As a result, dispersion of MWCNTs in polymer
seems substantially influenced by polymer type,
molecular weights (or chain lengths) of polymer,
and the polarity of solvent. However, the precise
dispersion control and interaction mechanism is
far from being clearly understood and further study
is required for various polymer/solvent systems.

3.3. Dynamic light scattering (DLS) analysis

The degree of CNT dispersion has been mea-
sured by the dynamic light scattering (DLS) method
in ethanol [33] and DI water [34,35] to estimate the
length distribution of dispersed carbon nanotubes
[36,37]. DLS detects the intensity fluctuation of
the scattered light due to the Brownian motion of
the dispersed particles. The estimation of the size
of objects is made from the measured intensity,
I(s, t), to give the auto-correlation function, G2(s),
viz: G2(s) = [I(t) · I(t + s)]/[I(t)]2, where t is the
detecting time and the s is correlation time. The nor-
malized first-order auto-correlation function, g1(s)
is given by g1ðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2ðsÞ � 1

p
. Subsequently, the

function g1(s) is related to the diffusion coefficient
of the particles, viz: g1(s) = Bexp(�D(s)q2), where
q is the scattering vector (q = 4pn · sin (h/2)/k) and
D is diffusion constant. Here, n is the refractive
index, h is the scattering angle, and k is the wave-
length in a vacuum. Finally, the size of the dispersed
particles is calculated from the diffusion coefficient
through the Stokes–Einstein equation, R = kBT/
6pgD, where R is the particle radius, kB is the Boltz-
man constant, T is the absolute temperature, and g
is the solvent viscosity. In this way, the final size dis-
tributions of our MWCNT/PMMA/DMF mixtures
were obtained from the function G2(s) by the inverse
Laplace transformation [35]. Accordingly, the num-
ber of particles and the laser intensities are shown in
Fig. 6 for the MWCNT mixtures after 12, 18 and
24 h of acid-treatment.

In DLS measurement, the agglomerated
MWCNT bundles may well give a relatively larger
size than the well-dispersed nanotubes. Accordingly,
it is reasonable to suppose that the size distributions
in Fig. 6, which are represented in terms of the num-
ber and intensity of the particles, reflect the degree
of MWCNT dispersion. As seen in Fig. 6, the aver-
age diameter of the acid-treated MWCNTs
decreases with the acid treatment time to give
224.4, 84.8 and 55.6 nm for 12, 18, and 24 h of acid



Fig. 6. DLS size distribution of carbon nanotubes dispersed in PMMA/DMF solution (MWCNTs/PMMA weight ratio at 0.025 and
PMMA/DMF weight ratio at 0.0006) expressed as the number of particles and laser intensity for the acid treatment times of 12 h (a and b),
18 h (c and d) and 24 h (e and f).
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treatment, respectively. It clearly demonstrates that
the MWCNT dispersion is improved by the acid-
treatment time.

3.4. Dispersion and percolation of carbon nanotubes

in polymer matrix

Fig. 7a shows the electrical conductivity and
transparency of the MWCNT/PMMA composite
films cast from DMF in the glass substrate as a
function of MWCNT loading. The conductivities
of the MWCNT/PMMA films cast from chloro-
form, toluene and THF solutions (Fig. 5) were not
measurable because they were less than 10�16 S/
cm, which was the lowest limit of our instrument.
Those composite films cast from DMF containing
less than 1.0 wt% of MWCNTs were non-conduc-
tive (<ca. 10�16 S/cm). The electrical conductivity
at around 2.0 wt% of MWCNT loading is
3.84 · 10�4 S/cm, which increases up to 10�2 S/cm
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at 3.0 wt% of MWCNT loading, which lies among
the highest in such a low loading density of
MWCNTs [6,8]. We believe that the well-dispersed
MWCNT/PMMA solution desirably provides a
percolated state of MWCNTs at a low loading den-
sity in the PMMA matrix. Although CNT is an
effective conductive filler, the electrical conductivity
can be ensured by a good dispersion of CNTs in the
states of both liquid mixture and solidified compos-
ite. We believe that the high conductivity achieved
in our MWCNT/PMMA composite is ascribed to
good dispersion of the MWCNTs carefully con-
firmed in both solution mixture and cast film.

The SEM micrographs of the fractured surface of
MWCNT/PMMA composite films are shown in
Fig. 7b and c for the MWCNT loadings of 1.5
and 3.0 wt%, respectively. As can be seen, the
well-dispersed MWCNTs are pulled-out from the
fractured surface and the number of pulled-out
MWCNTs increases with the increased loading den-
sity. No agglomerated MWCNT bundles were
observed on the fractured surface, demonstrating
that the MWCNTs should be well dispersed in the
PMMA matrix.

3.5. Elimination of polymer-rich surface by

mechanical polishing

As represented in the schematic in Fig. 8, even
when the electrical percolation is made by the
well-dispersed carbon nanotubes inside the compos-
ite film, the probing electrodes may not touch the
MWCNTs at the surface due to the polymer-rich
layer formed on the free surface. As schematically
seen in Fig. 8a, the polymer-rich layer is usually
formed at the liquid–gas interface during the
solvent-casting process. When the liquid-phase
PMMA/MWCNT mixture is cast as a thin film on



Fig. 8. Schematic of MWCNT exposure on the surface caused by mechanical polishing to eliminate the polymer-rich region on the cast
film (a) before and (b) after polishing.
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a substrate, the composite morphology near the sur-
face may well be different from that in the bulk
because of the surface tension and gravity force.
When the polymer solution and MWCNTs have
good wetting characteristics, namely having suitable
Not treated 1st
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Fig. 9. Electrical conductivity of MWCNT/PMMA composites as
micrographs of composites film comparing (b) before polishing, (c) aft
free surface energies, the MWCNTs on the free sur-
face may well be wet (or covered) with the polymer.
In addition, the density of the MWCNTs is usually
higher than that of the polymer solution and, thus,
the MWCNTs may sediment underneath the
2nd

ce polishing

(c)

(d)

D

a function of repeated mechanical polishing (a), and surface
er 1st polishing, and (d) after 2nd polishing.



12 D.O. Kim et al. / Organic Electronics 9 (2008) 1–13
coating surface [38]. As a result, MWCNTs tend to
be covered with the polymer-rich layer on the sur-
face. Accordingly, the surface peel-off of the poly-
mer-rich layer could improve the surface
conductivity of the MWCNT composites. As sche-
matically shown in Fig. 8b, the electrical contact
between the probing electrodes and surface-exposed
MWCNTs may be substantially improved simply by
polishing the polymer-rich surface in a mechanical
way. This consideration is supported by Fig. 9,
which shows the electrical conductivity of the
MWCNT composites subjected to mechanical pol-
ishing. The conductivity is elevated from about
10�5 S/cm to 10�3 S/cm with a repeated mechanical
polishing for the MWCNT loading of 1.5 wt%. The
SEM micrographs in Fig. 9b–d, compare the
MWCNTs exposed on the surface before and after
the mechanical polishing. Before the mechanical
polishing, the MWCNTs appear to be covered with
PMMA on the surface (Fig. 9b). With mechanical
polishing, the number of MWCNTs exposed on
the surface apparently increases to give more oppor-
tunity for the probing elctrode to come into contact
with the MWCNTs at the surface. In our experi-
ments, the electrical conductivity was increased by
approximately two orders of magnitude simply by
eliminating the polymer-rich layer by mechanical
polishing, without increasing the MWCNT loading.

4. Conclusion

Investigating MWCNT dispersion in different
solvents and polymers, a polar aprotic solvent,
DMF, showed good dispersion characteristics for
the MWCNT/PMMA composites system. Increas-
ing the acid treatment time enhanced the dispersion
of the MWCNTs, because of the improved dipole
interaction with the polymer and solvent. By using
an adequate solution system and controlled func-
tionalization of the carbon nanotube sidewalls, a
noticeable improvement of the electrical conductiv-
ity was obtained up to 10�2 S/cm with 3.0 wt% of
MWCNT loading. Furthermore, the polymer-rich
layer on the coating surface was eliminated by
mechanical polishing to give an increment of electri-
cal conductivity approximately by the three orders
of magnitude.
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