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ABSTRACT
Carbon nanotube-polymer interaction is one of the key factors controlling the mechanical properties in composite and
hybrid systems of such constituents. The current study reports a series of direct observations of substantial polymer
sheathing phenomena on millimeters-high carpets of vertically aligned tubes infiltrated by Poly(vinyl alcohol) (PVA).
SEM and TEM images of the composite’s fracture surface revealed that sheathing was extensive and universal over the
carpet’s volume and did not influence the morphology, alignment or physical characteristics of the tubes. A significant
increase in the tubes’ diameters due to PVA coating was measured. Thermogravimetric analysis results were compatible
with a crystallinity increase of the polymer phase due to the presence of CNTs, indicating the potential of CNTs in nucleating polymer crystallinity. Potential applications of the nanocomposite are discussed.
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1. Introduction
Owing to their exceptional physical properties such as
strength, toughness and high aspect ratios, carbon nanotubes (CNTs) [1], have emerged as the most promising reinforcing medium for modern composite systems. In the
nanocomposite material family, the efficiency and homogeneity of CNT dispersion within the matrix material
are of equally high importance as understanding and
controlling the interfacial interactions occurring between
the nano-reinforcement and the continuous phase.
It is long now well established that CNTs have poor
dispersibility in polymeric matrices unless their surface is
previously chemically modified or elsewise functionalized
[2,3]. Under this route, polymer matrix nanocomposites
of mainly single CNT nanofibers have successively been
manufactured [4-7], where the matrix material was mainly
poly(vinyl alcohol) (PVA) [8-10], but also polypropylene
and polyethylene [11-13]. Dalton et al. reported the production of super tough PVA/SWCNT fibers of a 60 wt%
SWCNT content, processed with the aid of a surfactant
[9]. However a straightforward methodology for achieving custom nanoreinforcement morphology and orientation within the continuous polymer medium is still being
sought, mainly due to the difficulty associated with handling nanotubes and nanofibres. On the other hand, a detailed investigation of the polymer sheathing phenomenon
in polymer/CNT nanocomposites has yet to be undertaken.
Understanding the interaction between the two phases and
the impact of sheathing on the physical properties of the
interphase region is key to characterizing the mechanical
Copyright © 2012 SciRes.

properties of nanocomposites [14].
We present here direct evidence of substantial polymerMWCNT interaction in PVA/MWCNT nanocomposites
produced by simple soaking, in PVA, of millimetres-high,
as-grown carpets of vertically-aligned nanotubes that were
previously wet by acetone alone, without having received
any kind of chemical or physical modification. We found
extensive polymer sheathing to have occurred throughout
the product volume without alteration to the vertical alignment or morphology of the as-grown CNT carpet. Moreover, the tubes’ physical characteristics remain unaffected
by the interaction with the polymer that fills the open porosity of the carpet by coating annularly the tubes. The evidence presented herein includes:
1) SEM and TEM imaging of the carpets’ volumes showing nanotubes coated annularly by PVA;
2) A 7 to 10-fold increase in the apparent nanotubes diameter due to sheathing measured at nanotube tips with
protruding carbon cores;
3) TGA evidence supporting the argument that CNTs
nucleate PVA crystallinity.

2. Experimental
2.1. Synthesis of MWCNT Carpets
The CVD methodology employed in this study makes use
of a simultaneous catalyst/carbon feed concept to overcome
the limitations of catalyst saturation—hence also final product height—encountered in the conventional catalyticCVD setups. Herein, the catalyst precursor, ferrocene and
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the carbon source, camphor, are introduced into the reactor
in a common gas mixture so that, in the presence of fresh
catalyst particles, carbon decomposition remains active for
longer periods of time. The advantages of the simultaneous feed concept are manifold, as the technique allows
for 1) Synthesis of unconventionally high CNT carpets; 2)
Use of bare substrates, as opposed to conventional catalyst-coated ones and 3) Deposition on randomly-shaped
substrates, as well as on non-silicon substrates. Another
improvement to the conventional CVD setup is the burning of the gaseous product of the decomposition under open
flame, before it is released to a HEPA-filter fume hood
and then on to the environment. During this phase, the gas
output is efficiently purged of phenanthrene, naphthalene
and other polycyclic aromatic hydrocarbons (PAH). On
the other hand, the CVD route employed for synthesizing
the CNT carpets, based on commercial camphor, is economical, environmentally friendly and conforms with the
12 principles of green chemistry as issued by the United
States Enviromental Protection Agency (US EPA) [15].
MWCNT carpets were synthesized inside a 1.2 m long
quartz reactor, inner diameter 40 mm, that was positioned
horizontally in a three-zone split furnace (Figure 1). The
carried gas, nitrogen, was introduced in the reactor at a
flow rate of 430 ml/m. The catalyst and carbon sources,
ferrocene and camphor respectively, were mixed in solid
state (powder form) in a 1:20 ratio and transferred to a
glass flask that connected to the quartz reactor by means
of a T-join. The reagents were evaporated with the help
of a heater plate at 230˚C and the vapors were carried by
the nitrogen flux into the reactor. Crystalline silicon plates
of 1-0-0 crystal orientation, and dimensions of 150 mm ×
38 mm × 0.725 mm (l × w × t), were inserted centrally
along the reactor’s length and serve as substrates for the
deposition of CNTs. The surface of the substrates was
initially cleaned with acetone. Introduction of precursors
into the reactor was allowed once the reactor temperature
was stabilized at 850˚C. Chemical vapour deposition of
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carbon nanotubes endured for ca. 60 min and was terminated manually. Output gases were burnt under open flame
before being released into a fume hood and then on to the
environment. This step allows removal of harmful polycyclic aromatic hydrocarbons (PAH), such as naphthalene
and phenanthrene, produced during the deposition. To the
authors’ knowledge, this is the first CNT growth reactor
to implement a purification of the output gases which is a
step closer to a cleaner environment. Upon removal of the
substrates, thick deposits (ca. 2 - 2.5 mm in height for the
stated experiment duration) of vertically-aligned MWCNTs
were found on the Si wafers while the inner walls of the
quartz reactor were also covered with thinner MWCNT
layers. The MWCNT carpets were separated from the Si
wafers using a razor blade. The maximum growth rate
for a 2.3 mm-high final product was calculated at 0.7
μm/sec.

2.2. Fabrication of Nanocomposites and Samples
A 10 wt% PVA solution was prepared by dissolution of
commercial PVA in deionized water at 90˚C and subsequent cooling to room temperature. Individual MWCNT
carpets of approximate dimensions 40 mm × 35 mm were
soaked into pure acetone and then immersed into the PVA
solution for 1 hour. Acetone acts as an intermediate medium to render the material hydrophilic—hence friendly to
the water-based PVA solution—while it removes excess air
trapped within the pores of the MWCNT carpet. The PVAsoaked samples were dried overnight in a vacuum oven.
The resulting PVA/MWCNT nanocomposite plates
were cut into ca. 10 mm × 10 mm pieces to be examined
by Scanning Electron Microscopy, Transmission Electron
Microscope and Thermo-Gravimetric Analysis. For TEM
analysis, the PVA/MWCNT fibers were dispersed in DMF
and sonicated for 5 minutes. Then a droplet of the solution was applied on a TEM copper/carbon grid. The grid
was left to dry overnight at room temperature.

Figure 1. Thermal CVD setup for growth of MWCNT carpets of silicon substrates.
Copyright © 2012 SciRes.
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3. Results and Discussion
Surprisingly, the only viable route for rendering the highlyhydrophobic as-grown tubes infiltratable by the aqueous
PVA solution was wetting the carpets with acetone prior
to transferring into the polymer. We believe that this unexpected finding is due to the absorption of acetone on
the nanotubes’ surface that enriches the nanotubes’ surfaces
with the oxygen atoms necessary in the formation of hydrogen bonds with the PVA radicals [16,17]. While polymer absorption was possible only on CNTs previously
wet by acetone, it is important to recall that acetone itself
is a poor solvent for PVA. Hence, acetone here is not a
common mixing agent but only indirectly assists the sheathing mechanism, by providing a PVA-friendly oxygenrich coat onto the surfaces of individual carbon nanotubes.
A Zeiss SUPRA 35VP Scanning Electron Microscope
with 30 kV electron beam energy was used for the morphological characterization of the as-grown carpet and the
nanocomposite. Carbon nanotubes in the as-grown carpet
had diameters ranging between 30 and 50 nm and were
aligned vertically with respect to the substrate (Figure 2).
The typical morphology of the nanocomposite, as captured
by SEM, is presented in Figure 3.
The first observation that emerged from the morphological examination of the composite carpets was that the
surface of CNTs was the preferable location for absorption of PVA; polymer coagulates were not found in other
locations. This means that the presence of the tubes did
not allow the polymer to self-coagulate independently. Secondly, the polymer appeared to have deposited at annular
layers around the tubes’ surface, starting from the CNT
surface; this observation was made possible at the free tips
of PVA-coated tubes where concentric layers of polymer
sheaths were visible around protruding cores of carbon nanotubes (Figure 3(b)). Similar observations were made possible in a Zeiss Libra-200 TEM, a typical high-resolution

Figure 3. PVA-coated CNTs in the nanocomposite. (a) Morphology at low-magnification. Open circles demonstrate nanotube core tips exposed through the surrounding polymer; (b)
Close-up of tips showing layers of PVA absorbed around
the tubes.

Figure 2. SEM micrograph of the as-grown carpet of vertically aligned CNTs.

image of the polymer sheathing phenomenon is demonstrated in Figure 4. CNT diameter in the composite carpet was measured at approximately 300 nm, which is seven
to ten timed greater than the as-grown tubes diameter. This
“magnification” factor range has a significant engineering interest as it essentially controls the open porosity of
the composite/hybrid material. This factor is controlled by
the PVA concentration in the aqueous solution, which also
controls the thickness of the polymer sheathe around the
tubes.
A third observation was that the presence of the polymer did not promote coalescence of the nanotubes themselves nor changed the vertical alignment and morphology of the as-grown carpet. A similar behaviour has also
been reported by Zhang et al. [6].
Thermogravimetric analysis (TGA) was employed to
investigate the crystallinity and thermal response of the

Copyright © 2012 SciRes.
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PVA/CNT nanocomposite as well as its constituents: 1)
As-grown CNT carpet and 2) PVA in granule form (as
received). As seen in Figure 5, owing to its fine structure,
the as-grown carpet has the greatest thermal stability among
the three materials. On the other hand, the PVA mass loss
curve shows that the polymer has the lowest thermal stability, a property common to linear polymers of low molecular weight. The PVA curve exhibits two degradation
stages: The first one at 300˚C is related to the elimination
of the amorphous parts of the polymer while the second
one, at 400˚C, corresponds to the degradation of the higher
thermal stability crystalline parts.
The nanocomposite’s mass loss curve exhibited 5 steps
of degradation: two significant drops at 520˚C and 710˚C
and 3 intermediate steps at 580˚C, 620˚C and 650˚C of less
intensity. The first step, at 520˚C is related to the decomposition of amorphous PVA parts, while the remaining
multi-step behaviour can be attributed to the nucleated
PVA crystallinity due to the presence of CNTs. Similar
findings have been offered in the past for PVA/CNT mixtures of weight fractions as low as 0.1% [10] as well as

Figure 4. TEM image of PVA absorption around a carbon
nanotube.

Figure 5. Mass change curves for the pristine CNT carpet,
PVA and nanocomposite.
Copyright © 2012 SciRes.
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for other polymers [18-20]. If crystallinity increases with
decreasing nanotube diameter [4], the observed multi-step
behaviour can be associated with crystallinity ranging from
its highest value on small-diameter CNTs, to its lowest
value at the outer layers of thicker tubes. Of course the
diameter and crystallinity distributions are not discrete but
continuous and therefore a one-to-one relation between
mass drops in the TGA curve and the two affecting parameters should not be expected. This may explain the
generally uneven form of the composite’s TGA curve in
(Figure 5). Nonetheless, it should be reminded that the
PVA coating procedure did not involve thermal annealing, a procedure that could independently increase the
degree of crystallinity of the polymer [21]. Hence the
observed crystallinity nucleation is the sole result of the
presence of CNTs.

3.1. Potential Applications
As discussed earlier, the polymer concentration in the drencher solution affects the thickness of the PVA sheath on
the nanotubes; if this sheathing occurs annularly as shown
herein, then this concentration eventually controls the open
porosity of the composite. This aspect can be exploited in
obtaining materials of custom porosity. For example, by
using different polymer concentrations in the drencher solution, carpets of scalable pore size are achievable that could
be used in filtering applications. Moreover, from the application point of view, the new hydrophilic character of
the PVA-sheathed CNT carpet allows interaction with
more materials. On the other end, the porosity of the carpet can be completely replaced by PVA to produce, for
example, composite plates of z-reinforcements. This can be
achieved either by using solutions of high PVA concentrations or by consecutive drenching on the carpet in lower
concentration solutions. Such plates could be used as elements of sandwich panels.
From a mechanical performance point of view, the increase in PVA crystallinity on the CNT surface discussed
earlier can provide significant improvement in mechanical properties. It has previously been shown that the addition of 0.5% DWCNT into PVA is responsible for a
1.3% increase in crystallinity and a three-fold increase in
Young’s modulus [7]. On the other hand, polymer-sheathed
CNTs are promising materials for various sensing applications due to their large specific surface area and good
electrical properties [22]. Aligned CNTs especially, once
coated with conducting polymers can be used for producing glucose and complementary DNA sensors of high
accuracy and selectivity.
PVA can also be utilized as an ideal protective/handling
colloid for bulk CNTs in a manner similar to its use as sizing in common fibres. Lastly, PVA’s aerobic and anaerobic biodegradability, a unique property among the polyvinyl-type synthetic polymers [23], could unambiguously
MSA
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be exploited in applications requiring recyclable, non-toxic
and environmentally friendly nanocomposites.

4. Conclusion
PVA/MWCNT composite plates were produced by soaking millimetres-high CVD-grown carpets of verticallyaligned nanotubes into a 10 wt% PVA solution. The carpets were rendered hydrophilic by wetting with acetone
alone, a process that endowed the tubes’ surface with the
oxygen necessary for the formation of hydrogen bonds
with the PVA. Extensive polymer-CNT interaction in the
form of polymer sheathing was directly observed in the
nanoscale under SEM and TEM. It was found that the
polymer did not interfere with the internal structure of the
grown carpets and the nanotubes’ physical characteristics
remained unaltered by the sheathing mechanism. No PVA
or CNT coagulates were found throughout the volume,
an observation indicating that nanotubes interacted naturally with the polymer. The apparent diameters of annularly coated CNTs were found to be 7 - 10 larger than the
diameters of as-grown tubes. Additional thermo-gravimetric examination of the nanocomposites showed evidence
of variable PVA crystallinity as a pure result of the presence of CNTs, hence confirming the assertion that nanotubes can efficiently nucleate polymer crystallinity. The
application perspectives of the produced nanocomposite
include nanofilters of scalable pore size, full composite
structural components for microdevices, sensing applications, biodegradable and environmentally-friendly components.
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