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In the present study, electrostatic force microscopy (EFM) was used as a
nondestructive tool for mapping individual functionalized single-wall carbon
nanotubes (SWCNTSs) incorporated in a poly(vinyl alcohol) (PVA)/CNT composite.
The nanocomposite film was prepared using a spin-coating technique. The FT-IR
results show esterification between the PVA and the functionalized CNTs.
Furthermore, AFM images show that SWCNTSs are embedded inside the PVA film.
The distribution and orientation of the embedded CNTs were mapped using EFM
phase imaging through investigation of the polarizability signal elicited from the
CNTs. Results show that polarized SWCNTSs are dispersed and oriented in different
directions at different depths in the PVA matrix.
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INTRODUCTION

Poly(vinyl alcohol) (PVA)-based materials are known to have many applications in
industry because of their adhesive and mechanical properties, while carbon nanotubes
(CNTs) have received much attention for their useful electrical properties since their
discovery by Iijima in 1991.[1 CNTs are chosen in this study because they are strongly
polarizable objects and therefore constitute good benchmarks.'>!3! As a consequence,
composite materials made of PVA=CNTs with enhanced electrical properties became the
subject of intense research.? Incorporating CNTs in polymer films is considered to be ideal
for mechanical and electrical reinforcement properties of films. A fundamental
understanding of the CNT-polymer interaction within the composite nanofibers and its
effect on the fiber properties is still lacking. Therefore there is a need to study the
distribution of CNTs inside the polymer film that would crucially affect the overall
properties of the nanocomposite.

Single-wall carbon nanotube (SWCNT)=PVA nanocomposites are prepared with the
spin-coating technique described by Jespersen and Nygard.® As a result of rapid fiber-
drawing during spinning, the SWCNTs with a high aspect ratio tend to acquire a certain

“This is an Accepted Manuscript of an article published by Taylor & Francis in
International Journal of Polymer Analysis and Characterization on 2012, available
online: http://www.tandfonline.com/10.1080/1023666X.2012.658636.”
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orientation along the axis of the spun fibers.[¥! As such, the spun SWCNT=PVA composite
fibers generally exhibit improved mechanical and electrical properties. However, much of
the work in the CNT=polymers composite field has been focused on the preparation of spun
nanofibers and subsequent characterization of their mechanical, thermal, and electronic
properties.>~7
This article reports an inclusive attempt to better understand the CNT=PVA
composite fibers prepared by spin coating. Morphology of the PVA=SWCNT
nanocomposites was characterized by atomic force microscopy (AFM), which shows that
CNTs are embedded inside the PVA film. While the AFM technique is capable of scanning
molecules deposited on the surface,® ' electrostatic force microscopy (EFM) can be used
for characterization, through phase imaging of molecules beneath the surface of a PVA
film. EFM takes advantage of the long-range electrostatic interaction between a conducting
sample and a conducting AFM cantilever. Thus, the EFM technique proved to be ideal for
studying the orientation of integrated conducting CNTs embedded in the nonconducting
PVA film, as is the case in this study. The most attractive aspect of using this novel
technique is its noninvasive nature. Additionally, EFM allows for determining the depth
and orientation of the carbon nanotubes in a polymeric matrix. In this article, we focus our
attention on developing a technique capable of determining the depth of CNTs embedded
in a PVA matrix. Our approach builds on previous work performed by Jespersen and
Nygard®! where they used EFM to deduce the depth of carbon nanotubes embedded in a
poly-(methylmethacrylate) PMMA composite. While they were successful in calculating
the distance between two carbonnanotubes using a Lorentzian line equation anda fit of the
phase shift angle U[v] versus the distance between the carbon nanotube and the AFM
cantilever, we utilize a statistical approach for comparing the EFM signal intensity between
embedded CNTs in PVA films and ones deposited on a free surface.

EXPERIMENTAL SECTION PVA/SWCNT Nanocomposite Preparation

Functionalized SWCNTs with carboxylic acid (COOH) and PVA powder were
purchased from Sigma Aldrich (Jerusalem, Israel).

A concentration of 0.01% of PV A solution was prepared by dissolving PVA powder
in triple-distilled water under 80C to obtain a homogeneous solution. The suspension was
then cooled to room temperature (25C). A concentration of 0.5mg=mL of SWCNT solution
was prepared by dissolving SWCNTs in distilled water while shaking it continuously using
a vortex under standard conditions.

Ten mL of PVA were deposited on a mica substrate followed by 10mL of SWCNT
added to the PVA-deposited matrix. The mica sheet was submitted to a spin coater (Model
KW-4A, SPI Supplies) for 60s at 2500rpm.
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Figure 1. FT-IR spectra of SWCNT=PVA nanocomposites. The upper two spectra correspond to CNT and PVA
individually. The lower spectrum is after the incorporation of CNTs into PVA (color figure available online).

EFM Operation

A Nanotec Electronica AFM (Nanotec S.L., Madrid) was used to carry out
measurements of AFM and EFM, in dynamic mode. For all our silicon AFM probes,
Budget Sensor tips (Innovative Solutions Bulgaria Ltd.) were used; these tips are

300nm
T

Figure 2. AFM imaging of (a) unincorporated PVA film deposited on mica, (b) SWCNTSs deposited on mica, and
(c) nanocomposite of SWCNT=PVA film deposited on mica; embedded SWCNTs are circled for clarity (color
figure available online).
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Figure 3. Height analysis of SWCNTs before incorporation into PVA and after. Dashed curve: SWCNTs on mica.
Solid curve: SWCNTs=PVA on mica. Results are extracted from topographical AFM data (color figure available
online).
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Figure 4. Schematic views of the resultant SWCNT=PV A nanocomposite: (a) overall scheme of the co-deposition
of SWCNTSs and PVA film, (b) detailed schematic view of the interaction between the functionalized SWCNTs
and the PVA polymer.
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electrically conductive with chromium=platinum coating on both sides of the cantilever,
and the same tips were used for AFM and EFM. The resonant frequency of such tips is
approximately 190kHz with a force constant (k) of 48N/m. EFM is a noncontact and
harmless method for polarizability detection of SWCNTs embedded in the polymer matrix
deposited on mica.['!l Retrace mode scanning was the main approach in our study to enable
detection of an EFM signal by applying bias on the AFM tip in the electrostatic range
distance from the surface. A surface topography AFM scan was initially acquired
preceding the retrace scan with the EFM parameters such as the applied voltage bias (V),
the tip lift distance, and the cancellation of the feedback. The dynamic amplitude was
corrected to avoid any undesired tip deflections upon bias applications that could lead to
an incorrect reading of the phase shift imaging. A constant tip-sample distance (z) was
maintained during the retrace in the electrostatic force range. To acquire the retrace scan,
the feedback was canceled and a bias was applied simultaneously with a tip lift in the
electrostatic range. The EFM signal is the phase difference (U) between the driving force
and the actual oscillation of the cantilever. The tip=surface (sample=substrate) forms a
capacitance C, which has a force gradient of F(z) = C(z)V*?2 acting on the cantilever,
which modifies the resonance frequency and results in a phase shift. @ = %:2 , where Q
is the quality factor and k is the spring constant of the cantilever."!
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Figure 5. EFM of PVA=SWCNT nanocomposite showing the polarizability effect of the functionalized SWCNTs:
(a) topography of SWCNTs embedded in PVA film, (b) EFM of the embedded SWCNTs (a) at p3V bias, (c)
EFM of the embedded SWCNTs at OV bias, (d) EFM of the SWCNTs at 3V bias, (e) diagram of the phase
imaging at p3V bias (curve 1), at 3V bias (curve 2), and at 0V bias (curve 3) (color figure available online).
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RESULTS AND DISCUSSION
Optical Characterization Using FT-IR Spectroscopy

Figure 1 shows FT-IR spectra of the formed single-wall carbon nanotube=poly (vinyl
alcohol) (SWCNT=PVA) nanocomposite. The spectra show the intimate mixing of the
functionalized nanotubes with the matrix polymer. The FT-IR spectra of PVA indicate a
wide band at 3327cm! due to the presence of hydroxyl groups (-OH). Bands corresponding
to (-CHy-) asymmetricssymmetric stretching are also seen at 2937 and 2359cm’,
respectively. The band at 1427cm! can be attributed to (C-H) bending, while that, at 623cm!
results from an angular deformation outside the plan of the (C-H) bond. The absorption
peak at 1094cm' is related to (C-O) stretching.

SWCNTs show absorption bands in the 1510-1610cm' range due to (C%O)
stretching, and around 3415cm! attributed to (O-H) stretching. The 2359¢m! band results
from (-CH,-) stretching. The band at 1200cm' results from (C-O) stretching. These four
bands prove the presence of carboxylic groups in our sample.

In the spectra of SWCNT=PVA nanocomposite, the band at 3337c¢m’ results from
(O-H) stretching. The 2938 and 2359cm! bands correspond to the presence of a (-CH»-)
group. The band at 1644cm! is attributed to (C%O) stretching (ester).
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Figure 6. EFM of PVA=SWCNT nanocomposite showing the polarizability effect of the functionalized SWCNTs:
(a) topography of SWCNTs embedded in PVA film, (b) zoomed topography from (a) for (c) EFM of the
embedded SWCNT in (a) at a p3V bias, (d) EFM of the embedded SWCNT at 0V bias, (¢) EFM of the SWCNT
at 3V bias, (f) diagram of the phase imaging at p3V bias (curve 1), at 3V bias (curve 2), and at 0V bias (curve 3)
(color figure available online).
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The bands at 1427 and 1380cm' can be attributed to (C-H) bending. The absorption peak
at 1100cm! is due to ester (C%O) stretching.

SWCNTs are functionalized with carboxylic groups (-COOH) as indicated by peaks
shown in the spectra. The PVA polymer contains hydroxyl groups within its formula
(CH>CHOH). By mixing the hydroxyl groups of PVA with carboxylic groups of SWCNTs,
we allow for the formation of ester groups (-COO).

AFM Imaging

Nanotec WSXM software was used to analyze AFM data.'>) The incorporation of
SWCNTs in the PVA composite is rather successful, as shown by AFM images in Figure
2 that illustrate AFM imaging of the deposited unincorporated PVA on mica (Figure 2(a)).
Figure 2(b) shows SWCNTs deposited on mica, and Figure 2(c) shows SWCNTs and PVA
co-deposited on mica to produce the nanocomposite film. Height analysis of the resultant
SWCNT=PVA nanocomposite is shown in Figure 3. The figure shows that these tubes are

Figure 7. AFM and EFM measurements of SWCNTSs on mica substrate: (a) topography image of SWCNTs; the
phase shift images at which EFM was measured are 25nm above the set point height at p5V bias, (b), OV bias,
(c), and 5V bias, (d); (e) line profile image showing the phase magnitude of the signal on the SWCNTs, curve 1
for positive bias and curve 2 for negative bias, (f) cross section showing the height of SWCNT (color figure
available online).
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submerged inside the PVA composite. The diagram of Figure 3 shows a comparison in
height of the SWCNTSs before and after incorporation in the PVA film. After statistical
analysis it is estimated that 80% of the SWCNT’s width is embedded inside the PVA film.
A schematic view is shown in Figure 4 for the co-deposition of the SWCNT=PVA film.

EFM Imaging

Retrace mode was carried out for EFM studies on the SWCNTs embedded in the
PVA film. A 5, 0, and 5V bias was applied on the AFM tip at a surface-tip distance of
30nm.

Figure 5 illustrates the results of EFM. Due to the polymer matrix, the SWCNTs can
barely be observed, as shown in Figure 5(a), in the topographic scanning. However, in the
corresponding EFM images of Figures 5(b) and 5(d), an individual CNT can be clearly
seen as a dark line. No signal is observed at a bias of 0V in Figure 5(c), since electrons are
not stimulated in the CNT, where U%0 resulting over the CNT, as shown in the diagram in
Figure 5(e). Intensity of CNTs is much more significant whenever the negative bias is
applied, as shown by the red curve in Figure 5(e). Figure 6 reveals the same results in a
different place with several CNTs and a larger area. In Figure 7, SWCNTSs were deposited
on mica and characterized with EFM. A simple comparison between EFM signals in Figure
5 and EFM signals in Figure 7 shows that after incorporation of SWCNTs in PVA,
SWCNTs lose about 80% of their initial polarizability. This is an expected result since the
embedded CNTs are further away from the surface. Statistics on hundreds of molecules
are summarized in Figure 8, which shows the average phase shift for the embedded CNTs
and the non-embedded CNTs. The average shift for non-embedded free CNTs is 6.07mV,
while the shift for embedded CNTs is 1.97mV.
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Figure 8. Phase imaging diagram showing the decrease in phase shift for embedded and non-embedded CNTs at
() 5 (solid curve) and () 3V bias (dashed curve) (color figure available online).
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CONCLUSION

We have shown the usefulness of EFM in retrace mode as a noninvasive=
nondestructive technique for the mapping of individual SWCNTs in a SWCNT= PVA
nanocomposite. Our results show that EFM is capable of providing important information
on the orientation, dispersion, and distribution of SWCNTs incorporated in PVA. The
technique proves to be a valuable tool for the optimization of CNTs in a PVA matrix. This
work has shown that embedded SWCNTs in a PVA film are sufficiently conducting to still
be fully polarized by the scanning tip. This effect could lead to useful applications for PVA
with specific electrical characteristics due to polarized CNTs embedded inside the
polymer. In addition, the FT-IR and UV-vis characterization shows the strong interaction
between the functionalized CNTs and the PVA film.
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