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he tremendous and rapid growth wit-
Tnessed recently in the area of nano-
sciences and nanotechnology as well
as its recent exploration in various other
research fields makes carbon nanotubes
(CNTs) alluring.' ™ Especially, the exotic prop-
erties such as high mechanical strength, flex-
ibility, and impressive electric conductivity
make it the most attractive and ultimate
candidate for several applications, which in-
clude nanodevices, organic electronics,>~®
and even transparent conductive films.>'°
Recently, few-walled carbon nanotubes
(FWNTs), defined as nanotubes with sidewalls
typically of 2 to 6 layers, diameters ranging
from 3 to 8 nm, and lengths around tens of
micrometers, have particularly distinguished
them from other types of CNTs."" They tend
to display the appropriate combination of their
remarkable electronic properties and near per-
fect graphitization structures, which indicate
their potential in field emission and nanocom-
posite applications.'? The ability to chemically
functionalize FWNTs with conducting matrices
to generate nanocomposite hybrid materials
or even thin films has stimulated much re-
search interest not only for its easiness in
synthesis and purification'® but also for its high
structural perfection and, particularly, good
tolerance to surface functionalization pro-
cedures." This is an especially attractive target
because FWNTs can keep the structural integ-
rity of their inner tubes after functionalization,
and hence, the generated compounds are
more compatible with composites and more
dispersible in hosts, ultimately paving the way
for important applications of FWNT-based
composites. Recent studies have demon-
strated that such a material is the best com-
promise as structural reinforcing fillers and in
polymer composites."’
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ABSTRACT We report an effective route to prepare highly conducting and flexible few-walled
carbon nanotube (FWNT) thin films. The free-standing thin films were fabricated by functionalizing
FWNTs with 4-ethoxybenzoic acid (EBA) via a direct Friedel—Crafts acylation reaction in a
nondestructive polyphosphoric acid/phosphorus pentoxide medium. The resulting ethoxybenzoyl-
functionalized FWNT (EBA-f-FWNT) was readily dispersible in water. EBA--FWNT thin films were
formed by a simple suction filtration of the dispersed solution. Electron microscopic studies were
employed to characterize the morphologies of the resulting thin films. The obtained results indicate
that the structure of FWNTs was not perturbed by the incorporation of EBA moieties, which were
uniformly grafted onto FWNTs forming the FWNT networks. Room temperature electrical
conductivity of the thin films was obtained using standard four-probe measurements, which
revealed a value as high as 29400 S m ', while the tensile strength and modulus of the film were
found to be about 80 MPa and 15 GPa, respectively. Cyclic voltammograms revealed a rectangular
shape, with superior capacitive behaviors nearing 133 F/g for the thin films, which is very attractive
for capacitor applications.

KEYWORDS: few-walled carbon nanotubes - functionalization - conducting thin film
mechanical properties - electrochemistry

Various methods for enhancing the inter-
action between CNTs and polymers were
adopted in the recent past which included
two main routes, namely, covalent sidewall
grafting (linkage) and noncovalent adsorp-
tion or exohederal interactions, which pro-
vided access to such composites.'>”'®
While both methods had their own merits
depending on the platform, the traditional
covalent functionalization strategy of the
CNT is most frequently initiated by chemical
acid oxidation acid treatment. However,
dramatic amounts of induced defects dur-  *Address correspondence to
ing functionalization hinder the intrinsic PPack@unistackr.
mobility of carriers along CNTs, which Received for review December 31, 2010
is not preferred in any case. This method  and accepted February 21, 2011.
not only functionalizes the nanotube sur- . .
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faces with carboxylic acid groups but  341021/nn103630y
also leaves behind detrimental structures,
hence hampering their potential for practical =~ ©2011 American Chemical Society
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applications. Therefore, as a common rule, a now
widespread approach to alleviate these problems is
to find alternative routes such as an effective function-
alization method that can not only introduce high
density and homogeneous surface functional groups,
which enhance the compatibility between CNTs and
the foreign matrix, but also allow direct grafting and
have little or no structural damage to the CNTs, thus,
optimizing their properties for various applications.

To overcome this challenge, we have developed an
efficient route to covalently functionalize CNTs via direct
Friedel—Crafts acylation technique.”®~?' Considerable
achievements have been made in enhancing the various
functionalities of CNT— polymer nanocomposites, generally
not achievable for each of the components individually.

Given the importance of such composite thin films,
in this work, free-standing thin films composed of
FWNT hybrids were successfully prepared starting from
4-ethoxybenzoic acid (EBA). Our strategy involves the
covalent functionalization of EBA to FWNTSs via a direct
Friedel—Crafts acylation reaction in a polyphosphoric
acid (PPA)/phosphorus pentoxide (P,0s) medium. The
resulting EBA--FWNT was dispersible in water, and thus,
EBA-FFWNT thin films were fabricated by a simple
suction filtration. The formations of the thin film hetero-
structures and their mechanical and electrochemical
properties were characterized by necessary analytical
techniques, and the results are delineated in the forth-
coming sections.

RESULTS AND DISCUSSION

Surface functionalization of CNTs is a frequently used
method for covalently attaching foreign moieties to the
surface of tubes. This strategy is considered as one of the
versatile ways to produce coatings on any given surface.
On the whole, surface functionalization not only enhances
the reactivity but also improves the specificity and pro-
vides an avenue for further chemical modification of CNTs.
However, care should be taken as extreme chemical
oxidation treatments can compromise the properties of
the resulting hybrids prepared using traditional routes.*?
Therefore, a mild and an alternative route to functionalize
FWNTs is adopted in this study. The approach is concept-
ualized on the basis of our foray into the CNT chemistry
using “direct” Friedel—Crafts acylation technique, which
has superior operational simplicity.'®'*'97223727 Thijs
strategy was previously shown to be a less destructive
and/or nondestructive reaction condition for the efficient
dispersion and functionalization of carbon nanomaterials.
As a result, CNT damage from severe chemical treatments
including oxidation and sonication can be avoided to a
larger extent. A schematic cartoon of the experimental
procedure governing the grafting of EBA onto the FWNT is
presented in Figure 1.

Also depicted in Figure 1 are the digital photographs
of reaction flask, EBA-f-FWNT dispersed in water, and
the prepared thin films at various stages. The shiny
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reaction mixture was a strong indication that FWNT
bundles were uniformly dispersed in the reaction
mixture (Figure 1b). The reaction mixture was poured
into deionized water. EBA-f-FWNT was stably dispersed
for a week (Figure 1c). Interestingly, the dispersion
emitted strong green light under room light, implying
that the EBA moieties were indeed uniformly function-
alized and dispersed well (Figure 1d). High-quality
and flexible free-standing thin film could simply be
prepared from the solution by suction filtration
(Figure 1e). Unlike reported acid-treated CNT thin
films,?® the paper-like free-standing thin film we pre-
pared could be rolled up, twisted, bent over easily, and
even folded without any drastic cracking on the films
(Figure 1f). It should be noted, however, that too much
pressure exerted on the films leads to a few cracks on
the bent region alone. Nevertheless, this flexible transi-
tion could be a significant advancement for the CNT
thin film studies for various applications. It is note-
worthy that FWNTs are easier to exfoliate than any
other forms of CNTs, making them akin to easy process-
ability. The diameter dimension of the films shown in
Figure 1 is 3.3 cm, but they could also potentially be
scaled up for large-area flexible electronics applica-
tions, namely, by spraying techniques or other meth-
ods. Investigating the structural integrity and the
conductive property of the thin film after carbonization
was an interesting task. Hence, the thin film was cut in
half and carbonized at 600 °C for 2 h in nitrogen
atmosphere in a heating furnace. It was believed that,
after such a carbonization process, most of the at-
tached EBA moieties get burnt and the surface of the
film should deteriorate. Surprisingly, however, we
found that the film itself retained its original shape
and external texture morphology as clearly seen
(Figure 1g) and still could be bent and twisted to
certain extent, which indicated the robustness of the
prepared thin film.

FT-IR and Raman spectroscopies were employed to
characterize the initial changes in surface functionalities
formed after processing. FT-IR spectroscopy, often a
powerful tool, was used to elucidate the covalent attach-
ment between the FWNTs and EBA. Shown in Figure 2 are
the spectra obtained for the pristine FWNTs and the
functionalized thin films. A very distinct difference
between the pristine and the functionalized thin films
can be observed. Figure 2a shows the characteristic
vibration bands of FWNTs, wherein an absorption peak
at 1600 cm™ " can be attributed to the vibration of the
carbon skeleton. Slight traces of sp*>-C—H and sp>-C—H
stretching bands due to the intrinsic structural defects
present in the neat FWNTs are also visible near 2920
cm™'. On the other hand, however, the pronounced
increase in intensity of this peak in the functionalized
films is direct evidence that the substitution of EBA
moieties has taken place due to the Friedel—Crafts
acylation strategy, as seen in Figure 2a. Additionally, the
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Figure 1. Schematic cartoon depicting the functionalization procedure of FWNTs with EBA (a). Digital photographs: (b)
reaction flask; (c) EBA--FWNT dispersed in water without room light; (d) with top room light on, showing strong green
emission on the surface of solution; (e) prepared EBA-f-FWNT thin film with diameter of ca. 3.3 cm, showing the flexibility;
(f) 180° folded EBA-f-FWNT thin film; (g) carbonized EBA-f-FWNT thin film at 600 °C for 2 h.

presence of a strong band ataround 1719 cm ™' obtained
from the thin film shows the —C=0 stretching modes of
the carbonyl linkages between the FWNTs and the EBA
moieties, which clearly suggests and supports the fact
that the reaction was indeed covalent in nature. This also
indicates that the desired exchange had occurred be-
tween the FWNTSs and the carboxyl groups present on the
EBA moieties. In the case of the carbonized film, most of
the characteristic peaks attributed to the thin films could
be observed, which suggests that, even after carboniza-
tion, a few percent of the functional groups attached to
FWNTs remain intact.

As a well-known fact, Raman spectroscopy can
indicate the functionalization type and also the surface
properties to an extent. Shown in Figure 2b is the
Raman spectrum for the pristine and the FWNT thin
film. The D band found near 1300 cm™" is generally
used to evaluate the defect density present in the
tubular wall structure. Interestingly, as seen from the
Figure 2b, the relative intensity of the D band of
the FWNT thin film slightly decreased with respect to
the neat FWNTs. On the other hand, however, when
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normalized, the relative intensity in the 2D band, which
implies the quality of graphitic structure,® sharply in-
creased for the carbonized samples. The spectra clearly
indicate that the covalent functionalization of FWNTs in a
mild PPA/P,O5 medium is indeed a less and/or nondes-
tructive condition.

Electron microscopic observations were performed
primarily to visualize and investigate the structural
aspects and detailed morphologies of the prepared
EBA--FWNT. In all cases, a homogeneous network of
EBA--FWNT is observed. FE-SEM and the correspond-
ing cross-section images of the thin films are depicted
in Figure 3a—c. From SEM observations, it was found
that the diameters of the EBA-f-FWNT bundles
(Figure 3b) increased dramatically after functionaliza-
tion, which clearly indicates that the EBA groups were
well coated on the FWNT sidewalls. In addition, the
functionalized tubes are highly tangled with each
other, forming a network (Figure 3b). These surface
images visually support the suggestion that EBA moi-
eties were indeed covalently linked to the surface of
FWNTs. The sustainability of the tube structures to such
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Figure 2. (a) FT-IR spectra and (b) normalized Raman spectra
of pristine FWNTSs and before and after carbonized EBA-f-

FWNT thin films. Insets in (b) show short scan image depict-
ing increased intensity in the 2D band (left) and the confocal
microscope image of the EBA--FWNT thin film surface (right).

a functionalization reaction is also proven here. Ob-
servation of cross sections of complex materials pro-
vides crucial information about the layered structures,
the film thicknesses of reaction layers, and the exis-
tence of voids and so on. Cross-section images of the
EBA-f-FWNT thin films are depicted in the Figure 3c for
better understanding of the layer structures. Measure-
ments from the cross-sectional SEM image of the film
suggest that the thickness of film is approximately
18 um. Clearly, the image at high magnification
(Figure S1 in the Supporting Information) also verified
the dense and uniform packing of the tubes throughout
the film, which was notably achieved without the addi-
tion of a chemical binder or a cross-linking agent.

For clarity, the corresponding high-resolution TEM
images of the pristine FWNTs and the prepared thin films
at different magnifications are shown in Figure 3d—f.
Similar to the FE-SEM images, the TEM images reveal
FWNTs with spaghetti-like morphology (Figure 3d). While
the pristine FWNT bundle has a clean and smooth surface
(Figure 3e), close scrutiny of the TEM images reveals that
the resulting EBA--FWNT has coaxially tubular structures
where its walls were well-encapsulated with the EBA
layers (Figure 3f). Additionally, the diameter of the func-
tionalized FWNTs was found to be around 5 nm with an
average of 4—5 graphitic layers as marked with arrows in
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the image (Figure 3f). The formation of a core—shell
structure was also noticed, with the FWNTs being the
cores, encapsulated by EBA moieties. The core—shell
structures well indicate the covalent links between the
EBA moieties and the FWNTs. In most areas of the holey
carbon grid, the suspension of the functionalized FWNTs
was uniform without any visible agglomerations, and
these core—shell structures were present uniformly
throughout the sample (Figure S2 in the Supporting
Information). Furthermore, it should also be noted that
the TEM studies can shed direct light on the quality of the
FWNT dispersion in the EBA--FWNT films. Notably, from
the TEM images, it is clear that the EBA--FWNTSs exhibited
good dispersion in water. Clearly, the direct Friedel—
Crafts acylation technique has suggested and supported
the fact that the functionalization procedure does not
destroy the tubes but preserves the graphitic lattice,
hence preserving the intrinsic properties of the FWNTs.

The content of the EBA moieties that were attached
onto the FWNT surface in the EBA-f-FWNT thin films and
the comparison of mass losses of pristine FWNTs upon
heating in air and nitrogen atmosphere were deter-
mined thermogravimetrically and are shown in Figure 4.

Neat FWNTs were more stable in nitrogen atmo-
sphere and did not show any dramatic decomposition
in the temperature range of 50—500 °C. Upon function-
alization, stepwise weight loss patterns were found for
the thin films in air. The first stage weight loss occurring
from 250 to 500 °C should be due to the thermal
decomposition of aliphatic groups (Figure 4a). The
second stage rapid weight loss ranging from 450 to
650 °C can be attributed to the oxidative degradation of
the aromatic benzoyl units (Figure 4a). The degree of
functionalization from the gradual mass loss of the EBA-
f-FWNT suggests that around 33 wt % has been func-
tionalized to the tubes. As a result, it could be concluded
that the thermal stability of the hybrid composite
appears to be better than the pristine FWNT and it starts
oxidation at a relatively higher temperature.

In a general point of view, it is believed that extensive
oxidation can shorten the CNTs and thereby impair its
intrinsic mechanical properties and negatively affect
mechanical properties of resulting CNT reinforced com-
posites. The stress—strain curve for the EBA-F-FWNT thin
film is shown in Figure 5. In this case, at least six strips
were measured and the first one was broken at a grip, as
shown in the inset image. Thus, the average mean values
are taken into account from the rest of the five tests. It is
understood that the composite films acquired a more
pronounced improvement in terms of mechanical prop-
erties and significant increase in tensile properties.
Furthermore, experimental results for the composite
films exhibit higher values of tensile stress and elongation
at break approaching 80 MPa. These results indicate that
the mechanical properties of the EBA-F-FWNT films are
substantially superior to those of neat CNTs or even
single-walled CNTs reported elsewhere*
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Figure 3. FE-SEM images: (a) pristine FWNTSs; (b) the surface of EBA-f-FWNT thin film; (c) cross section of the thin film. HR-TEM
images: (d,e) pristine FWNTs at different magnifications; (f) EBA-f-FWNT.
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Figure 4. TGA thermograms of pristine FWNTs and EBA-f-FWNT thin film: (a) in air; (b) in nitrogen.

The electrical conductivities of the two types of compo-
sites prepared were measured by a programmable
standard four-point probe method under laboratory con-
ditions. The average electrical conductivities of the as-
prepared thin films were found to be 29400 S m™',
surprisingly even better than a transparent carbon film
electrode reported recently with a value of 206 S cm ™" >’
Compared to the reported polymer—nanotube thin
films3? or even comparing with doped MWNTs as
reported,®® our results by far stand the best for such a
simple strategy. The results indicate that the formation of
a conducting network in the EBA-f-FWNT thin films
results in improved electrical properties. Interesting to
note is that even after carbonizing the thin film at 600 °C
for 2 h, the sample shows an electrical conductivity in the
range of 14940 S m™".
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Figure 5. Tensile stress—strain curves for five different
measurements of the EBA-f-FWNT thin film. Inset image
shows the tensile test specimens.
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Figure 6. Cyclic voltammograms (CV) of nickel mesh, before
and after carbonized EBA-f-FWNT thin film electrodes in
0.1 M aqueous KOH solution with a sweep rate of 10 mV/s.

Cyclic voltammetry (CV) experiments were done to
evaluate the electrochemical performance of function-
alized FWNT thin films. In our work, the films itself
were used as the working electrode. For this, special
nickel mesh holders were designed to hold the thin
film in a standard three-electrode electrochemical cell.
Figure 6 shows the CV curves of samples in 0.1 M
aqueous KOH solution. In order to omit the current
obtained from nickel, the bare nickel mesh was run as a
standard before the thin films were used as electrodes.
The measured CV curves show a quite rectangular
shape. The voltammograms were used to calculate
the specific capacitance of the thin film electrodes.
The specific capacitance using the CV curves was
reported by integrating over the full CV curve using
the in-built program to determine the average area
value for one cycle. The calculated specific capacitance

METHODS

Materials. All reagents were purchased form Aldrich Chemi-
cals Inc., USA, and were used as received. Few-walled carbon
nanotubes (FWNT with diameter of 3—8 nm and length of ~20
um, metallic impurities <4 wt %) were obtained from Carbon
Nanotechnologies Inc. (CNI), Houston, TX.

Instrumentations. The morphologies of the thin films were
analyzed by field emission scanning electron microscopy (FE-SEM),
performed on a LEO 1530FE and FEI NanoSem 200. For the SEM
cross-section images, the FWNT thin film samples were cracked by
sequential dipping in liquid nitrogen and then affixed to SEM
mounts with carbon tape. For the microscopic imaging with high-
resolution transmission electron microscopy (HR-TEM), the thin
films were embedded in epoxy resin and were cured at 70 °C for
6 h. This film was then sliced into thin cross sections using a
microtome (Model-RMC Powertome PC by Boeckeler) equipped
with a diamond blade. The sliced cross sections were floated onto
carbon-coated copper TEM grids and analyzed using a JEOL JEM
2100 TEM at an accelerating voltage of 200 kV. The initial changes
in the surface chemical bonding and the grafting behavior of the
EBA moieties onto the FWNT surface were recorded by Fourier
transformed infrared spectrophotometry (FT-IR, Perkin-ElImer s100,
USA), in the frequency range of 4000—450 cm ™ '. The content of
the EBA moieties in the hybrid thin films was determined thermo-
gravimetrically using TGA (TA Instruments, USA). The sheet resis-
tance and the electrical conductivity of the as-prepared thin films
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was found to be 133 F/g for the thin film electrode and
~75 F/g for the carbonized film electrode.

This kind of rectangular shaped CV curve coupled with
such a high specific capacitance is another indication that
these kinds of films are thus very attractive for capacitor
applications. It is quite noteworthy that, even for first 100
cycles for both the thin film and the carbonized film
electrodes, the CV curves were very stable and show
profoundly high current densities (see Supporting Infor-
mation, Figures S3 and S4). These results suggest that the
EBA--FWNT films could have superior electrochemical
behavior and could be very attractive for several applica-
tions including supercapacitors.

CONCLUSION

Highly conducting and flexible free-standing thin
films were prepared by functionalizing FWNTs with
4-ethoxybenzoic acid (EBA) in a less destructive PPA/
P,0s via a direct Friedel—Crafts acylation reaction. On
the basis of characterization results, EBA was well-
coated on FWNTs with core—shell structures forming
highly conductive networks. Electrical conductivity of
these CNT-based assemblies showed values nearing
as high as 29400 S m™". Furthermore, these highly
flexible films depicted enhanced mechanical proper-
ties with stress—strain values for elongation at break
nearly 80 MPa. This study demonstrates the ability of
the simple preparation technique to produce highly
flexible and conductive nanotube-based thin films
which renders the material suitable for creating min-
iaturized devices and flexible electrodes, thus open-
ing new possibilities for their prospective technolog-
ical applications.

were determined via a standard four-point probe method using
Advanced Instrument Technology (AIT) CMT-SR1000N with Jandel
Engineering probe at ambient temperature. Appropriate correc-
tion factors were used to calculate the conductivity values, which
were the averages of 10 measurements of the same film. The
mechanical properties of the composite films were investigated
with a DMA tensile tester from TA Instruments, USA.

For the electrochemical measurements, cyclic voltammetry
(CV) was carried out using a VersaSTAT3 AMETEK Model (Princeton
Applied Research) potentiostat/galvanostat employing a standard
three-electrode electrochemical cell, which consisted of the func-
tionalized FWNT thin film as the working electrode, an Ag/AgCl as
the reference electrode, and platinum gauze as the counter
electrode. Experiments were carried out at room temperature in
0.1 M aqueous KOH solution as the electrolyte with a nickel mesh
holder specially designed in-house to hold CNT thin films. All
potentials are reported relative to an Ag/AgCl (saturated KCl)
reference electrode recorded at a scan rate of 10 mV s~ . The
potential window for cycling was confined between —1.0 and
0.2 V so as to omit the extra current generated by nickel mesh.

Functionalization and Film Formation of FWNTs. Into a resin flask
equipped with a high torque mechanical stirrer, nitrogen inlet,
and outlet, 4-ethoxybenzoic acid (0.3 g, 1.8 mmol), FWNT (0.2 g),
PPA (20.0 g, 83% P,05 assay), and P,0s (5.0 g) were placed. The
flask was immersed in an oil bath, gently heated to 100 °C, and
maintained at that temperature with stirring for 24 h under
nitrogen atmosphere. It was then heated to 130 °C and stirred
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for 24 h.The dark homogeneous mixture was poured into water.
The resulting 4-ethylbenzoyl-functionalized FWNT (EBA-f-
FWNT) was uniformly dispersed in water. The dispersed solution
emitted deep green color under room light (see digital photo in
Figure 1d). The solution was stable for a week when left
standing at ambient conditions. EBA--FWNT thin films were
fabricated by suction filtration of the solution. The films formed
on membranes were dried in air and delaminated from the
membrane. To prevent the formation of wrinkles, the films were
sandwiched in waxed weighing papers and 500 g weight was
placed on them for a day. The films were transferred into
extraction thimble and Soxhlet extracted with distilled water
to completely remove reaction medium for 3 days and then
with methanol to get rid of other possible organic impurities for
3 days, and finally dried at 100 °C under reduced pressure for
24 h to yield dark black thin films.
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