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S
imultaneous optimization of several
key functionalities is a fundamental
materials science problem. In many

cases, there are trade-offs between these
properties such that the improvement of
one negatively impacts the others. One
example of this challenge is in transparent
conductive electrodes (TCEs), which require
the materials to be highly transparent, elec-
tronically conductive, and flexible with a
uniformly smoothmorphology.1�3 Thermo-
electric devices4,5 require high electrical
conductivity but low thermal conductivity,
while good fuel cell catalysts maintain a
balance between porosity, ionic, and elec-
trical conductivity. Synthetic multifunc-
tional composites are materials designed
and processed to provide multiple perfor-
mance capabilities in a single system. In the
best of such composites, each functionality
can be tuned more independently through
the manipulation of each corresponding
component. For example, fuel cell elec-
trodes6 typically use a robust ion-conductive
polymer (i.e., Nafion), which is mixed with
carbon-supported catalysts to provide high
surface areas inside of a medium that pro-
vides both electronic and ionic pathways.7

Analogous examples can be found in solar
cells,8�10 electrochemical electrodes,11,12

sensors, and thermoelectric materials.5

Nanostructured materials such as single-
walled carbon nanotubes (SWNTs) are par-
ticularly attractive as building blocks for
these systems due to their unique proper-
ties (i.e., high aspect ratio, small diameter,
mechanical strength, high electrical/thermal
conductivities, and unique optoelectrical
properties),5,13�17 yet maintaining these
properties when combined with a polymer
to form a composite is challenging. The
diffilculty largely stems from the strong

van der Waals forces between carbon nano-
tubes, which leads to poor dispersion of
SWNTs in polymer matrices. To improve the
nanotubes' solubility, either covalent18 or
noncovalent19 functionalization approaches
have been pursued. In the former, the side-
walls of SWNTs are functionalizedwith surface
moieties that facilitatemixing intoapolymeric
medium. This approach has shown enhanced
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ABSTRACT Translating the unique proper-

ties of individual single-walled carbon nano-

tubes (SWNTs) to the macroscale while

simultaneously incorporating additional func-

tionalities into composites has been stymied by

inadequate assembly methods. Here we de-

scribe a technique for developing multifunc-

tional SWNT/polymer composite thin films that provides a fundamental engineering basis to

bridge the gap between their nano- and macroscale properties. Selected polymers are

infiltrated into a Mayer rod coated conductive SWNT network to fabricate solar cell transparent

conductive electrodes (TCEs), fuel cell membrane electrode assemblies (MEAs), and lithium ion

battery electrodes. Our TCEs have an outstanding optoelectronic figure of merit σdc/σac of 19.4

and roughness of 3.8 nm yet are also mechanically robust enough to withstand delamination,

a step toward scratch resistance necessary for flexible electronics. Our MEAs show platinum

utilization as high as 1550 mW/mgPt, demonstrating our technique's ability to integrate ionic

conductivity of the polymer with electrical conductivity of the SWNTs at the Pt surface. Our

battery anodes, which show reversible capacity of∼850 mAh/g after 15 cycles, demonstrate

the integration of electrode and separator to simplify device architecture and decrease overall

weight. Each of these applications demonstrates our technique's ability to maintain the

conductivity of SWNT networks and their dispersion within a polymer matrix while

concurrently optimizing key complementary properties of the composite. Here, we lay the

foundation for the assembly of nanotubes and nanostructured components (rods, wires,

particles, etc.) into macroscopic multifunctional materials using a low-cost and scalable

solution-based processing technique.

KEYWORDS: carbon nanotube . solar cell . fuel cell . doping . composite .
lithium ion battery
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composite mechanical strength due to better disper-
sion of SWNTs within the polymer matrix as well as a
stronger bridge between the polymer and the
nanotubes.20�22 Unfortunately, covalent functionaliza-
tion creates defects in the nanotube lattice,23 which
can lower the electrical24 and thermal conductivity
of the nanotubes and compromise their mechanical
properties. Alternatively, noncovalent functionaliza-
tion of nanotubes has been shown to preserve nearly
all of the individual nanotubes' intrinsic properties;18

however, the overall composite properties (i.e., elec-
trical, thermal, etc.) suffer due to high intertube junc-
tion resistance caused by separation of nanotubes by
the polymer/surfactant.25 Such composites have tradi-
tionally had low conductivities, typically <10 S/m.26

Previously, conductive polymers were employed to
disperse CNTs and to minimize the composite resis-
tance. For example, Hellstrom et al.27 and De et al.2 used
poly-3-hexylthiophene (P3HT) and poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
respectively, to disperse and deposit uniform carbon
nanotube bundle networks for TCEs. Although enhanced
optoelectronic performance was achieved due to the
improved conductivity, the ability to utilizepolymerswith
other functionalities remains severely limited. In most
cases, the electronic conductivity of SWNT networks is
severely compromised when nonconductive polymers
with other functionalities are incorporated.
The Mayer rod coating method is a scalable tech-

nique for making solution-processed thin films in a
controlled manner.28 Fluids that can be effectively
coated by theMayer rodmethod can often be adapted
to more controllable, higher-throughput methods.3,28

Here we demonstrate a universal technique to fabri-
cate high-performance functional composites contain-
ing uniformly dispersed SWNTs within a variety of
useful polymer matrices using a tandem Mayer rod
casting approach. We first achieve a stable and highly
dispersed SWNT suspension that facilitates the Mayer
rod coating process. The resulting SWNT networks have
better optoelectronic performance than previously re-
portedMayer rod coated SWNTfilms andare comparable
to the best reportedmade using any technique. Next, we
show that key complementary functionalities can be
incorporated into a multifunctional composite without
compromising the conductivity of the SWNT network,
allowing independent tunability of individual properties.
Finally, we characterize the chemical interactions be-
tween SWNTs and functional polymers and show how
these composite films can be used as key components in
solar cells, fuel cells, and batteries.

RESULTS AND DISCUSSION

To fabricate multifunctional composite films, SWNTs
are first dispersed using a high molecular weight
polymeric derivative of cellulose (sodium carboxy-
methyl cellulose (CMC)) and then Mayer rod coated

onto glass slides. The resulting films are transparent
but nonconductive due to the encapsulation of the
SWNTs in the CMC polymer matrix (Figure 1a). Samples
are then treated with acid to remove the CMC and
dope the SWNTs, leading to a denser network with
superb electrical contacts between the SWNTs
(Figure 1b). Remarkably, as-made films demonstrate
higher optoelectronic performance over previously
reported Mayer rod coated SWNT films and will be
further discussed in the application section. Functional
polymers can then be selected based on the intended
application and filled into the highly conductive SWNT
network. As the polymer occupies the empty space
between nanotubes, a freestanding SWNT/polymer
multifunctional nanocomposite film can be obtained
by peeling off the film from the glass slide (Figure 1c).
This method facilitates the combination of SWNTs with
various polymers and eliminates a previous require-
ment for the polymer to be capable of dispersing the
SWNTs. In addition, the formation of the SWNTnetwork
prior to the incorporation of a functional polymer
maintains the superb conductivity of the SWNT net-
work by preventing the presence of polymer between
nanotubes. Hence, a highly formed network with low
intertube junction resistance results in SWNT/polymer
composite films with superb electrical performance.
CMC has been reported as an excellent agent for

dispersing SWNTs in water, and transparent films have
previously been sprayed;29 however, this is the first
report of CMC-based dispersions for Mayer rod casting
of SWNT films. Unlike spray coating, Mayer rod coating
of colloidal fluid requires specific rheological behavior
and wetting properties.28,30 The coating fluid should
contain enough solid matter to form a uniform and
continuous layer upon drying. The coating fluid surface
tension should be low enough to facilitate spreading
on a wide range of substrates without defects, yet high
enough to prevent colloidal agglomeration after de-
position. Toward controlling the rheological properties
of the coating fluid, Dan et al. added Triton X-100
(TX100) to a sodiumdodecyl benzenesulfonate (SDBS)-
dispersed high-pressure CO conversion (HiPCO) SWNT
solution to form flocs which raised the viscosity at low
shear velocity by ∼3 orders of magnitude.28 Although
this approach facilitated theMayer rod coating process
of HiPCO SWNTs, we found that there are three critical
limitations affecting this mixed surfactant system. First,
the resulting solution is only stable for a few minutes
(Figure 2) before precipitation takes place, which
makes it less suitable for industrial applications. Sec-
ond, the agglomeration of these flocs affects the
uniformity and optoelectronic performance of the
resulting SWNT films. We illustrate light clusters from
an optical microscopy image of a cast film from an
SDBS-TX100-HiPCO SWNT dispersion (Figure 2). The
existence of these light clusters negatively affects
the optoelectronic performance of SWNT networks
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and can be attributed to the TX100 disturbance of the
SDBS/SWNT dispersion. Vigolo et al. reported similar
large dense clusters from SDS/SWNT dispersions when
either insufficient or excessive SDS is present and
argued the importance of having a homogeneous
dispersion to a film's mechanical strength.21 Third,
the surface chemistry of the SWNTs appears to have
a greater effect on stability of the SDBS-TX100 surfac-
tant systems than on the CMC dispersions. For exam-
ple, it has been reported that arc-discharge (Arc) SWNT
networks outperform HiPCO SWNT networks in terms
of both optoelectronic performance and lifetime of the

final device.31 Yet, by first dispersing the Arc SWNTs
with SDBS followed by adding varying amounts of
TX100 (extending the approach of Dan et al.), we were
unable to achieve the proper rheology to facilitate
Mayer rod coating. The SDBS-TX100-Arc SWNT simply
would not form a uniform and continuous film for TCE
applications. We attribute this observation to the
difference in surface chemistry between theArc SWNTs
and the HiPCO SWNTs. Using our approach, we show
the achievement of well-dispersed, stable HiPCO and
Arc SWNT solutions that have fluid surface tensions low
enough to spread on a wide range of substrates yet

Figure 2. Comparison of the Mayer rod coated SWNT films from various SWNT dispersions. Optoelectronic performance of
Mayer rod coated SWNT films: blue, SDBS-TX100/HiPCO; green, CMC/HiPCO; red, CMC/Arc. The photo in black rectangle is
(left) a CMC/HiPCOdispersion after 2weeks and (right) a SDBS-TX100/HiPCOdispersion after 30min. Agglomeration occurs in
the right bottle asflocs can be seen on the vial wall. The lightmicroscope image in green andblue rectangles are, respectively,
Mayer rod fabricated SWNT films from (green) CMC/HiPCOdispersion and (blue) SDBS-TX100/HiPCOdispersion. The scale bar
is 20 μm.

Figure 1. Schematics illustrating the fabrication steps of the polymer/SWNT composites. (a) SWNT/CMC films are made by
Mayer rod coating of SWNTs in CMC dispersion on glass substrates. The intertube resistance is very high due the presence of
CMC between SWNTs. (b) Acid treatment removes CMC in theMayer rod casted films, resulting in a densely packed nanotube
network. SWNTs are in direct contact with each other. (c) Mayer rod casting of functional polymers results in freestanding
multifunctional composite films where the SWNT network is highly conductive.
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high enough to prevent colloidal agglomeration after
deposition (Figure 2).
We disperse SWNTs in 3% CMC solution at 1 mg/mL.

The shear viscosities of CMC/SWNT dispersions for
both HiPCO SWNT and Arc SWNT are compared to an
SDBS-TX100/SWNT dispersion (Figure S1 in the Sup-
porting Information).28 The CMC system exhibits a
comparable viscosity at the shear velocity range tested
for both HiPCO SWNT and Arc SWNT. This could be due
to the high molecular weight of CMC and high surface
area of the SWNTs. Figure 2 compares optical micro-
scopy images of as-casted HiPCO SWNT films prepared
from SDBS-TX100 and CMC-based dispersions. All films
were coated under identical conditions onto a piranha-
cleaned glass substrate, as described in the Methods
section. We show that films casted from the CMC-
based film are optically clear.
CMC readily dissolves in nitric acid, allowing the film

to collapse and facilitates the electrically conductive
SWNT network formation (Figure 1b). The nitric acid
treatment also improves the film properties. The
UV�vis absorption spectrum exhibits a significant
difference in the S22 and M11 peaks for a casted SWNT
film before and after nitric acid exposure (Figure S2).
The suppression of S22 and M11 peaks after nitric acid
soaking indicates p-type doping of the SWNT film.29

We compare the optoelectronic performance of
films Mayer rod casted from CMC-dispersed HiPCO
SWNT dispersion (CMC/HiPCO) and SDBS-TX100-dis-
persed HiPCO SWNT dispersion (SDBS-TX100/HiPCO)
following acid treatment (Figure 2). The CMC/HiPCO
films consistently exhibit a better conductivity at all
transparency ranges considered. This improved per-
formance could be attributed to the enhanced de-
bundling and stability of the well-dispersed SWNT
network from CMC/HiPCO dispersion in comparison
to the agglomerated SDBS-TX100/HiPCO dispersion.
Figure 2 also compares the optoelectronic perfor-
mance of the acid-treated HiPCO and arc-discharge
SWNT (CMC/Arc) films both casted from CMC disper-
sion. We have observed that arc-discharged SWNT
films consistently exhibit much higher sheet conduc-
tance than HiPCO nanotubes by more than one order
of magnitude at similar optical transparency, consis-
tent with literature results.31 The origin of this differ-
ence may be related to several factors, including
differences in the nanotube dimension, the defect
density, the presence of resistive impurities, and the
ease of separating bundled nanotubes. These results
lay the foundation for building amultifunctional SWNT
composite with selected polymers.
To fabricate the multifunctional composite free-

standing films, we used a Mayer rod to coat a thin
layer of polymer solution onto the acid-treated SWNT
network on glass. In a recent paper,32 Yu et al. dropped
monomer solutiononSWNTfilms andphotopolymerized
the monomer to obtain a SWNT/polymer composite.

We directly coat functional polymer solutions to main-
tain the versatility of our tandem Mayer rod coating
method. Polyvinyl alcohol (PVA), Nafion, and poly-
(vinylidene fluoride) (PVDF) were selected due to their
contrasting properties and functionalities. We found
that the solvent plays a key role during the fabrication
process. For example, direct casting of commercially
available Nafion solution such as Dupont D1021 on
SWNT networks results in films that are very brittle,
making it impossible to peel off. Dimethyl sulfoxide
(DMSO) solutions consistently yield the highest quality
films because DMSO is a polar solvent that dissolves
both polar and nonpolar compounds.33 We found that
PVA, Nafion, and PVDF can all be dissolved in DMSO
within the required weight concentration (5�20%),
which indicates that DMSO is an effective solvent for
dissolving these polymers. One advantage of using
DMSO over water as the solvent is the lower contact
angle (41�) compared to water (114�), allowing it to
properly wet the hydrophobic CNTs (Figure S3). This
wettability allows the DMSO (and functional polymer)
to infiltrate the intertube spaces of the CNT network
more effectively than polymer aqueous solutions.34

DMSO solutions of either PVA, Nafion, or PVDF were
Mayer rod casted over the SWNT network, during
which process the polymer solution infiltrated through
the pores and reached the surface of the glass to form a
smooth polymer/glass interface. After drying, the
SWNT composite could be peeled off the glass surface
to form freestanding polymer/SWNT films (Figure S4).
The described process of first making the SWNT

network followed by subsequent filling in with the
functional polymer facilitates the evaluation of poly-
mer/SWNT interaction and its effect on the SWNT
conductivity. As mentioned previously, the nitric acid
treatment dissolves the CMC and p-dopes the SWNTs
through the absorption of p-dopant on the SWNT sur-
face.Weuse a heat treatment (vacuumoven at 150 �C for
24 h) to induce desorption of this p-dopant,35 which
reduces the conductivity of SWNT networks. This drying
procedure is typically used as an intermediate step for
fabricating the polymer/SWNT composites, and we de-
fine these films prior to polymer infiltration as pristine
films throughout this paper starting with Figure 3.
The infiltration of PVA, Nafion, and PVDF affects the

conductivity of the SWNT network quite differently. As
compared to the pristine SWNT films, the sheet resis-
tance of the PVA/SWNT film and the PVDF/SWNTs
increases by a factor of 8 and 3, respectively, while
the sheet resistance of Nafion/SWNTs slightly de-
creases (Figure 3a). It has been reported that polymers
can dope carbon nanotubes, resulting in a different
Fermi level within the carbon nanotube that can im-
prove the intertube junction resistance.36�38 This re-
sistance change could be attributed to the difference
in the electron-donating and -withdrawing capa-
bility of these polymers.39 We show through Raman
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spectroscopy (Figure 3b,c) that the G-band appears
near 1593 cm�1 for pristine SWNT films. The peak
positions of the G-band are not shifted appreciably
with the infiltration of PVDF and are upshifted by about
3 cm�1 with the infiltration of PVA and Nafion. This
upshift can be attributed to the phonon stiffening
effect by p-type doping.40 The slight sheet resistance
reduction inNafion/SWNT film could result fromNafion
p-doping of the SWNTs. The reason for the increase in
sheet resistance after infiltration of PVA and PVDF is
not entirely clear.We speculate that thismay be related
to the crystallinity of the polymer. We performed
differential scanning calorimetry (DSC) to study the
crystallinity of the three polymer/composite systems.
As shown in Supporting Information Figure S5, given
the exact same casting condition, the crystallinity of
PVA/SWNT composite films is higher than that of
pure PVA films. It has been reported that the crystal-
linity of PVA increases linearly with carbon nanotube
content,20 and this linearity is a signature of nucleation
of local polymer crystallinity by the nanotube. This PVA
crystalline coating around the nanotube could im-
prove the load transfer from PVA to SWNTs when
PVA films are stretched and will increase the modulus
of PVA/SWNT films.20 In the meantime, it could also
affect the tube�tube contacts, resulting in an in-
creased resistance across the SWNT network. The PVDF
film shows similar crystalline-promoting phenomena,
while Nafion films do not show any crystallinity. The
crystallinity changewith andwithout SWNTs correlates
with the sheet resistance change before and after the

infiltration of polymers. We believe that these freestand-
ing SWNT composites could potentially be used in the
next generation of flexible electronics. It is noteworthy
to mention that flexible electronics are expected to be
bent, scratched, stretched, and compressed extensively.
The polymer SWNT interaction we observed could im-
prove the flexible durability of these devices but lower
the overall conductivity of the network.We show that the
conductivity can be recovered through gold doping.
To further improve the conductivity of the polymer/

SWNT composites, the freestanding films were treated
with HAuCl4 (Au3þ) dissolved in nitromethane. The
Fermi level of a SWNT is well above the reduction
potentials of AuCl4

�, which results in spontaneous
electron transfer from the nanotube (p-doping) to
the metal ions and promotes their reduction and
formation of gold nanoparticles on SWNT surfaces.41

This dramatically reduces the intertube junction
resistance,42 and we show (Figure 3a) that the sheet
resistance for all three polymer/SWNT systems signifi-
cantly decreased. The resistance of gold-doped PVDF/
SWNT film is the lowest among the three and is very
close to the control (gold-doped pristine SWNTs on a
glass substrate), followed by the gold-doped Nafion/
SWNTs and gold-doped PVA/SWNT systems. There is a
very strong correlation between the G-band positions of
these films and their sheet resistance (Figure 3d). For
instance, a larger reduction in the sheet resistance corre-
sponds to an upshift in G peak position. This indicates
that the presence of polymer significantly affects the
possibility of gold reduction on the SWNT surface.

Figure 3. Effect of polymer infiltration as well as gold doping on the properties of SWNT film. (a) Sheet resistance changes
with polymer infiltration and gold doping. Raman shifts of pristine SWNTs and polymer/SWNT composite materials with
excitation energy of (b) 2.33 eV and (c) 1.58 eV. (d) Relationship betweenG-bandpeakposition and sheet resistance changeof
the composite film. A laser with an excitation energy of 2.33 eV was used.
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PVA has actually been rated to have excellent resis-
tance to permeation of nitromethane and thus is very
likely to prevent the gold salt in nitromethane from
reaching the SWNT surface toward p-doping the
SWNTs. We performed contact angle measurements
to indirectly evaluate the wettability and permeability
of nitromethane on the three polymer/SWNT systems
and the bare SWNT film. A drop of nitromethane gold
solution is dropped on the film surface, and snapshots
are taken at 10 s, 1 min, and 2 min intervals until the
droplet disappears (Figure S6). Under the same condi-
tions, we reveal that the faster a droplet disappears, the
better the nitromethane permeation and improved
conductivity via p-doping of SWNTs in that film. The
order of decreasing permeation was the following:
SWNTs on glass, PVDF/SWNTs, Nafion/SWNTs, and
PVA/SWNTs. These observations are consistent with
the Raman shift and sheet resistance reduction out-
comes. This suggests that improvements in the con-
ductivity of PVA/SWNT and Nafion/SWNT composite
films can be realized through proper selection of
solvents. To validate this point, we treated PVA/SWNT
composite film with gold salt in ethanol/water (50/50),
where ethanol/water could very easily permeate PVA.
Similar sheet resistance reduction inPVA/SWNTcomposite
upon gold doping was observed as that for pristine
SWNT films on glass. This solvent effect is shown in
Figure 4a, and the figure ofmerit will be discussed shortly.

We present the morphologies of pristine SWNTs
(Figure S7) on glass and three freestanding polymer/
SWNT composite films, before and after gold doping
from Au3þ nitromethane solution. SEM micrographs
reveal that the polymers infiltrate between SWNTs. The
resulting SWNT networks appear to be smoother than
bare SWNTs with all the spaces in the bare films filled in
by selected polymers. Gold nanoparticles grow with the
immersion of SWNT film andpolymer/SWNT films in gold
salt solution. We demonstrate (Figure S7) that nanopar-
ticles can be observed for the Nafion/SWNT and PVDF/
SWNT films but not for the PVA/SWNTs, which is also
consistent with the conductivity results (Figure 3a).
We evaluated the composite freestanding films as

replacements for ITO in organic light-emitting diode
and organic solar cell anodes. The most important
parameters for evaluating the performance of trans-
parent electrodes are generally the transparency and
the sheet resistance. However, since the sheet resis-
tance of the SWNT film is strongly dependent upon the
transparency, it is not informative todirectly compareeach
property of SWNT films. It has been suggested43 that the
ratio of the direct current conductivity, σdc, to the optical
conductivity, σac (typically at 550 nm), be considered as a
figure ofmerit (FOM) and that a higher valueof theσdc/σac
ratio indicates improved performance of the SWNT net-
work. This FOMcomes from the relationshipwith transpar-
ency, T, and sheet resistance, Rs, as given by

Figure 4. Application of polymer/SWNT composite films. (a) Values of σdc/σac of our Mayer rod casted before and after
polymer infiltration as well as σdc/σac value changes before and after gold doping for all films. (b) Performance of the MEA by
Nafion to Nafion hot pressing two Nafion/SWNT-Pt films with anode and cathode loadings of 0.018 mgPt/cm

2 each. (c)
Lithiation (red) and delithiation (blue) capacity and Coulombic efficiency (black) versus cycle number for Nafion/SWNT
electrodes at 186, 372, and 744 mA/g. The SWNT loading density of the film is 0.036 mg/cm2.
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T ¼ 1þ2π
cRs

σac

σdc

� ��2

We show (Figure 4a) that Nafion/SWNT films exhib-
ited a σdc/σac ratio of 19.4, while PVA/SWNT composite
films have a FOM as high as 20.8. The latter FOM is a
result of proper solvent selection for the gold doping
process. PVDF/SWNT films have a low figure of merit
due to the poor transmittance of PVDF. Table 1 com-
pares our results with other reported data for SWNT
films. Our SWNT films on glass as well as freestanding
polymer/SWNT composite films exhibit optoelectronic
performance that competes with the best reported
data in literature. This opens up the opportunity of
utilizing these composite films for many other applica-
tions. In addition, the AFM results show that the surface
roughness of the Nafion/SWNT undoped and doped
films are 3.2 and 3.8 nm root mean square (rms),
respectively. Prior to Nafion infiltration, the rms rough-
ness of the pristine films on glass substrates was 11.2
and 12.1 nmbefore and after gold doping, respectively
(Figure 5). The insets in Figure 5 are close up height
(left) and phase (right) AFM images of the correspond-
ing films. The phase images discriminate between
different types of materials on the surface. The dark
particles shown in Figure 5d (right inset) are gold
nanoparticles. We also confirm that these composite
films are scratch-resistant based on scotch tape eva-
luations (Figure S8). Due to the versatility of our
method, we could expect to easily incorporate other
desirable functionalities (such as mechanical strength
and low oxygen permeability) into our TCEs by
proper selection and combination of functional poly-
mers. Below are a few examples of how this functionality
can be applied to fuel cells and lithium-based batteries.
A key challenge toward the commercialization of

proton-exchange membrane (PEM) fuel cells is the
cost. One of the primary cost-drivers is the membrane

electrode assembly (MEA), which consists of the cata-
lysts, electrolyte membrane, and gas diffusion layers
(GDLs). Reducing PEM fuel cell cost and improving
performance will require more efficient utilization of
the catalyst and a reduction in the overall thickness of
the MEA, which requires optimization of the system
architecture.6,48 Traditional solution processing of the
MEA requires special care during synthesis to avoid
isolated SWNT-Pt agglomerations, where the Pt cannot
contribute to electrochemical conversion reactions. Using
our method, the formation of highly conductive SWNT
networks first, followed by infiltration of an ionically
conductive phase, may dramatically increase the accessi-
bility of Pt to both the electronic and ionic carriers and
thus yield a higher Pt utilization. In addition, the catalytic
layer thickness can be easily controlled using the Mayer
rod method to optimize the structure of the membrane
electrode assembly. We demonstrate the assembly of an
MEA by simply pressing together the Nafion sides of two
Mayer rod coated Nafion/SWNT films (Figure 4b inset).
We report that the polymer infiltration step can be

used to create films that are conductive only on the
SWNT network side. For the fuel cell MEA demonstra-
tion, Pt-decorated SWNTs (SWNT-Pt) were synthesized
by a supercritical method developed in our lab.49 Nafion/
SWNT-Pt composite films were obtained first by Mayer
rod casting of the SWNT-Pt dispersion, followed by acid
treatment to remove theCMC.Nafionwas then infiltrated
into the SWNT-Pt network in excess to create an aniso-
tropic film (Figure 4b inset). We show fuel cell perfor-
mance results (Figure 4b) for an MEA with Pt loading of
0.018 mg/cm2 at both the anode and cathode. A peak
power density of 55.8 mW/cm2 gives a platinum utiliza-
tion of 1550 mW/mgPt after hot pressing at 135 �C. Con-
ventional fuel cells typically exhibit an overall Pt utiliza-
tion of ∼400 mW/mgPt.

7 As indicated in Figure 4b,
pressing is a crucial step in fusing the two Nafion films
together to form a continuous Nafion phase that facil-
itates the ion transportation. We note that the results for
these MEAs are not optimized; yet they demonstrate a
new and novel approach for fuel cell MEA assembly.
In recent years, great attention has been paid to the

use of carbon nanotubes for lithium ion batteries.50

Reversible capacities exceeding a LiC2 stoichiometry
(>1116 mAh/g) are proposed for SWNTs, representing
a dramatic improvement over conventional graphite
anodic capacity.51 Our Nafion/SWNT film with its
dual-purpose integrated architecture was evaluated as
a combined lithium ion battery anode and separator.
Here, the SWNTs behave as the active anode material
while Nafion offers mechanical strength to the SWNT
electrode and serves as a barrier between the anode
and the lithium counter electrode. A reversible capac-
ity of ∼850 mAh/g was achieved after 15 cycles at a
charge/discharge rate of 186 mA/g (Figure 4c). Upon
further cycling at the increased rates of 372 and
744 mA/g, the reversible capacity dropped significantly

TABLE 1. Optoelectronic Performance of SWNT Film

Comparison

surfactant method surface roughness (nm) substrate σdc/σac ref

PSSa LBLb glass 18.8 44
SPEEKc LBL 3.5 glass/PET 2.8 39
5TN-PEGd spin glass 17 45
rr-P3HTe spin 12 glass 13 27
SDSf spray 9 PET 24 46
Nafion spray 10 PET 16 47
CMC spray 3 glass 9.5 29
PEDOT:PSSg VF PET 15 2
SDS VF 3.1 glass/PE 16 31
SDBSþTX100h Mayer rod glass 13 28
CMC Mayer rod 12.1 glass 24 this work
CMC Mayer rod 3.8 freestanding 19.4 this work

a Poly(styrene sulfonate). b Layer by layer. c Sulfonated polyether ether ketone.
d Quinquethiophene-terminated poly(ethylene glycol). e Poly(3-hexylthiophene).
f Sodium dodecyl sulfate. g Poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate). h Triton X-100.
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as a consequence of poor film stability in the organic
solvent-containing electrolyte. Using the facile Mayer
rod method, this unique integrated battery architec-
ture can be extended to produce a solid polymer
electrolyte battery in which the same SWNT anode is
united with a blend of ion-conducting polymer and
lithium salt that serves as both an electrolyte and a
separator, thus eliminating the need for a liquid elec-
trolyte. This revised architecture could eliminate capac-
ity degradation due to liquid electrolyte decompo-
sition and improve the safety profile by reducing the
chance of cross-electrode shorting. We posit that
further improvements in the ion conduction at the
electrode/electrolyte interface can be achieved by

using optimized polymers and blends. This simple
process facilitates a flexible battery design with possi-
ble improvements in capacity, stability, and safety.

CONCLUSION

In summary, we have developed and demonstrated
a scalablemethod of producingmultifunctional SWNT/
polymer composite thin films. As the challenges of
generating more complex SWNT-based film systems
require engineers to impart new and transformative
functionalities to materials without sacrificing the con-
ductivity or ease of manufacturing, our technique
provides the versatility to control nanoscale features
and functionality on the macroscopic level.

METHODS

Arc-discharge carbon nanotubes are purchased from ILJIN
Nanotech, grade ASP-100F, while high-pressure CO conversion
(HiPCO) SWNTsarekindlyprovidedbySouthwestNanotechnologies.

Ten milligrams of the tubes is mixed with 300 mg of sodium
carboxymethyl cellulose (90 000 MW, Sigma Aldrich) and 10 mL
of DI water. Solutions are sonicated for 15 min, using a 1/4 in.
probe sonicator operated at 225W (Cole ParmerModel CPX 750,
20 kHz). Solutions are then centrifuged at 8500 rpm for 2 h, and

Figure 5. Surface morphorlogy of pristine SWNT film on glass and freestanding SWNT/Nafion composite film. AFM image of
(a) pristine SWNT film, (b) SWNT films infiltrated byNafion and their corresponding gold-doped SWNT films. (c) SWNTon glass
after gold doping and (d) Nafion/SWNTs after gold doping. The roughness of the films is as follows: (a) 11.2 nm, (b) 3.2 nm,
(c) 12.1 nm, (d) 3.8 nm.
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the final dispersions are obtained by decanting the top 60% of
the supernatant. The SDBS/Triton X-100 dispersion is prepared
as described by Dan et al.28

To deposit a SWNT film, 300 μL of the SWNT dispersion is
dropped on a piranha-cleaned glass substrate. Then, a Mayer
rod (RD Specialist Inc.) is rolled over the solution, leaving a
uniform, thin layer of SWNT dispersion on the substrate. Then,
the wet coating of the SWNT on glass is carefully dried using a
lamp. Samples are placed in 9 M HNO3 overnight to remove
surfactant and dope the networks. After removal from the acid
bath, the samples are air-dried without rinsing.
PVA, Nafion, and PVDF of 5�10 wt % in DMSO are then

dropped on the as-made SWNT film on a glass slide. AMayer rod
is then rolled over the solution, leaving a wet polymer film over
the SWNT networks. Wet films are dried in a vacuum oven at
85 �C for 2 h. Dried films (Nafion is further heated in the oven at
120 �C for another hour) can be readily peeled off from the glass
slide, generating a freestanding SWNT/polymer film.

Fuel Cell Test. Pt is loaded on the SWNT by a supercritical fluid
method (SC) previously developed in our lab:49 In a 4.1 mL
stainless steel reactor, SWNTs (35.0 mg), platinum(II) acetylace-
tonate (87.5 mg), and methanol (3.28 mL) are combined. The
contents are sealed and placed into a sand bath at 300 �C for
30 min. Under these conditions, the MeOH becomes a super-
critical fluid capable of reducing the platinum(II) acetylaceto-
nate. This formulation results in a Pt-SWNT catalyst that has a
nominal loading of 55 wt % Pt. The Pt-SWNT is then filtered and
rinsed several times in ethanol and dried at 60�80 �C under
vacuum for 24 h. The actual loading of Pt on SWNT is deter-
mined by TGA to be 42%. Twenty milligrams of Pt-SWNT and
300mg of CMC aremixed in 10mL of DI water. Themixture is tip
sonicated for 15 min but is not centrifuged. Pt-SWNT/Nafion
films are fabricated on 2 in. by 3 in. glass slides using the as-made
dispersion the same way SWNT/Nafion composite films are
fabricated. Fuel cell MEAs are then generated by pressing two
Pt-SWNT/Nafion films together with the Nafion sides facing each
other and carbon nanotube sides facing outside. The Pt loading
on both anode and cathode sides are 0.018 mg/cm2. The MEAs
are tested in single fuel cell housing and are conditioned over-
night until a steady state current is achieved at a potential of 0.6 V.
The temperature of the fuel cell is 80 �C, and the anode and
cathode saturators are set at 85 �C. The flow rates of the
humidified hydrogen and oxygen are set at 100 sccm. An Agilent
electronic load controlled the cell potential, and a National
Instruments data acquisition system controlled the inputs.

Electrochemical Characterization. Electrochemical measure-
ments have been studied in a Swagelok cell (half-cell). The
complete cell preparation steps are performed in an argon
glovebox. A pure Li (purity, 99.9%)metal foil is used as a counter
electrode, while the Nafion/SWNT composite freestanding film
is used as an integration of working electrode and separator.
The Swagelok cells used 1.0 M LiPF6 in EC-DMC (1:1 in volume)
(ethylene carbonate/dimethyl carbonate) as the electrolyte.

Instrumentation. Sheet resistance measurements are per-
formed using a Signatone four-point probe with 10 mil radius
contacts and 40 mil spacing. A Keithley Model 2400 Source-
Meter is used to apply current and measure the resulting
potential drop. Voltage drop is measured with applied currents
and converted to a sheet resistance using [π/ln 2]� V/I= 4.53�
V/I. Atomic force microscopy is taken using a Veeco Dimension
5000 in tapping mode. A Hitachi SU-70 SEM is employed to
visually characterize the film. Raman spectra are collected on
a Jasco NRS-3100 laser Raman spectrometer with excitation
wavelengths of 532 and 785 nm. Bulk rheological experi-
ments are conducted on a strain-controlled rheometer (TA
Orchestrator). Contact angle is measured using VCA 2500 MA
(AST Products, Inc.). Differential scanning calorimetry is con-
ducted using a TA Instruments Q200.
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