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ABSTRACT: We report the creation of carbon nanotube films from superacids by a scalable process, where film morphology
is controlled by initial fluid phases. These films were formed by dip-coating biphasic (isotropic + liquid crystalline) carbon
nanotube (CNT) chlorosulfonic acid solutions. Chlorosulfonic acid has low volatility and is therefore removed by solvent
extraction instead of conventional drying processes. At intermediate concentrations, the solutions contain liquid crystalline
domains which stretch and align streamwise during dip-coating. These elongated domains further act as “nucleating sites” for
large, aligned whiskerlike crystallites during subsequent solvent extraction. The final films contain highly aligned CNT crystallites
embedded in a mesh of randomly oriented CNTs.

Because of their fascinating properties, carbon nanotubes
(CNTs) have been studied intensely for the past two

decades.1−5 Realizing these properties in macroscopic functional
materials requires the ability to manipulate and control CNT
assemblies across multiple length scales.6−8 CNTs can be
processed into neat9−12 or composite13,14 fibers, while CNT
films can be produced from solutions of surfactant stabilized or
functionalized CNTs by filtration,13−21 inkjet printing,22−24

spray coating,25 rod coating,26 drop casting,27 and dip-coat-
ing.28,29 Surfactant-stabilized CNT dispersions must be
sonicated, which is known to shorten CNTs;30−32 any residue
surfactant in the films increases the electrical resistivity.26

Covalent functionalization damages the conjugated sp2 bonds
and hence destroys the electrical properties of CNTs. Film-
forming methods produce films of isotropically orientated
CNTs, with only a few exceptions. Pint et al.33 detached
vertically aligned CNT arrays from the catalyst and “dry printed”
the arrays onto any surface by using the substrate as the stamp. In
wet processes, strong magnetic fields were used to align the
CNTs during the filtration of CNT−surfactant solu-
tions,13,16,34,35 creating films with anisotropic transport proper-
ties. Windle et al. showed that, when dispersed at high con-
centration, oxidized multiwalled CNTs formed liquid crystalline
structures with local CNT orientational ordering.36−38 Inspired
by this finding, Zhou and co-workers28,29 prepared aqueous
solutions of oxidized CNTs and gradually evaporated the water
solvent as a glass substrate was placed into the CNT solution. As
the water evaporated the local CNT concentration increased,
yielding the formation of ordered CNT structures along the triple
line−the interface between air, liquid, and the solid substrate.

These structures were then deposited onto a stationary or
moving substrate and were used as a template for liquid crystal
displays.28 In the case of CNT fibers, a high degree of alignment
was obtained from fluid phase processing, namely by spinning
from liquid crystalline solutions of CNTs in superacids.11,39 Film
formation from acid solutions was demonstrated by filtration (in the
case of dilute solutions)40,41 and by spreading high-concentration
dopes.39 More recently, dip-coating has been used to produce
isotropic, homogeneous thin films from CNT−superacid
solutions.42,43

Here, we present a scalable method to produce a novel type
of CNT film containing highly aligned, whiskerlike CNT
crystallites, which may reinforce the thin films. This novel
structure is obtained by combining self-assembly (liquid crystal
formation of CNTs in superacids), flow-directed assembly, and
rapid solvent extraction with a low-viscosity fluid. The CNT
thin films can potentially be used as filter membranes44−46 and
transparent, conductive, and flexible coatings for touch screens
and organic light-emitting diode applications.26,41,43,47−49 With
further process refinement and postprocessing, these films could
be engineered to display anisotropic mechanical and electrical
properties.
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■ RESULTS AND DISCUSSION

Formation of Whiskerlike SWNT Crystallites from
Biphasic Solutions. Single-walled CNT (SWNT) films were
formed in a three-step process: (1) formation of a superacid
solution, (2) coating the solution on a glass substrate, and (3)
consolidation of structure through solvent removal by immer-
sion in chloroform (Figure 1). Solution concentration plays a
fundamental role in controlling the film morphology. Low
concentration solutions of CNTs in superacids form isotropic
phases (the CNTs are randomly oriented in the solution). As the
CNT concentration increases, excluded volume interactions
cause the formation of liquid crystalline (LC) domains consisting
of aligned CNTs, which coexist with the isotropic phase.39,50−52

In this biphasic regime, concentration and acid strength control
the morphology of the LC domains, which can vary from nearly
endless threads (spaghetti) to ellipsoidal tactoids as the solvent
goes from sulfuric to chlorosulfonic acid.39,50,53 At even higher
concentrations, CNTs in acids form a LC with polydomain
morphology. To attain films containing highly aligned, whisker-
like SWNT crystallites, dubbed hereafter “SWNT whiskers”,
biphasic CNT solutions were used. Figure 2 shows transmitted
light micrographs of films obtained at different solution con-
centrations (from 0.5 to 1 vol %). All the films show preferential
orientation in the dip-coating direction due to the LC alignment
during substrate withdrawal. Optical and electron microscopy

showed no noticeable change in whisker dimensions as the
concentration and coating rate were varied between 0.5% to 1%
and between 0.3 and 3 mm/s, respectively. In the case of
isotropic solutions (0.1% and 0.2 vol %), thin films with a thick-
ness of less than 30 nmwere produced, but these films showed no
optical birefringence and consisted of randomly oriented
SWNTs (Figure 2a−c). The films dip-coated from the 0.1%
and 0.2% solutions have an average transmittance of 90% and
67% (at 550 nm), and an average sheet resistance of 1530 and
135 Ω/sq, respectively, potentially useful as flexible, transparent,
and conductive coatings for touch screen applications.41,43

Figure 3 shows the optical microstructure of a biphasic
solution0.7 vol % SWNT in chlorosulfonic acidcaptured
using transmitted light, with (Figure 3b) and without (Figure 3a)
cross-polarizers. As shown in the polarized light micrograph
(Figure 3b), several discrete LC structures in the solution show
optical birefringence (“lit up”), indicating intrinsic alignment of
SWNT within these structures. These LC structures have a
peculiar ellipsoidal shape (tactoid), likely due to the strong elastic
energy (splay and bend) and low interfacial tension in the
system. Similar tactoid LC structures were recently observed
in aqueous dispersions of bile-salt stabilized SWNTs.54 Unlike
the convective assembly method reported for aqueous CNT
solutions,26,27 where the gradual evaporation needed to con-
centrate the solution and form a liquid crystal occurs over several
days, the acid removal process is much faster (minutes or less).

Figure 1. (a) Schematic illustration of the film formation process consisting of three main steps. (1) Self-assembly: SWNTs are dissolved in
chlorosulfonic acid creating a biphasic solution which contains SWNT liquid crystals and individually dispersed (isotropic) SWNTs. (2) Directed
assembly: dip-coating is then applied to produce a wet film containing elongated and aligned liquid crystals. (3) Self-assembly: by removing the acid
solvent, the prealigned liquid crystals serve as the nucleating sites for whiskerlike crystallites. (b) Experimental setup for dip-coating the SWNT-
chlorosulfonic acid solutions. Both the dip-coating and acid removal steps were carried out inside a glovebag constantly purged with anhydrous argon to
avoid moisture contamination.
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Figures 3c and d show representative light micrographs of the
resulting film captured using transmitted light (with and without
cross-polarizers). The resulting film contains structures that are
preferentially aligned along the dip-coating direction. No
preferential alignment of LC domains is observed in the biphasic
solutions; therefore, the streamwise alignment must be caused by
the dip-coating process. Because the LC domains are fluid, they
may undergo stretching in addition to alignment in the high

shear film formation zone. These elongated LC domains then act
as nucleating sites for the further growth of large, SWNT
whiskers during the subsequent acid removal process (Figure 1).
SWNT whiskers are typically 10−20 μm long and ∼100 nm
thick. They are strongly birefringent in polarized light micros-
copy (Figure 3d), indicating that the SWNTs within these
structures are highly aligned. It is worth noting that in the case of
thermotropic liquid crystalline polymers, macroscopic alignment

Figure 3. (a and b): Optical micrographs of the dip-coating solution containing 0.7 vol % SWNT in chlorosulfonic acid, imaged using (a) transmitted
light and (b) transmitted light with cross-polarizers. The solution sample was sealed between a glass microscope slide and a coverslip using aluminum
tape. (c and d) Optical micrographs of the corresponding dip-coated films (after acid removal) imaged under (c) transmitted light and (d) transmitted
light with cross-polarizers. The dip-coating direction was horizontal as indicated.

Figure 2. Transmitted light micrographs of dried films dip-coated from isotropic solutions: (a) 0.1% and (b) 0.2% SWNT in chlorosulfonic acid.
(c) Scanning electron microscopy (SEM) image of film shown in part b. (d−f) Transmitted light micrographs of dried films dip-coated from biphasic
solutions: (d) 0.5%, (e) 0.7%, and (f) 1%, respectively.
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of polymer crystallites can be obtained by applying shear to the
specimen during annealing.55,56 In this paper, we show that by
using the right solvent and processing flow conditions, SWNTs
can be processed in a similar way to obtain crystallite structures
with macroscopic alignment.
Transmission and scanning electron microscopy (TEM and

SEM) were performed on the dried films. Interestingly, SWNT
whiskers are only visible in transmission mode (TEM) (Figures
4b and c) but not in surface scanning mode (SEM) (Figure 4a),
indicating that these structures are embedded within a random
network of SWNTs. This is similar to the case of crystallites
found in polymer melt systems, where crystallites cannot be
captured by SEM unless the amorphous portion of the specimen
is etched selectively.55,57−59 TEM shows that SWNT whiskers
typically have a maximum width of 100 nm; their alignment
cannot be resolved from Figure 4b because the whiskers are
embedded in a random SWNT network. When part of the film
was broken and transferred from the glass substrate onto a TEM
grid (see Methods), some SWNT whiskers protruded out of the
random network at the edge of the specimen (Figure 4c). Clear
alignment of SWNT within the whisker is shown in Figure 4d;
Figure 4e shows the corresponding electron diffraction pat-
tern containing information about SWNTs packing within the
whisker. Henrard et al.60 showed in their electron diffraction
simulations and experiments that clear peaks along the central
line are present in SWNT bundles, due to the tubes being packed
in a triangular lattice. The exact position and breadth of these
peaks are influenced by average diameter, diameter distribu-
tion, and overall alignment.61,62 Although we did not attempt a

quantitative fitting, we observed two peaks at 0.9 and 1.4 Å−1

along the central line of the electron diffraction of the SWNT
whisker (Figure 4f), in qualitative accord with the published
patterns.60 This indicates that SWNTs are aligned and packed in
a crystalline manner (inset of Figure 4f). The first and second
layer lines are neither uniformly intense, nor clearly spotty. Such
features indicate that the SWNT whiskers are made of SWNTs
with mixed chirality.

Macroscopic Alignment of “SWNTWhiskers”.To under-
stand the alignment of SWNT whiskers, two-dimensional steady
state flow equations were solved numerically by using a previ-
ously published Galerkin-finite element method (G/FEM).63,64

Specifically, at the continuum level, the fluid flow is described by
the momentum and continuity equations:

ρ ρ·∇ = ∇· +u u T g (1)

∇· =u 0 (2)

where T =−pI + η(γṡ)(∇u + (∇u)T). For. For a power-law fluid,
the generalized Newtonian viscosity is defined as η(γṡ) = Kγṡ

n−1.
Here, we use a scalar shear rate γṡ = 2(IIs)

1/2, where IIs is a second
invariant of strain rate tensor S = 1/2(∇u + (∇u)T). In a dip-
coating model, the shape and location of the free surface are
unknown a priori and are computed as part of the solution. This
was done by mapping unknown physical domain onto a known,
convenient computational domain by means of elliptic
equations. Figure 5 shows the geometry parameters and the
boundary conditions used in the two-dimensional model. For
steady-state flows, the liquid loss through the outflow boundary
needs to be compensated by flow through an artificial inlet.

Figure 4. (a) SEM image and (b) transmission electron microscopy (TEM) image of a dried SWNT film produced from the 0.5 vol % SWNT-
chlorosulfonic acid solution. (c) SWNTwhisker with a diameter of∼100 nm protruding out of a random SWNTnetwork. (d)Highmagnification image
of an SWNT whisker showing a high degree of SWNT alignment. The electron diffraction pattern of the same whisker is shown in e. (f) Central line
profile of an SWNT whisker, indicating triangular lattice packing.
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We imposed the free boundary condition at the inlet plane.65 The
size of the liquid pool was controlled by the pool width Lw and
the pool depth Ld. The pool width needs to be long enough to
have vanishing free surface curvature; the minimum acceptable
width was computed by direct tracking of the flow feature.64

For example, the minimum width for CSWNT = 0.5% is 7.99 mm.
Therefore, we fixed Lw = 8 mm for all computations. Likewise, Ld

was chosen to be 6 mm. The liquid level was set by pressure
inside the liquid pool. In order to maintain the level close to y = 0,
we imposed the hydrostatic pressure (P = ρgh) at the bottom of
the pool.
Figure 6d shows a streamline plot. Only a small portion of

liquid from the liquid pool is entrained to form the thin liquid
layer; most of the liquid is rejected to the liquid pool. The
shear rate inside the liquid entrainment area (shaded region in
Figure 6d) was used to estimate the average shear rate (γ ̇s̅) and
residence time (tR). The input parameters for the modeling were
obtained by fitting the rheological data to a power-law fluid
model (Figure 7a). The surface tension of the chlorosulfonic acid
solutions was measured to be 22.31 mN/m using the pendant
drop method (KSV CAM 200 Contact Angle Tool). Figure 6a−c
shows the shear rate profile generated during the dip-coating
process for different concentrations of SWNT solutions. In the
dip-coating process, the highest local shear rate γṡ,max occurs close
to the moving substrate and decreases to zero as the free surface
is approached. The average shear rate is defined as
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∫
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where Ae is the liquid entrainment area, and it contains elements
with a stream function value higher than that at the separating
streamline (Figure 6d). For SWNTs and LC structures to align,
the Pećlet number should be large, i.e., Pe = (γṡ/Dr) ≫ 1. If we
assume the LC structures are discrete spheroids embedded in a
matrix of individually dispersed SWNTs, the rotary diffusivity can
be estimated using the following equation:66

πη
=

−
D

k T p
L

3 (ln(2 0.5)
r

B
3 (4)

Figure 5. Geometry parameters and boundary conditions for the
computational dip-coating model.

Figure 6. Shear rate profile for different concentrations of dip-coating solutions calculated from the 2D flow analysis: (a) 0.5, (b) 0.7, and (c) 1 vol % SWNT
in chlorosulfonic acid. The dip-coating solutions are assumed as a power-law fluid (Figure 7a). The values of maximum shear rate (close to the glass
substrate), average shear rate, and residence time are given for each dip-coating solution. (d) Streamline plot showing the liquid entrainment area (Ae).
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where kB is the Boltzmann constant, T is temperature, L is the
length of LC structures (∼4 μm), and p is the ratio of the length
to the width of LC structures (∼4). η was measured to be ∼100
mPa s at a shear rate of 40 s−1. This gives a rotary diffusivity of
∼0.001 s−1 for the LC structures. The highest local shear rate
γṡ,max generated from dip-coating biphasic solutions ranges from
11−36 s−1. Therefore, the Pe number for LC structures is of
the order of 10 000 (indicating strong flow alignment). Further,
the rotational relaxation time τr = 1/6Dr of the whiskers is in the
range of tens of minutes, indicating that the whiskers cannot
reorient before solvent extraction. Conversely, the isotropic
phase contains individual SWNTs with an estimated rotational
relaxation time on the order of less than a second.67,68 The
corresponding Pe number is 2−3 orders of magnitude smaller
than that of the whiskers. Although long individual SWNTs may
align during flow in the meniscus region, the residence time in
the flat film and the subsequent transfer time into the chloroform
bath are sufficiently long for randomization of the alignment of
any aligned individual SWNTs. This may explain the presence of
an isotropic SWNT network in the final films.

Discrete LC structures deform when the hydrodynamic forces
are strong enough to overcome the elastic and interfacial ones.
The capillary number Ca is defined as

ηγ
σ

= ̇
Ca

d
(5)

where η is ∼100 mPa s, γ ̇ = γṡ,max = ∼40 s−1, and d is the width of
LC structures (∼1 μm). For an LC structure suspended within an
“isotropic SWNT” medium, Ca is estimated to be ∼4, implying
that the flow-induced shear stresses exceed the interfacial tension
of the LC tactoids. The Ericksen number is the ratio of viscous to
elastic stresses:

ηγ= ̇
Er

K L/ 2 (6)

K is estimated to be ∼5 × 10−12 N by assuming a surface tension
σ on the order of μN/m and a value ofK/σ =∼5 μm.54 The exact
K value for superacid systems may be different than the assumed
value, and the K value is assumed for an order-of-magnitude
scaling analysis. Er is estimated to be ∼13, which implies
the shear stresses are sufficiently high to overcome the elastic
stresses, leading to deformation of the domains. This simple
scaling analysis suggests that the discrete LC structures are
stretched in the high shear flow during film formation. Equation 4
is useful for estimating whether the hydrodynamics forces were
sufficiently large to align the whiskers during dip-coating. How-
ever, the equation also assumes the whiskers behave as rigid
entities and the rotary diffusivity is well-defined. To examine this
assumption, a simple scaling analysis (eqs 5 and 6) was per-
formed to compare the hydrodynamic forces with the elastic and
interfacial forces. The results suggested that the hydrodynamic
forces experienced by the whiskers are sufficiently large to
deform the whiskers. For the flow conditions considered, it is
more appropriate to treat whiskers as deformable objects.
The orientation distribution of whiskers and the angle of

misalignment from the dip-coating direction were calculated
using ImageJ with plugin “OrientationJ”.69 As shown in Table 1,

whiskers in 1% film have a larger angle of misalignment (±14.1°)
from the dip-coating direction compared with those in the 0.5%
and 0.7% films (±10.4°). This can be explained by considering
the shear rate and strain experienced by LC structures. As the
solution concentration increases, both the maximum γṡ,max and
average shear rate γṡ decrease. The residence time tR is

∫
= =t

A

q
A
q

d
A

R
ee

(7)

Figure 7. (a) Steady shear rheology of different concentrations (vol %)
of dip-coating solutions characterized using a stress-controlled
rheometer (AR 2000ex; TA Instruments) enclosed inside a custom-
made glovebox constantly purged with dry air. Relative humidity during
sample loading and testing was kept below 2−3%. Parallel plate
geometry made of stainless steel (SS 316) was used. Lines are data fitting
to a power law fluid model. ηa is the apparent shear viscosity. (b) Dry
film thickness (hdry) of films dip-coated at different substrate withdrawal
speeds for three different concentrations (CSWNT) of SWNT in
chlorosulfonic acid. The lines are power-law fits. The error bar of each
data point represents the standard deviation of nine measurements
(three films dip-coated from the same solution and three measurements
are carried out at various locations on each film). The film sheet
resistance values corresponding to 0.5, 0.7, 1 vol % concentrations are
62 ± 35, 22 ± 1, and 8 ± 3 Ω/sq, respectively.

Table 1. Degree of Whisker Misalignment (⟨θ2⟩1/2) for Films
Dip-Coated from Different Concentrations of SWNT−Acid
Solutions (0.5%, 0.7%, and 1%)a

films dip-coated from ⟨θ2⟩1/2

0.5% ±10.4°
0.7% ±10.4°
1% ±14.1°

aWhere θ is the angle between the whisker axis and the dip-coating
direction. The orientation distribution of whiskers was calculated from
the optical micrographs using ImageJ plugin OrientationJ, and each
reported ⟨θ2⟩1/2 value was averaged over three arbitrarily chosen areas
(300 μm × 300 μm).

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie303042x | Ind. Eng. Chem. Res. 2013, 52, 8705−87138710



where q is the flow rate (2D) through the outflow boundary.
Because the flow rate q grows faster than the liquid entrainment
area Ae, both the residence time tR and the total strain (= γ ̇s·tR)
experienced by the SWNT decrease. The lower alignment in the
1% film can therefore be explained by (1) lower (average) shear
rate and (2) smaller strain experienced by the LC structures
during the dip-coating process.
Film Thickness and Sheet Resistance. Film thickness

depends on SWNT concentration and substrate withdrawal
speed. For a fixed substrate withdrawal speed, lower concen-
tration solutions produce thinner films because they have lower
viscosities and contain fewer SWNTs. Figure 7b shows film
thickness (after acid removal) as a function of substrate
withdrawal speed. Gutfinger and Tallmadge70 applied lubrication
analysis to power-law fluids (ηa =Kγ ̇n−1) and showed that the film
thickness should scale as hdry ∝ hwet ∝ Uo

[2n/(2n+1)], where Uo is
the substrate withdrawal speed. Table 2 compares the predicted

scaling exponents (using n values from rheological measure-
ments) with those determined from Figure 7b. The values for
0.5% solution agree to within ∼2% and those for the 0.7% solu-
tion agree to within ∼20%.
Films dip-coated from higher concentrations of SWNT are

thicker and have lower sheet resistance. On the basis of the sheet
resistance and thickness data, the conductivity for the 0.5%, 0.7%,
and 1% films varies from 1.1 × 105 S/m to 3.1 × 105 S/m (sheet
resistance from 62 ± 35 to 8 ± 3 Ω/sq), which is comparable to
values reported for SWNT films produced from filtration35,41

(usingHiPcoSWNT)and acid dopedSWNTfibers11 (5×105 S/m).
Conductivity of the films was measured both along and per-
pendicular to the dip-coating direction, and the results showed
no dependence on the direction of measurements. For future
work, it is of interest to measure the mechanical properties of
the films to examine: (i) if the CNT crystallites mechanically
reinforce the thin film and (ii) if the films display any anisotropic
mechanical properties. Although most of the acid was removed
during the coagulation step, the films were naturally doped
with trace amounts of adsorbed acid, which increased their con-
ductivity.25,26,71 Acid doping was removed by heat treatment,
yielding ∼3-fold higher sheet resistance after heating at 150 °C
for 24 h.

■ CONCLUSIONS
In summary, we have presented the formation of whiskerlike
crystallite structures from biphasic solutions of CNTs in
superacids. These whiskerlike structures consist of SWNTs
that are highly aligned and closely packed in a crystalline manner.
They have a maximum width of ∼100 nm and a typical length of
10−20 μm. Interestingly, the whiskers are macroscopically
aligned in the dip-coating direction and are interspersed within
an isotropic SWNT network. Presumably, the alignment of
SWNT within the whiskers results from the pre-existing liquid

crystalline alignment, while the alignment of the LC struc-
tures was caused by the coating flow. Further, the shear forces
generated during the dip-coating were sufficiently high enough to
overcome the elastic and interfacial forces, leading to elongated
LC structures. Notably, the film-formation method closely
resembles the processing of liquid crystalline polymers into films
with aligned crystalline structures, confirming further that, with
the right solvent, polymer processing techniques can be readily
adapted to CNT material processing.39,72,73

■ METHODS
Materials and SWNT Solution Preparation.Carbon nano-

tubes used in this study are single-walled nanotubes (SWNTs)
produced using the high pressure carbon monoxide (HiPco)
method74 (Rice University; batch no. 188.2). The HiPco SWNTs
have an average length of 500 nm68 and average diameter of∼1 nm.
The amorphous carbon and iron catalyst were removed by oxidizing
at a temperature of 375 °C in the presence of SF6 andO2, followed
by washing with 6 M HCl at 90 °C. Dip-coating solutions were
prepared by stir-bar mixing for 24 h. A volume fraction was
calculated by assuming a density of 1300 kg/m3 for the SWNTs.

Film Formation Process. The actual dip-coating setup
consists of a vertically mounted syringe pump (Harvard
Apparatus PHD 2000) as shown in the schematic diagram
(Figure 1b). Different withdrawal speeds were obtained by
controlling the volumetric flow rates for an arbitrarily assigned
syringe diameter. The dip-coated film contained both SWNT
and the solvent (i.e., chlorosulfonic acid); as soon as the liquid
filmwas withdrawn from the dip-coating solution, it was immersed
in chloroform for at least 15 min to remove the acid as described
elsewhere.43 It should be noted that upon moisture exposure,
chlorosulfonic acid decomposes into hydrochloric gas (HCl) and
sulfuric acid (H2SO4), causing film breakage due to the fast HCl
release. To avoid moisture contamination, the whole operation
was carried out inside a glovebag constantly purged with an-
hydrous argon gas (Figure 1b).

Characterization. Light microscopy images of the dip-
coating solutions and final SWNTs films were captured using a
Zeiss Axioplan optical microscope. Liquid samples were
prepared inside an anhydrous glovebox as described in ref 50,
where the sample solution was confined between a microscope
slide and coverslip and sealed with aluminum tape. SEM images
were captured using JEOL 6500F. For TEM samples, the SWNT
film was detached from the glass substrate by submerging the
sample into DI water; a TEM grid was then used to recover the
detached part of the film for imaging (JEOL 2010, 100 kV).
Steady shear rheology of the solutions was characterized using
a stress-controlled rheometer (AR 2000ex; TA Instruments)
enclosed inside a custom-made glovebox constantly purged with
dry air. Relative humidity during sample loading and testing was
kept below 2−3%. Parallel plate geometry made of stainless steel
(SS 316) was used. SWNT film thickness (after chloroform
quenching) was measured using mechanical profilometer (Vecco
Dektak 6M). The error bar of each data point in Figure 7b
represents the standard deviation of nine measurements (three
films were dip-coated from the same solution and three mea-
surements were performed at various locations on each film).
Sheet resistance was measured using the 4-point probe method
(Jandel).
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Figure 7b.
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