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ABSTRACT: We present a modification of the vacuum filtration technique for fabricating transparent conductive SWNT thin
films with local nematic-like orientational ordering. Dilute SWNT surfactant dispersions are filtered through a vacuum filtration
setup in a slow and controlled fashion. The slow filtration creates a region of high SWNT concentration close to the filter
membrane. While slowly moving through this region, SWNTs interact and align with each other, resulting in the formation of
thin films with local nematic ordering. Scanning electron microscopy and image analysis revealed a local scalar order parameter
(S2D) of 0.7−0.8 for slow filtration, three times higher than those produced from “fast filtration” (S2D ≈ 0.24). Orientational
ordering is demonstrated with different stabilizing surfactants, as well as with dispersions enriched in metallic SWNTs, produced
by density-gradient ultracentrifugation. Simple estimates of relative convective versus diffusive transport highlight the main
differences between slow versus fast filtration and the resulting SWNT concentration profiles. Comparisons with previous studies
on three stages of liquid-crystal phase transition provide insight into the spontaneous ordering process, indicating the lack of a
“healing stage”, which results in a microstructure consisting of staggered domains in our SWNT films.

■ INTRODUCTION

Despite nearly two decades of intense research, translation of
the extraordinary properties of individual carbon nanotubes
(CNTs)1,2 into macrostructures3,4 still remains challenging.
Specifically, electrical properties are limited by junction
resistance, due to a combination of CNT misalignment and
mismatch in electronic band structure in the case of single-
walled carbon nanotubes (SWNTs) of different chirality.5

Likewise, mechanical properties are limited by incomplete
alignment and poor packing due to polydisperse CNT
diameters. Pint et al.6 found that, in an aligned SWNT film,
conductivity along the direction of alignment is up to 2 orders
of magnitude higher than that in the orthogonal direction.
Likewise, the modulus of SWNT fibers drops 10-fold as the
degree of alignment among constituent SWNTs is degraded.7

In terms of mismatch in electronic band structure, Fuhrer et al.8

showed that the junction resistance between a metallic-type and
semiconducting SWNT is typically 100-fold higher than that
between SWNTs with similar band structures. In SWNT
macrostructures, these high-resistance junctions become bottle-
necks for electron transport, leading to poor bulk conductivity.
A new technique is needed to fabricate highly ordered thin
films of SWNTs sorted by electronic type or enriched by
chirality.
Ordered transparent conductive SWNT thin films are

desirable for applications including electronic displays, touch
screens, organic light-emitting devices, and photovoltaics.
Recent reports show that SWNTs act as anchoring agents for
liquid crystals.9−12 Fu et al.13 demonstrated a prototype liquid-
crystal display (LCD) in which an aligned SWNT film serves
both as the transparent conductive layer and the liquid-crystal-
aligning layer, thereby eliminating one layer (e.g., polyimide)

and LCD processing steps. Ordered SWNT thin films can also
template the large-scale assembly and orientational ordering of
anisotropic plasmonic nanoparticles.14 Such macroscopic
ordered assemblies of nanoparticles on conductive substrates
are valuable for optical metamaterials and photovoltaics.15,16

Recent reports have shown that graphene and graphene oxide
demonstrate performance and behavior similar to that of CNTs
for a range of applications, including forming transparent
conductive films17,18 and exhibiting lyotropic liquid-crystalline
phases.19−21 Techniques developed for fabricating ordered thin
films of SWNTs can be extended to graphene and graphene
oxide with appropriate modifications.
In general, aligned CNT films and fibers can be fabricated by

dry and wet methods. In dry methods, aligned arrays of CNTs
grown by chemical vapor deposition (CVD) are “dry
processed” into thin films and fibers while preserving the pre-
existing alignment.22,23 In wet methods, orientational order is
achieved by forming a nematic liquid-crystalline phase in
appropriate solvents, such as superacids for pristine high-quality
CNTs24−26 or water for CNTs that have been oxidized or
stabilized by biomolecules.27−31 This yields well-aligned wet-
spun macroscopic fibers of pristine nanotubes.3,24,32 Ordered
films (∼30 μm thick) of oxidized CNTs obtained by vacuum
filtration33 or by evaporation of solvent34 have also been
reported.
The current techniques for creating aligned films and fibers

have limitations. Despite recent advances in CNT synthesis,35
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growth of single-chirality SWNTs at significant scales has not
yet been achieved, limiting the use of dry methods to produce
single-chirality aligned SWNT films. For wet methods, the
creation of a nematic phase requires high concentrations and,
hence, large amounts (∼0.1 g or more) of CNTs, which
remains challenging with currently available sorting and
enrichment techniques, such as density-gradient ultracentrifu-
gation (DGU)36,37 and dielectrophoresis (DEP).38

Herein, we present a versatile and yet simple technique for
fabricating pristine SWNT thin films with high local order. The
technique is based on vacuum filtration of SWNT−surfactant
colloidal suspensions (Figure 1). The filtration rate is the
critical parameter that controls whether the film is ordered or
disordered.

■ EXPERIMENTAL SECTION
Aqueous SWNT dispersions were prepared using surfactants
and SWNTs produced by the high-pressure carbon monoxide
(HiPco) process and purified at Rice University using the
method outlined in O’Connell et al.39 The dispersions were
centrifuged for 4 h at ∼89000g on average (Sorvall Discovery
100SE Ultracentrifuge with AH-629 swing bucket rotor) to
remove large SWNT bundles and undispersed material. The
resultant dispersions typically consisted of 0.5−1 wt %
surfactants and 30−60 ppm SWNTs as confirmed by UV−vis
absorption spectroscopy (see the Supporting Information).
Vacuum filtration was performed using a laboratory vacuum

line and standard microfiltration setup (Fisher Scientific) with
25-mm-diameter fritted glass filter membrane holder and
polycarbonate track-etched (PCTE) filter membranes obtained

from SPI Supplies. Each SWNT film was produced by filtering
1.5−2 mL of an SWNT dispersion (30−60 mg/L concen-
tration), keeping the filtration funnel covered with water-
saturated tissue to minimize solvent evaporation. Upon
completion of filtration and 30 min of drying under vacuum
suction, the retentate on the filter was washed with a deionized
water−ethanol mixture (50:50 v/v) to remove residual
surfactant and subsequently dried in a vacuum oven for 2 h
at 80 °C. The dried SWNT film on the filter membrane was
immersed in a bath of N-methyl-2-pyrrolidone (NMP) to
gently dissolve away the filter membrane, leaving behind a free-
floating SWNT film that was collected on a silicon or glass
substrate.
Scanning electron microscopy (SEM) of SWNT films

supported on silicon substrates was carried out on a JEOL
6500F thermal field-emission electron microscope at 10−15
kV. Electro-optical property characterization was carried out on
SWNT films supported on microscopy glass slides using a Zeiss
Axioplan optical microscope and a Jandel microposition
electrical four-point probe with a cylindrical probe head and
a 1-mm probe spacing.

■ RESULTS AND DISCUSSION
To study the effect of the filtration rate on the film
nanostructure, dispersions of SWNTs and sodium dodecylben-
zene sulfonate (SDBS) were filtered through two PCTE filter
membranes with different pore sizes, namely, 200 nm (filtration
rate ≈ 1 mL/min) and 30 nm (filtration rate ≈ 2 mL/h).
SEM images of the resulting films (Figure 2a,b) clearly show

that “fast filtration” leads to a random SWNT network, similar
to that obtained in the pioneering work of Rinzler’s group,40

whereas “slow filtration” produces local nematic ordering
among SWNTs. Note that SEM imaging was performed on the
top surfaces of all films. SEM of the bottom surfaces (in contact
with the filter membrane) did not show conclusive evidence of
ordering. Such a lack of order is likely because the deposition/
adsorption of the first few SWNT layers on the filter membrane
occurred in an uncontrolled manner.
The SWNTs in aqueous suspension are stabilized by micellar

coating of surfactants. Given the low concentration of
surfactants in suspension (slightly higher than their critical
micelle concentrations), the ordering is driven by SWNTs.
However, the surfactants control the interaction between
SWNTs through steric and electric repulsion and can
potentially affect the ordering process. To explore the role of
various surfactant types on the ordering, films were fabricated
from SWNT dispersions prepared using surfactants with
different ionic structures: cetyltrimethylammonium bromide
(CTAB, cationic) and Pluronic F87 (nonionic). The SEM
images in Figure 2c,d show the similar nematic-like ordering
observed in these films. The slow-filtration technique was
applied to an SWNT dispersion enriched in metallic SWNTs
prepared using DGU37 and used in its as-produced form,
containing multiple surfactants and iodixanol (the density-
gradient agent). Further characterizations of the DGU SWNT
dispersion are provided in the Supporting Information. Figure 3
shows the metallic-enriched SWNT dispersion and ensuing
films with local nematic ordering. Interestingly, all slowly
filtered films exhibited ordering, irrespective of type, quantity,
and combination of surfactants used.
In addition to surfactant type and filtration rate, the

concentration of SWNTs is another parameter of interest. A
detailed study of multiple filtration rates and wide ranges of

Figure 1. Schematic of the differences between slow (2 mL/h) and
fast (1 mL/min) vacuum filtration. Slow filtration leads to a 30-times-
thicker “high SWNT concentration region”, shown by the “SWNT
conc. profile” plots (log−log scale, normalized), and a longer SWNT
residence time than fast filtration. Orientational ordering of SWNTs in
this region leads to the formation of nematic-like ordered thin films, as
opposed to random-network films.
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SWNT concentrations can potentially identify thresholds of
both parameters that mark the onset of local ordering during
film formation. In the case of our surfactant-stabilized SWNT
dispersions, the highest achievable concentration of individu-
alized SWNTs was limited to only 30−60 mg/L,41 so a study
on the effect of variations in the SWNT concentration was not
pursued in the current experiment design. The effect of CNT
concentration on filtered film microstructure was studied by
Shaffer et al.33 Their studies on oxidized CNT aqueous
dispersions showed that a low CNT concentration (dilute
regime) was important to achieve ordering. Higher concen-
trations were found to lead to CNT entanglement and low
rotational diffusivity, likely preventing orientational ordering
during film formation and resulting in random-network films.
Further analysis of nematic ordering in SWNT films was

performed using the scalar order parameter, S, which quantifies
the degree of alignment among individual molecules with

respect to an average direction of orientation n, known as a
director. The two-dimensional scalar order parameter is defined
as33

α= ⟨ ⟩ −S 2 cos 12D
2

(1)

where α is the angle between the molecular axis and n and
angular brackets denote an ensemble average over the
orientational distribution function (ODF). Analysis of SEM
images was performed using ImageJ coupled with the
OrientationJ plugin.42 Figure 4b depicts the microstructure of
an SWNT−SDBS nematic-like film (Figure 4a), consisting of
adjoining “domains” of aligned SWNTs highlighted by different
false colors. The largest-fitting square cells, denoting areas of
uniform SWNT alignment, were selected from these domains
(Figure 4c) and analyzed to obtain an ODF for the SWNTs
(Figure 4d). The angle corresponding to the intensity
maximum was taken as the director (α = 0), and the ODF

Figure 2. SEM images of SWNT thin films: (a) random SWNT network in a fast-filtration film from an SDBS dispersion, (b) nematic-like ordering
in a slow-filtration film produced from same SDBS dispersion, (c,d) nematic-like ordering in slow-filtration films produced from (c) CTAB and (d)
Pluronic F87 dispersions. The scale bar in each image is 200 nm.

Figure 3. (a) Metallic-enriched SWNT suspension obtained from the DGU process and (b) SWNT thin film fabricated from the DGU suspension
through slow filtration. (c) SEM and (d) AFM images showing the nematic-like ordering of SWNTs in the metallic-enriched film. The scale bar in c
is 200 nm. The AFM image in d is 3 μm × 3 μm.
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was used to calculate an ensemble average of cos2 α, which
gives S2D according to eq 1. As SEM cannot resolve individual
SWNTs, the SWNTs were assumed to be aligned axially within
each bundle, that is, S2D,bundle ≈ S2D,SWNT.
S2D values of numerous cells from multiple SEM images were

averaged to determine an average S2D value for each film, listed
in Table 1 along with the average cell sizes. For the isotropic

film, the average S2D value was calculated from a series of cell
sizes ranging from 200 to 2500 nm; hence, no particular cell
size is reported. The significantly higher S2D of slow-filtration
nematic-like films can be readily observed. The average cell
(domain) size in the ordered films varied with the type of
surfactant used in the initial dispersion. This is likely due to the
fact that surfactants differ in their effectiveness in dispersing
SWNTs; the fraction of SWNTs dispersed as individuals versus
bundles and the average length and diameter of SWNT bundles
are functions of the surfactant used. These differences could
result in different domain sizes in the ordered films. Other
factors possibly affecting the domain sizes and potential ways to
fabricate larger domains are discussed later in this article.

SWNT thin films were also characterized for electro-optical
properties. Under cross-polarized light microscopy, the films
did not show any distinguishable birefringence, probably due to
the small size of the domains compared to the optical
resolution. The optical transmission (65−70% transparent at
550 nm) indicated the film thickness to be in the range of 100−
200 nm. The electrical resistance of the films was measured in
the form of “sheet resistance” using a four-point probe, which is
a commonly employed technique for thin films.40,43 Both
locally ordered and disordered films showed similar properties
(300−350 Ω/sq for 65−70% transmission at 550-nm wave-
length, for unsorted and metallic-enriched films). This is likely
due to the fact that the measurement length scale (probe
spacing ≈ 1 mm) was much larger than the size of the ordered
domains (hundreds of nanometers). Thus, the values obtained
under these conditions are indicative of the “average” resistance
of the entire film (2 cm in diameter) and insensitive to any
ordering present at a much smaller scale.
The local nematic-like ordering of SWNTs is clearly caused

by the slow filtration process. As the solvent is removed by
filtration, a concentration gradient develops in the filtration
funnel; SWNTs increasingly concentrate near the filter
membrane. Once the SWNT concentration in this high-
concentration region exceeds the isotropic−nematic transition
point, SWNTs begin to align spontaneously. The low filtration
rate affects this process in two ways: First, it yields a less steep
concentration gradient and hence a thicker high-concentration
region; the characteristic thickness of this region is δconc ∝ D/vf,
where D is the translational diffusivity of the SWNTs and vf is
the average fluid velocity (which is a function of filtration
speed). Second, SWNTs move more slowly and therefore have
sufficient time to reorient into locally ordered domains while
traversing the high-concentration region before depositing on
the filter membrane.
We estimated the SWNT concentration profile in the liquid

dispersion inside the filtration funnel during the filtration
process. The steady-state equation of continuity can be
expressed as vf ·∇c = −D∇2c, where c is the SWNT mass
fraction and is a function of distance from the filter (z). The
fluid velocity, vf, was calculated from the filtration rate (slow
filtration, 2 mL/h; fast filtration, 1 mL/min) and the filtration-
membrane/SWNT-film diameter (2 cm). Assuming uniform
flow across the filtration membrane, this equation was solved in
one dimension to obtain the SWNT concentration profile c(z)
= (C0 − Cb)e

−vfz/D + Cb (where Cb represents the SWNT
concentration in the bulk fluid). The SWNT concentration at
the surface of filter membrane (or developing wet film) was set
to 20 vol% (C0 = 0.2). The packing density of dry SWNT films
has been observed to be around 30−50%.44,45 The density of
wet-cast films is expected to be slightly lower. The SWNT
concentration in the bulk fluid was Cb = 4 × 10−5 (40 ppm), as
measured by UV−vis absorption spectroscopy of the initial
dispersion (details are provided in the Supporting Informa-
tion). The validity of the simulated parameters was confirmed
by monitoring the total SWNT mass in the system, that is, the
total SWNT mass initially poured into the filtration funnel
versus the SWNT mass at a steady state during filtration
calculated from simulation. SWNT concentration profiles for
fast and slow filtration are depicted in Figure 1, shown on a
log−log scale to highlight the high-concentration region. The
high-concentration region for slow filtration was typically ∼30
times thicker than that for fast filtration.

Figure 4. (a) Nematic-like ordered SWNT film from SDBS
suspension (scale bar = 1 μm). (b) Domains of aligned SWNTs
detected automatically by the OrientationJ plugin in ImageJ software
(scale bar = 1 μm). (c) Aligned SWNTs within a single cell. (d)
Orientation distribution of SWNTs in image c (scale bar 250 nm) .
Orientation distribution was used to calculate a two-dimensional scalar
order parameter (S2D) for the SWNTs. S2D ≈ 0.87 for image c.

Table 1. Average Two-Dimensional Scalar Order Parameter
(S2D) for a Random-Network SWNT Film from Fast
Filtration and Nematic-Like Ordered SWNT Films Prepared
by Slow Filtration of Different SWNT Surfactant Dispersions
(Listed in the First Column), along with Average Square Cell
Sizes Used for Calculation

film type average S2D cell size (square side length, nm)

isotropic (SDBS) 0.24 ± 0.04 −a

CTAB 0.71 ± 0.05 797 ± 101
F87 0.76 ± 0.05 750 ± 121
SDBS 0.82 ± 0.05 1338 ± 157
metallic enriched 0.77 ± 0.09 661 ± 110

aFor the random-network film, a series of square cells with sides
ranging from 200 to 2500 nm was used.
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The time required for SWNTs to travel from a region with c
≈ cbiphasic (i.e., zbiphasic), where cbiphasic is the concentration
marking the onset of the biphasic region for a lyotropic system
and zbiphasic is the corresponding distance from the filter, to the
filter membrane (z = 0) can be defined as the residence time
(tres) of SWNTs in the high-concentration region; it was
calculated using the expression tres = ∫ zbiphastic

z=0 vSWNT
−1 dz. For

HiPco SWNTs, assuming noninteracting rods, cbiphasic ≈ 4000
ppm;25,28,46 attractive interactions would lower this threshold.
zbiphasic was calculated from the SWNT concentration profile,
and the SWNT velocity was evaluated using the expression
vSWNT = vf − D(∇c/c). For slow filtration tres ∼ 1 s, whereas for
fast filtration, tres ∼ 1 ms. In dilute SWNT dispersions, SWNTs
have a rotational diffusivity of DR ≈ 250 s−1,47 giving a
characteristic time scale (of Brownian rotation) of τ ∼ 1 ms.
Intuitively, residence times shorter than this characteristic time
make reorientation and alignment of SWNTs before they
become immobilized into a film very unlikely.
Previous studies48,49 (on thermotropic liquid crystals) have

shown that isotropic-to-nematic phase transitions typically
involve three stages: (1) nucleation, comprising independent
nucleation of multiple ordered domains, with no correlation
between directors of different domains; (b) domain growth,
comprising a period of domain size growth, typically following
the dynamical scaling law rd ∼ t0.5, where rd is the domain
diameter and t is the time; and (c) healing, comprising healing
of domain boundaries and dynamics of liquid-crystal defects.
The staggered domain structure of nematic-like SWNT films
suggests that SWNT ordering during slow filtration likely
follows a similar developmental pathway but lacks a “healing
stage”, likely due to consolidation of SWNTs into a solid (or
gel-like) film. This explains the relatively small domain sizes
observed in the films. SWNT films with larger domain sizes can
potentially be obtained by increasing the residence time (tres).
Possible ways of achieving longer residence times include
further reducing the filtration rate and varying the SWNT
length. Further insights can be drawn from the work of Song
and Windle50 on liquid-crystalline thin films of multiwalled
carbon nanotubes (MWNTs), where they observed a strong
dependence of domain size on both the stiffness (diameter)
and the length of the constituent MWNTs.

■ CONCLUSIONS

We have presented a simple modification to the vacuum
filtration technique for fabricating SWNT thin films with local
nematic-like ordering. This technique is applicable to a number
of aqueous SWNT suspensions, irrespective of type, quantity,
and combination of surfactants present, as well as metallic-
enriched SWNT dispersions as-produced by DGU. Scalar order
parameter calculations show a high degree of local ordering
among SWNTs in the film. The local ordering among SWNTs
however, did not affect the large-scale sheet resistance
measured on the entire film. Further engineering can
potentially lead to fabrication of domains of larger dimensions
and isolation of such domains with uniform alignment. Such
ordered films of pristine SWNTs and the isolated domains of
uniform alignment can serve as useful functional materials and a
platform for patterned deposition of nanoparticles and
development of metamaterials, electrodes, and transparent
conductive coatings.
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