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S
ince their discovery,1 carbon nano-
tubes (CNTs) have received increas-
ing attention due to their outstanding

mechanical, thermal, and electrical prop-
erties.2�6 In particular, research has focused
on realizing in macroscopic objects the
properties of single CNT molecules. CNTs
have been formed into neat fibers7�10 as
well as thin conductive films.11�13 In parti-
cular, transparent CNT films could replace
indium tin oxide (ITO) because of their
flexibility, resistance to flexural fatigue,
and ease of manufacturing compared to
the brittle ITO films, which must be fabri-
cated by sputtering at low pressure or chem-
ical vapor deposition at high tempera-
ture.13 Moreover, CNT films may enable
new applications in flexible electronics, be-
cause of their ability to bend repeatedly
without cracking.14,15

Transparent conductive CNT films have
been fabricated using a variety of processes
that include dry and wet methods. The dry
fabrication route consists of drawing films
directly from CNT arrays.16,17 Wet methods
consist of dispersing the CNTs in a liquid
and then fabricating films from the liquid
phase. Multiple approaches have been used
for wet method thin film assembly, in-
cluding vacuum filtration,11,18�20 drop-
casting,21 spin-coating,22 rod-coating,23

spray-coating,24,25 and dip-coating.26�28

Although the fluid phase approach is
more conducive to industrial/commercial
production, just a few of the above tech-
niques (rod-, spray-, and dip-coating) are
suitable for scale up and can be adapted
to high-throughput coating processes
such as slot, knife, slide, and roll coat-
ing.29 Most liquid phase film fabrication
methods rely on functionalization or
the use of surfactants and sonication to
form CNT dispersions. Functionalization

degrades the electrical properties of the
CNTs, disrupting the sp2 bonds and yield-
ing low film conductivity. Surfactant sta-
bilization relies on sonication, which short-
ens the CNTs;30 this also degrades film
conductivity because it raises the number
of CNT�CNT junctions per unit area of
the film.31 Moreover, good surfactants
adsorb strongly on CNTs, and their re-
moval from the film is difficult; surfactant
residues in the final film increase sheet
resistance.32 Therefore, a solvent able to effec-
tively disperse CNTs without damaging the
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ABSTRACT

Transparent conductive carbon nanotube (CNT) films were fabricated by dip-coating solutions

of pristine CNTs dissolved in chlorosulfonic acid (CSA) and then removing the CSA. The film

performance and morphology (including alignment) were controlled by the CNT length,

solution concentration, coating speed, and level of doping. Using long CNTs (∼10 μm),

uniform films were produced with excellent optoelectrical performance (∼100 Ω/sq sheet

resistance at ∼90% transmittance in the visible), in the range of applied interest for touch

screens and flexible electronics. This technique has potential for commercialization because it

preserves the length and quality of the CNTs (leading to enhanced film performance) and

operates at high CNT concentration and coating speed without using surfactants (decreasing

production costs).
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ultimate properties of the films is needed. Chlorosul-
fonic acid (CSA) is a viable solution, and it circumvents
the potentially detrimental effects of sonication, func-
tionalization, and use of surfactants.33,34 CSA-CNT solu-
tions have already been used for SWNT film fabrication;
however, these techniques were not scalable35,36 or
yielded poor film properties.37,38

This paper demonstrates the production of high-
performance transparent conductive CNT films from
CSA solutions by dip-coating. This is followed by CSA
removal through a simple series of steps (coagulation
or drying, followed by washing) that stabilizes the films
and preserves the film structure after fabrication. This
process is inherently scalable, and no sonication is
needed; therefore, it can produce films consisting of
∼10 μm long CNTs, yielding excellent electrical proper-
ties. Film morphology and optical and electrical prop-
erties are controlled by the coating speed, CNT�CSA
concentration, and level of doping.

RESULTS AND DISCUSSION

Thin films were fabricated starting from solutions of
CNTs in CSA. Both HiPco single-walled carbon nano-
tubes (SWNTs) (length L∼0.5 μm, diameterD∼1 nm)33

produced at Rice University and double-walled carbon
nanotubes (DWNTs) (L ∼10 μm, D ∼2.4 nm) from
Continental Carbon Nanotechnologies, Inc. (CCNI)
were used (see Methods). SWNTs and DWNTs were
dissolved (without sonication) in CSA at 1000, 2000,
and 3000 ppm wt % (deposition from lower concen-
tration solutions yielded sparse CNT coverage, high
transparency ∼99.5%, and high sheet resistance Rs ≈
12 kΩ/sq). Beyond a critical concentration wI, CNTs

form biphasic solutions with an isotropic (randomly
oriented) phase in equilibrium with a nematic liquid
crystalline phase.34,39,40 This critical concentration
scales inversely with CNT aspect ratio41 as wI ≈ D/L.
Themeasured transition concentrationswere 4100ppm
for SWNTs33 and 125 ppm for DWNTs; therefore, the
SWNT solutions were isotropic, whereas the DWNT
solutions contained a small amount of nematic phase
(∼10�20% depending on overall concentration; see
Figure S1 in Supporting Information for images of
SWNT and DWNT solutions). Glass slides were lowered
into the CNT�CSA solution and were withdrawn at a
controlled speed by a motorized arm (see Figure 1).
Three methods were used to remove CSA from the
films: (1) coagulation by immersion of the glass slide in
chloroform (CHCl3) followed by oven drying; (2) co-
agulation by immersion of the glass slide in chloro-
form, followed by washes in diethyl ether (C4H10O) and
then water, with final oven drying; (3) direct evapora-
tion of CSA in a vacuum oven at 150 �C followed by
diethyl ether wash and drying as shown in previous
literature.37 Figure 1e shows an example of a 90%
transmittance film fabricated using the dip-coating
technique. All three methods yielded homogeneous
films (Figure 2a) but different amounts of residual
sulfuric acid (H2SO4) doping (see discussion below).
Chloroform was chosen as the coagulant because it
dissolves CSA without reacting (unlike water, which
forms hydrochloric acid (HCl) gas and sulfuric acid),
which can damage the film structure. Because of its
high volatility, chloroform rapidly evaporates from the
film once the slide is removed from the bath. However,
chloroform is not a good solvent for sulfuric acid and

Figure 1. Schematic of the dip-coating process: (a) homogeneous solution of CNTs in chlorosulfonic acid; (b) withdrawal step
and formation of the film on the glass slide by controlling the lifting speed; (c) coagulation andwashing steps for the removal
of CSA using a chloroformbath or a series of baths of chloroform coagulation followed by diethyl ether andwater washes; (d)
dip-coating setup; (e) 90% transparent thin film obtained by dip-coating from DWNT�CSA solutions.
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hence leaves residual acid in the film. Washing in
diethyl ether and water are necessary to remove
sulfuric acid whenever sulfuric acid doping is not
desired (as discussed below). The use of these three
methods allowed the study of film electrical properties
depending on the residual acid level.
SWNT and DWNT films displayed remarkably differ-

ent morphology (Figure 2). Under cross-polarized light
(Figure 2b), no ordered structure was observed in
SWNT films coated at low speed (1�2 mm/min),
whereas small birefringent regions are observable in
films coated at higher speed (3 mm/min). Conversely,
all DWNT films showed elongated birefringent do-
mains aligned along the coating direction at all con-
centrations. This morphology is consistent with the
microstructure of the coating solutions and the action
of the shear field. In isotropic SWNT solutions, at low
speed, the shear rate was insufficient to produce

ordering in the films, whereas some shear-induced
ordering was observed at high speed. Conversely, the
pre-existing liquid crystalline domains in the DWNT
solutionswere stretched and aligned by the shear field.
Due to the CNT orientation, we expected the DWNT

films to display anisotropic electrical properties.42�44

We measured sheet resistance with a linear four-point
probe at three different angles with respect to the
coating direction and found no angular variation irre-
spective of the CSA removal technique (for example, a
typical method 1 film had 117.0 ( 12.6, 117.8 ( 11.4,
and 118.3( 8.0Ω/sq at 0�, 45�, and 90�, respectively, at
∼85% transmittance). Further study of the film mor-
phology (Figure 3) using scanning electron micro-
scopy (SEM) and transmission electron microscopy
(TEM) leads to an explanation. The films consist of
large bundles aligned along the coating direction
(responsible for the optical birefringence) connected
through a network of thinner bundles and individual
CNTs predominantly aligned perpendicular to the
large bundles. These perpendicular structures ensure
isotropic film conductivity; they may arise from the
isotropic phase present in the solution or be induced
by vorticity aligning in the shear flow (known to occur
in liquid crystalline polymers45 and CNT fluids39,46,47).
The thickness, hwet, of the dip-coated liquid film,

called the wet film thickness, is controlled by the
interplay of surface tension and gravity, which op-
pose film formation, and viscous forces, which draw
liquid from the coating bath onto the substrate.29,48,49

Whereas surface tension and gravity are process-
independent, viscous forces can be controlled by the
withdrawal speed u and solution CNT concentration
(which affects viscosity). CNT concentration also affects
the dry film thickness through hwet = hdryφ, where φ is
the CNT volume fraction in the coating liquid. Figure 4
shows how transmittance and sheet resistance (both
related to the dry film thickness) change with with-
drawal speed at different DWNT concentrations. As
expected, higher withdrawal speed and higher CNT
concentration yield thicker films (lower transmittance
and lower sheet resistance). For Newtonian fluids, the
relationship of wet film thickness to process param-
eters (the well-known Landau�Levich relation) is a
function of the capillary number (ratio of viscous to
surface tension forces),29 or, in terms of velocity, hwet≈
u2/3. However, CNT solutions in CSA are non-New-
tonian; in the range of measurements, they shear thin
as power-law fluids with apparent viscosity ηa = K _γn�1,
where _γ is the shear rate, n is the power law exponent
(n = 1 is a Newtonian fluid), and K is the consistency
index (see rheology measurements in Supporting In-
formation, Figure S2). Gutfinger and Tallmadge ex-
tended the Landau�Levich model to power-law
fluids,50 obtaining hwet � u2n/(2nþ1). Our film thickness
data (Supporting Information, Figure S3) is closer to the
Newtonian behavior, probably due to the low shear

Figure 2. (a) Transmitted light micrographs of SWNT (top)
and DWNT (bottom) films fabricated from a 1000 ppm
solution at different withdrawal speeds. The scale bar is
equal to 50 μm, and the red arrow represents the coating
direction. (b) Polarized lightmicrographs of SWNT (top) and
DWNT (bottom) films fabricated from a 1000 ppm solution
at different withdrawal speeds (1 to 3mm/min): SWNT films
show isotropic orientation at low shear rate. Slightly or-
dered structures in the coating direction can be seen at
3 mm/min coating speed. DWNT films show a preferential
orientation in the coating direction due to the liquid crystal-
line domains in the 1000 ppm CSA solution: these domains
are stretched during dip-coating and yield ordered CNT
bundles in the film (bright regions). The films were coagu-
lated with chloroform (method 1). The scale bar is equal to
50 μm. The red and white arrows represent the coating
direction and the cross polars, respectively.
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rate at which the films are produced (shear thinning
may influence the films produced at higher velocity).

Figure 4b shows sheet resistance versus transmit-
tance: as expected, thicker films (lower transmittance)
exhibit better electrical properties due to the increased
number of pathways that the electrons can travel
through. For films thinner than thewavelength of light,
film transmittance T is related to sheet resistance by18

T ¼ 1þ Z0
2Rs

σop

σdc

� ��2

(1)

where Z0≈ 376.73Ω is the characteristic impedance of
vacuum, and σop and σdc are the optical and dc
conductivity of the material, respectively. The ratio
σop/σdc can be used to estimate film quality (lower
values indicate better properties). In Figure 4b all the
data fall on the same process curve, spanning ∼2
orders of magnitude in sheet resistance, indicating
that this simple coating process is very robust and
versatile. Interestingly, film electrical properties de-
pend on the fabrication technique used: the best
electrical properties were obtained with films made
by direct CSA evaporation and diethyl ether wash
(method 3, yielding σop/σdc≈ 0.039( 0.008), followed
by chloroform-coagulated films (method 1, yielding
σop/σdc ≈ 0.042 ( 0.013) and water-washed films
(method 2, yielding σop/σdc ≈ 0.064 ( 0.012). The
difference in electrical properties using the three tech-
niques is related to the presence of sulfuric acid
(H2SO4), which can be completely or partially removed
from the film depending on the washing procedure.
CSA reacts with the moisture in the air, leading to the
formation of sulfuric acid, which acts as a doping
agent.23 Complete sulfuric acid removal was achieved
by washing the films in water (method 2), while some
residual sulfuric acid appeared in films produced using
methods 1 and 3 (<0.1 atomic % for method 2, while
methods 1 and 3 showed ∼9.1 and 2.3 atomic % in
sulfur content, respectively; these values were stable
over ∼90 days; see X-ray photoelectron spectroscopy

Figure 3. SEM images (a) and TEM images (b) of the films transferred onto TEM grids: the presence of an isotropic network of
individual CNTs and bundles is probably responsible for the isotropic electrical properties of the films. The films were
chloroform coagulated before being detached from the glass slide with a water bath.

Figure 4. (a) Optical transmittance at the wavelength of
550 nmwith respect to thewithdrawal speed at different fixed
concentrations of DWNT in CSA. Each value of transmittance is
an average of 3 films fabricated with the same dip-coating
parameters. (b) Optical transmittance versus sheet electrical
resistance for films obtained by DWNTs using different acid
removal processes. Films produced with direct CSA evapora-
tion (method 3) and simple chloroform coagulation (method
1) showed lower sheet resistance values,most likely due to the
presence of sulfuric acid (see XPS data in Supporting Informa-
tion, Figure S4). On the other hand, higher values of sheet
resistance were found for films coagulated with chloroform
and washed with diethyl ether and water (method 2) due to
the near complete removal of sulfuric acid.
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(XPS) data in Figure S4 in the Supporting Information).
Although films made by different methods included
various residual acid content, their stability in time was
comparable. We observed day-to-day sheet resistance
variations of up to∼20%, probably related to humidity
fluctuations, but no long-term trend over a 90-day
observation period (see Figure S5 in the Supporting
Information). Interestingly, films made by methods 1
and 3 showed a rapid increase in sheet resistance
(∼40% and 21%, respectively) when a constant current
of 1mAwas applied; this increase was reversible and is
likely related to ionic conductivity due to residual
sulfuric acid in the film (see Figure S6 in the Supporting
Information).
Films fabricated from different CNTs are expected to

exhibit different performance due to the respective
quality, length, and diameter of the constituent CNTs.
Although long CNTs are more difficult to disperse in
liquids, they are desirable because the film conductiv-
ity scales as Lδ, where L is the average CNT length and δ
is a constant close to 1 (in this work δ is about 1.12 for
DWNT films and 1.49 for SWNT films; see Supporting
Information).31 When using CSA, length is not a barrier
to dissolution.33 We fabricated films of SWNT and
DWNT; within the same fabrication method, SWNT
films had ∼4 to ∼10 times higher sheet resistance
than corresponding DWNT films (Figure 5), demon-
strating the importance of the length and quality of
CNTs for producing high-performance films; for exam-
ple (method 1), at ∼88% transmittance, SWNT and
DWNT films have a sheet resistance of ∼1300 and
140 Ω/sq, respectively, while at ∼97% transmittance,
SWNT and DWNT films have a sheet resistance of
∼3200 Ω/sq (σop/σdc ≈ 0.371 ( 0.073) and 850 Ω/sq
(σop/σdc ≈ 0.042 ( 0.013). In order to investigate the
dependence of film conductivity on CNT length, per-
colation analysis was performed on the SWNT and
DWNT films by fitting themeasured sheet conductivity

(σ(hdry) = 1/Rs) to the relationship15

σ(hdry) ¼ σ0
hdry
hc

� 1

� �δ

(2)

(for details, see the Supporting Information andFigure S7).
The fitted percolation exponent δ fell in the ex-
pected range (∼1 to 1.5) for two-dimensional CNT
networks.15,31 The percolation threshold thickness hc
≈ 5.3 nm for DWNT films was lower than the threshold
for SWNT films (hc ≈ 9.3 nm), indicating that higher
DWNT length contributed to the improved sheet re-
sistance. However, the conductivity prefactor σ0 was
about 5-fold higher for DWNTs than SWNTs, indicating
that intrinsic CNT conductivitymay also account for the
different performance.
Compared to CNT films in the dip-coating litera-

ture14,27,37,51�54 (Figure 6a), our films from CSA�CNT
solutions show excellent properties, likely due to the
CNT length and quality as well as film morphology.
Figure 6b compares our findings using methods 2 and
3 with the best values published in literature to date
using various techniques.11,20,23,32,35,55�59 The best
performancewas obtained byHecht et al.,35 whomade
DWNT films by filtration fromCSA solutions, but reported
short-term stability issues. The ∼2� performance differ-
ence may be due to the absence of liquid crystalline
domains in their low-concentration (∼100 ppm) solu-
tions, indicating that further improvements may be

Figure 5. Transmittance versus sheet resistance for films
obtained by DWNTs and SWNTs using simple chloroform
coagulation (method 1): films obtained by SWNTs showed
higher sheet resistance (from about 4 to 10 times higher)
than DWNT films. The length of the CNTs plays a funda-
mental role in the film conductivity, as demonstrated in
previous literature.31 Each sheet resistance value represents
the average of at least 5 random points in the film.

Figure 6. (a) Transmittance versus sheet resistance for films
obtained by dip-coating in the recent literature.14,27,37,51�54

(b) Transmittance versus sheet resistance of the best films
obtained in the literature to date for various coating
methods.11,20,23,32,35,55�59 The values of sheet resistance
reported represent the average of at least 5 random points
in the film and were obtained for DWNT films with the three
techniques used.
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attained by moving from dip-coating to premetered
coating methods (which can operate at lower solid
concentration and lower viscosity). These films show
similar properties to those obtained by post-treat-
ments with either nitric acid (HNO3) or thionyl chloride
(SOCl2), known to dramatically improve the film prop-
erties by doping.60,61 However, films doped by nitric
acid or thionyl chloride have poor electrical stability in
time,60,61 whereas the films reported here show stable
properties over ∼3 months. One possible explanation
is the acidmaybe entrapped inside the CNTs (as shown
recently in ref 63) rather than adsorbed onto the CNTs.

CONCLUSIONS

In thiswork,we reported apotentially scalablemethod
to produce CNT thin conductive films from CSA solu-
tions without the use of surfactants, functionalization, or

sonication. The film thickness andmorphology were
controlled by the coating speed, CNT solution con-
centration, and CNT length; CSA was removed by
coagulation or drying followed by washing. The
resulting films have excellent electrical and optical
properties and are stable in time even in the pres-
ence of some residual acid doping. Long-term sta-
bility may be improved further by packaging the
films into multilayer electrode assemblies, such as
those typically used in displays and touch screens.
Dip-coating is scalable and can be adapted to high-
er-throughput processes such as slot, slide, and roll
coating and can be used with long CNTs to produce
high-performance CNT films. Hence, solution coat-
ing from CSA could become the method of choice
for fabricating transparent conductive CNT films for
commercial applications.

METHODS

CNT Solution Preparation and Setup. Purified DWNTs were pur-
chased from CCNI (batch X647H). HiPco SWNTs (batch 188.3)
were produced at Rice University and purified according to
literature methods.62 The average length of DWNTs was esti-
mated to be about 10 μm, and they were mostly few-walled
nanotubes (single, double, and triple walls with an average wall
number of 2.25 and an external diameter of about 2.4 nm). CSA
was used as received (grade 99%, purchased from Sigma-
Aldrich). The CNTs and CSA were initially mixed at ∼10 000
ppm in a speed-mixer (DAC 150.1 FV-K, Flack Tek Inc). This stock
solution was then diluted to the coating concentrations by
further speed-mixing for 10 to 20 min, followed by stir-bar
mixing for 24 h. Each film was coated on a glass slide previously
cleaned with acetone (C3H6O) and then air-dried. A motorized
stage (vertically mounted syringe pump, Harvard Apparatus
PHD 2000) was used to immerse and lift the glass slide into and
out of both the CNT�CSA solution and chloroform bath at
prescribed speed. In the case of simple chloroform coagulation
(method 1), the films was immersed in chloroform for at least
20 min to ensure complete removal of the CSA. Finally, the film
was annealed at 115 �C for 30 min to improve their adhesion to
the glass support. When the complete sulfuric acid removal was
desired (method 2), the glass slide was first immersed in
chloroform for 20 min after fabrication. Then, the glass slide
was left in a diethyl ether bath for 3 min. After the ether
washing, the film was annealed in the oven at 115 �C for
15 min to improve the adhesion to the glass slide. Finally, the
glass slide was immersed in a water bath to remove the residual
sulfuric acid. The process was completed with another 15 min
in the oven at 115 �C to dry the film. The intermediate film
annealing between diethyl ether andwater wash is necessary to
avoid the detachment of the film from the substrate. The CSA
removal was also performed using direct CSA evaporation
(method 3) as described elsewhere.37 In brief, the film was
heated in a vacuum oven at 150 �C after fabrication for 20 min.
Then, the glass slide was immersed in a diethyl ether bath for
3 min and dried in the oven for another 10 min. The whole dip-
coating and coagulation process was performed in a glovebox
purged continuously with dry air in order to keep the moisture
concentration less than 10%: the presence of water vapor could
result in an exothermic reaction between the residual moisture
and chlorosulfonic acid, which may affect the integrity of the
films due to the generation of HCl gas. The film deposited on
one side of the glass slide was wiped off before the transmit-
tance measurements.

Characterization. The CNT film morphology was studied
using a Zeiss Axioplan optical microscope. TEM images were
captured using JEOL 2010. The TEM sample preparation was
achieved by immersing the dip-coated slides into a DI water
bath after chloroform coagulation and transferring the float-
ing films onto a TEM grid. Films produced in this manner can
be easily detached from the glass slide and transferred to
other substrates. FEI quanta 400ESEM FEG was used to obtain
the SEM pictures. The transmittance of the films at the
wavelength of 550 nm was measured by a UV�vis spectro-
meter (Shimadzu UV-1800), while the sheet resistance was
obtained with a linear four-point probe device (Jandel model
RM3-AR). The XPS spectra and the rheology data were
obtained using PHI Quantera XPS and AR2000eX (TA
Instruments) with a concentric cylinder Couette geometry,
respectively.
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