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ABSTRACT Large-scale aligned single-walled carbon nanotube (SWCNT) composite membranes have been

successfully prepared from highly concentrated purified SWCNT suspensions. Biopolymer dispersant gellan gum

was used to achieve aqueous dispersion of highly concentrated SWCNTs, which can be used to form the SWCNT

liquid crystal phase. To achieve alignment of SWCNTS, purification of SWCNTS is found to be very important.

Purification was achieved by a facile and nondestructive physical method that can prepare large volumes of

SWCNTs in high yield for experimental use. Composite membranes of aligned SWCNTs could be obtained by simple

evaporation SWCNT liquid crystal. The orientation direction of aligned SWCNTs was controlled by mechanical

shearing of SWCNT liquid crystal. The aligned SWCNTs in the biopolymer matrix were observed by electron

microscopy, and the anisotropic electrical performance of this composite thin film has been characterized.
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gellan gum - high

ligned carbon nanotube (CNT) ar-
A rays have shown excellent electri-

cal, electrochemical, and electrome-
chanical properties compared to that of
disordered CNTs.' 3 However, large-scale
as-grown aligned CNT arrays are hard to ob-
tain, which seriously limits the realization
of their full potential. In recent years, align-
ing CNTs by processing disordered CNTs*~°
with external forces, such as electrical force,
mechanical force, and liquid flow, has been
widely studied. In this field, we have'® ex-
plored the method of aligning CNTs in poly-
urethane by solvent—polymer interaction.
Using this method, the Young’s modulus of
composite material has been obviously in-
creased, but the weight fraction of CNTs is
so low that the electrical and electrochemi-
cal properties of composite materials can-
not reach the demands of sensors'' '3 and
actuators.’* "¢

To obtain aligned CNT materials with

high electrical and electrochemical per-
formance, liquid crystal phase of highly
concentrated CNT suspensions has been
found'”'® to be a promising method
and has already been used to prepare
fibrous materials.”® As we know,
biopolymers?°2 are excellent dispers-
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ants for single-walled CNTs (SWCNTs) in
aqueous solution. The low mass ratio of
biopolymers to SWCNTSs for stable disper-
sion favors the preparation of highly con-
centrated SWCNT suspension from which
the liquid crystal phase could be
formed.?>?* However, recently published
work?* has shown that the alignment of
SWCNTSs in such a composite material is
too low to be detected by electron
microscopy. There are several possible
factors?® that could hinder the alignment
of CNTs, including the existence of
spherical impurities, entanglement of
CNTs, and aspect ratio of CNTs or CNT
bundles. However, the influences of
those possible factors have not been ex-
perimentally studied.

Here, we report our recent progress
on preparing composite material of large-
scale aligned SWCNTSs from a highly con-
centrated SWCNT suspension. The
biopolymer gellan gum was used to pre-
pare a highly concentrated SWCNT aque-
ous suspension at low mass ratio of
biopolymer to SWCNTs. The removal of
spherical impurities from SWCNTs has
been found to be a very important fac-
tor in achieving SWCNT alignment.
Through a simple shearing treatment,
the aligned SWCNT composite shows
anisotropic macroscopic electrical
performance.

RESULTS AND DISCUSSION

Gellan gum has been shown to be a
good agent for dispersing and stabiliz-
ing SWCNTSs in aqueous solution by non-
covalent polymer wrapping. The mass ra-
tio of gellan gum to SWCNTs for
dispersion is lower than widely used sur-
factants such as sodium dodecyl sulfate
and sodium lauryl benzenesulfate.?5?” In
our experiment, the ideal mass ratio of
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Figure 1. Field emission scanning electron microscope (FESEM) image for (a) SWCNTSs dispersed at a mass ratio of 20:50 to
gellan gum, scale bar 500 nm; inset image is the photograph of 15 min high speed centrifuged SWCNT suspensions of ini-
tial mass ratio (from left to right) of 20:50, 15:50, and 10:50 for gellan gum to SWCNTSs; (b) bireflection image of suspension

containing 50 mg/mL SWCNT, scale bar 200 pm.

20:50 for gellan gum to raw SWCNTs was obtained
by comparing the stability of SWCNT suspensions
obtained at different mass ratios. At this mass ratio,
both carbonaceous impurity particles and SWCNTs
absorbed gellan gum onto their surfaces, achieving
stable dispersion in water and no obvious sedimen-
tation even after high speed centrifugation treat-
ment, as shown in Figure 1a. The low mass ratio of
polymer dispersant to SWCNT will give low viscosity
of suspension, which allows the preparation of
highly concentrated SWCNT solution.?® It is known
that disordered rod-like CNTs of high aspect ratio at
high concentration have been theoretically and ex-
perimentally found?® to be thermodynamically un-
stable and have to minimize their system energy by
adjusting their orientation to an aligned state, form-
ing the CNT liquid crystal phase. However, in our ex-
periment, no liquid crystal phase for the highly con-
centrated SWCNT suspensions could be detected
(Figure 1b), even when we increase the period of
sonication dispersion treatment, the aging time of
the sample, and the concentration of SWCNTSs. This
contradicts that of theoretically predicted and ex-
perimentally realized results. Large amount of
spherical carbonaceous impurities that coexist with
the SWCNTSs attracted our attention and are sus-
pected to be an important issue that hinders achiev-
ing the SWCNT liquid crystal phase.

CNTs and carbonaceous impurities have differ-
ent properties, such as thermal and chemical stabil-
ity, which has been used to purify CNTs.>>3° How-
ever, these purification methods are complicated
and time-consuming, introduce defects onto the
CNT surface, and normally produce a low yield. To
obtain large amounts of pristine SWCNTSs for high
volume usage, such as preparation of SWCNT liquid
crystal phase from highly concentrated purified
SWCNT suspension, a high yield and nondestructive
purification method is desired. During our experi-
ments, we found that a large amount of spherical
carbonaceous impurity particles precipitate when
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the dispersant amount is insufficient to stabilize all
of the SWCNTSs and impurities. SWCNT appears to fa-
vor absorbing polymer gellan gum more than car-
bonaceous impurities do under such conditions. This
phenomenon is thought to be caused by the differ-
ent surface structure of SWCNTs and carbonaceous
impurities, which is similar to previous reports on the
separation of arc-discharge produced SWCNTs from
fullerenes.®'32 It gives us an easy method to effec-
tively separate SWCNTs from carbonaceous impuri-
ties at the hundred milligram level.

To verify the purification effect, Raman spectros-
copy and FESEM have been used. The D band intensity
of SWCNT Raman spectra decreases when the mass ra-
tio of gellan gum to SWCNTSs decreases from 20:50 to
10:50, as shown in Figure 2. This means that the carbon-
aceous impurities have been largely removed from
SWCNTs at the mass ratio of 10:50. Further reducing
this mass ratio leads to dramatic increase in sedimenta-
tion amount, with little SWCNTs suspended. The mass
ratio of 10:50 for gellan gum to raw SWCNTs is thus
thought to be the most effective value to separate
SWCNTs from carbonaceous impurities in our experi-
ment. The FESEM image in Figure 3a,b shows that
SWCNTSs are dominant in the supernatant while carbon-
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Figure 2. Normalized Raman spectra for dried supernatants
from centrifuged SWCNT suspensions of different initial
mass ratio of 20:50, 15:50, and 10:50 for gellan gum to
SWCNTs.
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Figure 3. FESEM images for (a) the purified SWCNTs and (b) the separated impuirities, scale bar 500 nm.
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Figure 4. TGA curve for pure SWCNTSs (square), dried super-
natant (diamond), and precipitate (triangle) of gellan gum
dispersed SWCNTs and pure gellan gum (circle).

aceous impurities are largely enriched in the
precipitate.

Thermal gravimetric analysis (TGA) curves, shown in
Figure 4, have been used to calculate the mass ratio of
gellan gum to SWCNTSs in supernatant and gellan gum
to carbonaceous impurities in precipitate based on the
reported method>? (see Supporting Information Figure
S1). The mass ratio for gellan gum to SWCNTSs in super-
natant is about 1:1.77. Meanwhile, the mass ratio of gel-
lan gum to carbonaceous impurities in the precipitate
is 0.04:1, which indicates that little gellan gum absorbed

onto carbonaceous impurities’ surface. The calculated
amount of purified SWCNTSs in solution is about 46 mg
in 20 mL of supernatant. The finally obtained 1 mL of
highly concentrated suspension should have SWCNT
concentration of 46 mg/mL.

After the purification procedure, the highly concen-
trated SWCNT suspensions were then obtained by care-
fully evaporating the collected SWCNT supernatants
by a factor of 20. As shown in Figure 5, large-scale bire-
flection could be observed from both highly concen-
trated purified SWCNT suspensions and their dried solid
membranes but not in pure gellan gum solution. The
alignment of SWCNTs in the composite membrane has
been achieved.

Direct evidence of aligned SWCNTs in the poly-
mer matrix is shown in Figure 6a. The aligned struc-
ture was found to be dominant in the whole sample
after checking a 10 X 10 mm? area. The orientation
direction of aligned SWCNTSs is randomly distributed.
The size of each continuous part of certain SWCNT
orientation direction in the composite membrane
has been found to be above 20 pm and normally
more than 100 wm in accordance with what is shown
in Figure 5b. In addition, we investigated the align-
ment of SWCNTs in composite membranes that were
prepared from suspensions of partly purified
SWCNTSs at an initial mass ratio of 15:50. The FESEM

Figure 5. Polarizing microscopic images for (a) suspension and (b) solid state composite membrane between cross polariz-

ers (scale bar 200 pm).
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Figure 6. FESEM images for composite membranes of (a) purified SWCNTs, scale bar 500 nm, and (b) partly purified SWCNTs,

scale bar 1 pm.
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Figure 7. Angular distribution for long axes of nanotubes

with respect to their optimal aligned direction in the com-
posite membrane.

image in Figure 6b shows a micrometer size weak
alignment with spherical impurities. This further
proved the importance of removing spherical impu-
rities to achieve SWCNT alignment.

The order parameter for aligned SWCNTs in the com-
posite membrane has been calculated from high-
magnification FESEM images. The order parameter for
the two-dimensional system was calculated from the
equation

S=(2cos’0 — 1)

The bracket indicates an average over all of the angles
0 between the optimal aligned direction and the main
tube axis. The axis distribution for SWCNT/gellan gum
core—shell units is shown in Figure 7. Thus, the order
parameter was calculated to be 0.88.

Defects of SWCNT liquid crystal vary the orientation
of aligned SWCNTs. On the boundary of each region of
different SWCNT orientation, defects could be detected.
The polarizing microscopic image in Figure 8a shows a
typical liquid crystal defect'”**3 that was preserved
in the composite membrane. This kind of defect of
—1/2 strength disclination could also be observed by
FESEM, as shown in Figure 8b. In the center core of dis-
clination, the entangled SWCNTSs could be easily ob-
served. Kinked SWCNTSs that may form in the growth
process or during the sonication treatment can also be
detected between the aligned SWCNTSs. These already
kinked SWCNTs combined with sonication seriously
shortened SWCNTSs, and the residual impurities in the
suspension are thought to be the cause of the defects
of aligned SWCNTs.

The composite membrane prepared by simple
evaporation has aligned SWCNTSs in various direc-
tions of orientation. Controlling the orientation of
aligned SWCNTs in one direction by shearing the lig-
uid crystal of SWCNTs on a glass substrate in a spin
coater has been done following the literature

Figure 8. (a) Polarizing microscopic image of a liquid crystal defect in the composite of well-purified SWCNTs, scale bar 5
m; (b) FESEM image for a liquid crystal defect, scale bar 1 pum.
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Figure 9. (a) Polarizing microscope image of the band structure observed in a sheared composite membrane (white arrow
is sheared direction), scale bar 50 um; (b) FESEM image showing the waviness of SWCNTs in the band structure, scale bar 3

m; (c) enlarged image of wavy SWCNTs, scale bar 400 nm.

method.?* The polarizing microscopic image for a
sheared membrane has the band structure, as shown
in Figure 9a. FESEM image in Figure 9b,c shows that
SWCNTSs are “wavily” aligned along the shear direc-
tion. We have also sheared the isotropic suspension
of purified SWCNTs. No obvious bireflection could be
detected. This method only has an effect for the
SWCNT liquid crystal phase. The anisotropic electri-
cal performance has been characterized by a four-
probe method (see Supporting Information Figure
S3) for the mechanical shear controlled orientation
of aligned SWCNT composite membrane of 2.5 um
thickness. I—V curves for the electric field applied
parallel and perpendicular to the SWCNT aligned di-
rection are shown in Figure 10. In the parallel direc-
tion, the composite membrane has a much lower po-
tential fall at a given voltage than that of the
perpendicular direction, which embodied the macro-
scopic anisotropic electrical resistivity of the sheared
composite membrane. The calculated resisitivity in
the parallel direction is as low as 1.477 X 10~% Om.

CONCLUSION

In summary, the removal of spherical impurities
from SWCNTs has been shown to be very important
for achieving SWCNT alignment, which has been
achieved by an effective physical purification method.
Benefiting from an extremely easy and nondestructive
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purification method and low mass ratio of gellan gum
to SWCNTs, highly concentrated purified SWCNT sus-
pensions were obtained and used to form a SWCNT lig-
uid crystal phase. Large-scale aligned SWCNTs in a solid
composite membrane were thus initially obtained by
simple shearing of the SWCNT liquid crystal, showing
anisotropic electrical performance. Further work is on-
going to improve the alignment of SWCNTSs in compos-
ite materials with a view for potential uses in high-
performance SWCNT biocomposite functional materials
such as sensors and actuators.
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Figure 10. /—V curves for the electric field applied perpen-
dicular and parallel to the sheared direction of composite
membrane; inset is the enlarged image for the curve of elec-
tricity perpendicular to that of the shear direction.
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EXPERIMENTAL SECTION

Materials. Disordered SWCNTSs prepared by chemical vapor
deposition method (SWCNTs >50 wt %, average diameter <2
nm, length 5—15 wm, carbonaceous impurities <47 wt %, and
metal catalyst <3 wt %) were obtained from Shenzhen Nanotech
Port Co. Ltd., and gellan gum (purity 87.5 wt %, water 12.5 wt
%, average molecular weight about 500 kDa) obtained from He-
bei Xinhe Biochemical Co. Ltd. was used as received.

Method. SWCNT suspensions were typically prepared as fol-
lows: 20 mg of gellan gum was added to 20 mL of deionized wa-
ter (resistivity = 18.4 MQcm). The mixture was stirred at 60 °C
in a water bath for 30 min to obtain a homogeneous solution.
Then, 100 mg of as-received SWCNTs was added into the gellan
gum solution and sonicated with a sonicator horn for 15 min (ac-
cumulated sonication time) in an ice—water bath in a program
of 0.5 s on and 2 s off at a 20 W and 20 kHz frequency output. To
accelerate the precipitation of unstable suspended particles, 15
min high speed centrifugation (10 000g) was used at room tem-
perature after the suspension aged overnight. The volume of col-
lected supernatant was adjusted to 20 mL by adding deionized
water. Other suspensions of different mass ratios of gellan gum
to SWCNTs were prepared by changing the added gellan gum
amounts. Highly concentrated SWCNT suspensions of 5 mL were
prepared by carefully evaporating 100 mL of collected as-
purified SWCNT suspensions by a factor of 20.

Liquid crystal samples for polarizing microscopy analysis
were prepared by injecting highly concentrated SWCNT suspen-
sions into concave dimples of slides. Glass covers were carefully
placed onto the concave dimples and sealed with gel to prevent
evaporation. The concentrated samples used to form liquid crys-
tal phase were placed at room temperature for 2 weeks before
characterization. For purification characterization, the solid
samples were prepared by evaporating the SWCNT suspension
24 h after been prepared. Solid membrane samples for Raman
spectra, field emission scanning electron microscope, and polar-
izing microscopic characterization were prepared by drying
SWCNT suspensions on a glass substrate at 70 °C for one night.
Samples of controlled SWCNT aligned direction were prepared as
follows: a droplet of suspension was first placed on a glass sub-
strate that was fixed in a spin coater and then an upper flat sub-
strate approached the surface of the viscous suspension during
the rotation. The suspension solidified in several seconds after
being sheared and was further dehydrated at 70 °C overnight.
Samples for thermogravimetric analysis characterization were
prepared by drying the as-purified SWCNT suspension on Tef-
lon dishes at 70 °C for one night to remove most of the water.
The weight was recorded for required calculations. About 2 mg
of the solid samples was transported into a Pt pan in N, gas flow
and 10 °C/min temperature raising program for TGA character-
ization. All substrates and containers we used were repeatedly
cleaned by ethanol and deionized water. Glass substrates were
further cleaned by plasma oxidation to remove organic residu-
als on the substrate surface and preserved for experiment use.

Equipment. Sonication was processed using a Fisher Scientific
model 500 digital sonic dismembrator equipped with a 12.5
mm diameter disruptor horn. TGA was performed with Seiko TG/
DTA 6300 instruments. Bireflection microscopic images were re-
corded using a Leica BM400 polarizing microscope. The images
are in reflected polarized light with the poles crossed (bireflec-
tion). Field emission scanning electron microscopy images were
recorded using a FEl Quanta400FEG. Transmission electron mi-
croscope (TEM) images were recorded using a Tecnai G2 F20
S-TWIN at 200 kV. Raman spectra were collected using a Jobin-
Yvon LabRam HR 800 confocal micro-Raman system, equipped
with an electrical-cooled detector. Excitation wavelength is 632.8
nm with a He—Ne laser. Electrical performance measurement
was carried out in Agilent B1500A semiconductor device
analyzer.
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