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Vertically Aligned and Penetrated Carbon Nanotube/
Polymer Composite Film and Promising Electronic

Applications

Li Li, Zhibin Yang, Hongjian Gao, Hui Zhang, Jin Ren, Xuemei Sun, Tao Chen,

Hamid G. Kia, and Huisheng Peng*

Carbon nanotube (CNT)/polymer composites have been exten-
sively explored for a family of functional materials.'>) CNTs
show excellent mechanical, electrical, and thermal properties,
while polymers provide high transparency, easy fabrication,
and low cost: a combined set of desired properties could not
be found from the individual constituents, making these com-
posite materials very useful in various applications such as
optoelectronic and sensing devices.[®”) However, a typical solu-
tion fabrication often leads to a random aggregation and disper-
sion of CNTs in polymer matrix with much lowered properties
(see Figure S1), e.g., high electrical resistivity of 10® Q-cm for a
CNT/poly(methyl methacrylate) composite.*# To solve the above
bottleneck, a lot of efforts have been paid to improve alignment
of CNTs through assistance of electrical field, gas flowing, and
surface-lattice-guided growth or use of CNT sheets.>1%! How-
ever, it remains difficult to efficiently control their structures,
and the mechanical and electrical properties are far removed
from the requirements for practical applications. Here, we
develop a vertically aligned and penetrated CNT/polymer film
in which the CNT density and film thickness can be accurately
controlled. These composite films exhibit intriguing optical and
mechanical properties, e.g., they can be transparent and flex-
ible with high strength. Particularly, the composite films exhibit
excellent electronic properties due to open CNT ends on the
two faces of composite film, which is very promising for var-
ious electronic applications.'”18 A study of the composite films
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as a representative application in a gas sensor showed an unex-
pectedly high performance.

Figure 1 schematically shows the preparation of vertically
aligned and penetrated CNT/polymer films with cut open ends
on both faces. CNT arrays were first synthesized through a
chemical vapor deposition process, followed by the addition of
polymers such as epoxy resin. After curing the resulting CNT/
resin arrays were sliced into thin films ranging from nano-
meters to micrometers using an ultramicrotome or thick films
ranging from micrometers to millimeters using a microtome.
Figure 2a shows a photograph of a representative CNT array
that was used to make composite films. The array thickness
ranged from tens of micrometers to millimeters mainly through
the control of the growth time. The CNTs were highly aligned
and continued from the bottom to the top in the array (see
Figures 2b and 2c). Both single-walled and multi-walled CNTs
could be used to fabricate composite films. Here we focus on
multi-walled CNTs due to easy synthesis. Figure 2d shows high-
resolution transmission electron microscopy (TEM) image of a
typical multi-walled CNT with diameter of about 8 nm.

Polymers could be readily infiltrated into CNT arrays to
form high-quality composite arrays in which CNTs retained
highly aligned structure after solution process.'*-2! Therefore,
CNTs remained continuous from the bottom to the top in the
resulting composite arrays. In addition, CNT densities remained
the same after incorporation of polymer, so CNT contents in
polymer matrix could be controlled by varying CNT densities in
pure arrays which were realized by tuning growth parameters.
Here, composite arrays with CNT density of 10! cm~2 are used
if not stated otherwise. The CNT density could be also increased
(up to tens of times) and tuned by pressing the building array
from one side or both sides (see Figure S2).22l The alignment
degrees of CNTs after pressing remain almost the same based
on SEM observations.

Vertically and penetrated aligned CNT/resin films were
characterized by different microscopy technologies as shown
in Figures 3 and S3. Figures 3a and 3b show scanning electron
microscopy (SEM) images from top and side views of a com-
posite film, respectively. Obviously, CNTs maintain a highly
aligned structure similar to pure arrays. In addition, CNTs
were also penetrated between two faces of the film, which was
further confirmed by SEM studies and calculations that CNT
densities were the same for composite films (derived from
the same array) in a wide range of thickness from nanometer

Adv. Mater. 2011, 23, 3730-3735
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Figure 1. Schematic illustration to fabrication of vertically aligned and penetrated CNT/

polymer film.

to millimeter. TEM images from the top (Figure 3c) and side
(Figure 3d) views of a composite film further confirm the
aligned structure of CNTs. Atomic force microscopy image in
Figure S3 shows top view of a composite film, and the cut open
ends of CNTs can be clearly observed. In fact, Figures 3a and
3c also indicate the open CNT ends on the faces. The above
observations demonstrate a good compatibility of CNTs and
resin as CNTs were accurately cut without being pulled out of
the film.

Figure 4a shows a photograph of a CNT/resin array used to
fabricate vertically aligned CNT composite films. Film dimen-
sions were controlled by array sizes which
remained after formation of composites.
These composite films could be also easily
cut into small pieces or deformed into desired
morphologies, depending on application
requirements. Figures 4b—f exhibit a series
of deformed morphologies of a composite
film with thickness of ~30 wm. The com-
posite film may be bent or scrolled for many
times without breaking. In addition, these
composite films show excellent mechanical
properties such as high tensile strengths
(see Figure S4). The composite film showed
a Young’s modulus of ~0.3 GPa in the hori-
zontal direction with a ductile behavior. These
attractive mechanical properties enable var-
ious applications such as flexible electrodes.
Figure 4g further compares the composite
films with increasing thickness from 50 nm
to 2 um. They are transparent when the thick-
ness is less than 5 um, and gradually become
opaque with increasing thickness.

Flexible electrodes have shown promising
applications in deformable displays, elec-
tronic eyeball cameras, and conformable skin
sensors that would be impossible to achieve
with conventional rigid electrodes.[323-2%]
Vertically aligned and penetrated CNT
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composite films may represent a new family
of flexible electrodes which overcome the
challenges of randomly dispersed CNT/
polymer films. Figure S5 shows the relation-
ship between resistivity in the vertical direction
and composite film thickness, and it appears
that resistivity is independent of thickness.
This is possibly due to the fact that the resis-
tivities are so low that their differences could
not be detected. For an aligned CNT/resin
film with a CNT diameter of 10 nm, the resis-
tivity was calculated to be 10 Qecm at room
temperature. The in-plane resistivities of
composite films were tuned by varying CNT
densities during fabrication and a low level
of 1072 Qecm was achieved. Figures 5a—c
further show that the resistivities in both
horizontal and vertical directions were main-
tained almost the same when the composite
films were bent back and forth for a series of
cycles. The CNT/resin films could be also stretched while main-
taining a low resistance in the vertical direction, demonstrating
their potential to be used as stretchable electrodes. Although the
stretching degrees in CNT/resin films were not high, replacing
the resin with the other elastic polymers could easily improve
the stretchability. A detailed study on stretchable electrode will
be followed later.

CNTs have been studied to be extremely sensitive to envi-
ronmental changes, e.g., existence of trace chemicals or a
slight increase of concentrations, through the susceptibility
of their electronic structures with interacting molecules.[26-32

Figure 2. Characterizations of a CNT array. a) Photograph. b) SEM image by side view at low
magpnification. c) SEM image by side view at high magpnification. d) High-resolution TEM image
of a CNT.
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Open ends are much more sensitive com-
pared to closed ends and sidewalls because
the open ends can more easily provide active
sites as absorbing centers of gases, while
aligned structure enables good electrical
conductivity. The main advantages of such
sensors include low cost, easy fabrication,
high flexibility, and good sensitivity.

CNTs have been widely studied as a con-
ductive additive with lower weight loading
than conventional materials such as carbon
black and graphite in lithium ion bat-
tery.'”.18] Here CNT/resin films are also used
as working electrode to fabricate batteries.
Specific capacities of resulting batteries
remained stable starting from the first cycle,
and no obvious loss in capacity was observed
for these novel batteries after 100 cycles.
The reversible specific capacity may achieve
a value which is six times of the theoretical

Figure 3. Structure characterization of vertically aligned and penetrated CNT/resin films. value of graphite and more than twice of the

: 17
a) SEM image: top view. b) SEM image: side view. c) TEM image: top view (inserted image other multi-walled CNTs.['” More efforts are
shows a CNT at higher magnification). d) TEM image: side view. underway to explore the details.
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However, it generally takes a long time for
CNTs to recover to their original states after
stimulations, and additional treatments such
as heating or exposure to a high current are
often required.?% CNT/resin films can on the
other hand show much improved sensing
properties. Figures 6a and Figures 6b show
photographs of interdigital electrodes before
and after positioning a CNT/resin film
with a thickness of ~50 nm. Obviously, the
sensing composite film is transparent, and
the electrode beneath the film can be clearly
observed. Figure 6¢ shows photograph of a
sensing device based on a CNT/resin film.
Typical resistance changes in response
to NH; vapor as a model are shown in
Figure 6d. A step after the first cycle cor-
responds to an irreversible chemisorption
which has been generally observed.’3! The
resistance changes are reversible due to phy-
sisorption after the first cycle. The resistance
differences can be further quantitatively
related to NH; concentrations. Figure 6e
compares resistance differences of a sensor
in response to NH; with three concentra-
tions of 400, 800, and 1200 ppm. CNT/resin
films could detect an NH; concentration as
low as tens of ppm with a CNT density of
10" ecm™2. It was found that the minimum
detectable concentration could be decreased
to less than one ppm through structure opti-

8=50 nm $=100nm  &=500 nm 8=1pm 8=2 pum

- . . . Figure 4. Photographs of CNT/resin composite array and films. a) Photograph of a CNT/resin
mlzatllon su.ch as }ncree}se m CN.T den51t?f array (the black square object). b—f) A CNT/resin film (thickness of ~30 um) being bent into
and dispersion uniformity. The high sensi- jiferent forms without decrease in structural integrity and properties. g) A series of CNT/resin
tivity of composite film may be attributed to  films on a blue ribbon-marked paper with increasing thickness from 50 nm to 2 um. The red
open CNT ends and aligned CNT structure.  arrows show composite films.
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Figure 5. Excellent electrical property of CNT/resin film. a) Schematic
illustration of a repeating change of film morphologies. b) In-plane elec-
trical resistivities of a composite film when being bent according to the
scheme shown in panel a. c) Electrical resistivities of a composite film
at vertical direction when being bent according to the scheme shown in
panel a. py and p in panel b and c are the electrical resistivities of com-
posite films before and after being bent, respectively.

In summary, vertically aligned and penetrated CNT/polymer
films have been fabricated and developed for electronic and
sensing applications with several advantages. (1) The fabrication
is easy at low cost and with high efficiency, and may be readily
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scaled up for practical applications. (2) The film thickness can
be accurately controlled in a wide range from nanometer to
millimeter. (3) The composite films show excellent mechanical
and electrical properties with great potential as flexible and
stretchable electrodes. (4) Due to open ends and aligned struc-
ture of CNTs in composite film, the derived gas sensor shows
high sensitivity, respectively. This work also provides a general
fabrication paradigm for the structural and functional improve-
ment of one-dimensional nanomaterials.

Experimental Section

Fabrications of vertically aligned CNT/resin composite films are
summarized as below. Embedding solution was first prepared by
adding DT-2 as flexibilizer, dodecenyl succinic anhydride and methyl-5-
norbornene-2,3-dicarboxylic anhydride as curing agents, and 2,4,6-tris
(dimethylaminomethyl phenol) as curing catalyst to epoxy resin (SPI-Pon
812). DT-2 was ordered from Shenyang Southeast Chemical Institute,
dodecenyl succinic anhydride, methyl-5-norbornene-2,3-dicarboxylic
anhydride, 2,4,6-tris (dimethylaminomethyl phenol), and SPI-Pon 812
were obtained from SPI Supplies Division of Structure Probe Inc. All
chemicals were used as received. CNT array was then transferred to a
bullet-like mould, followed by infiltration of the embedding solution. The
CNT/resin films were sliced with thickness ranging from nanometer to
micrometer by an ultramicrotome or microtome. The composite films at
millimeter could be also fabricated by cutting the top and bottom ends of
the CNT arrays. For mechanical measurements, vertically aligned CNT/
resin films were cut into small strips for stress-strain measurements in
the horizontal direction. The in-plane resistance was measured through
a typical four-probe method with four electrodes connected to the same
face of a CNT/resin film.

For fabrication of gas sensor, a composite film supported by a
drop of water was transferred to top of an interdigital electrode. After
evaporation of water, the film was well spread on the electrode. Finally,
another interdigital electrode was covered on the composite film. The
measurements were made by tracing resistance changes of composite
film in response to NHj. Prior to the sensing process, the test chambers
were evacuated and filled with nitrogen gas. The initial resistance was
determined under flow of nitrogen gas, and sensing measurements of
NH; gas with different concentrations were made by tracing resistance
changes. The bonding between NH; molecules and CNTs greatly affect
electronic structures of CNTs and resistances of composite films as a
result. Two interaction mechanisms of chemisorption (strong bonding)
and physisorption (weak bonding) had been found for NH; molecules
and CNTs. The chemisorption of NH; molecules on CNTs is strong
and could not be broken by a simple passage of nitrogen gas, which
causes irreversible response of CNT/resin film. In contrast, the weak
electrostatic interactions of physisorption between NH; molecules and
CNTs can be disassembled by the kinetic energy of passing nitrogen
gas, and as a result, a reversible response occurs in the CNT/resin
film. Therefore, the resistance of composite film could not return to the
original value after the first cycle, and a resistance step corresponding to
chemisorptions is typically observed (see Figure 6). After the first cycle,
the resistance differences are due to physisorption and are reversible.
Composite films with length of 1.2 mm, width of T mm, and width of
50 nm were used in this application.

Electrochemical measurements of a lithium ion battery were carreid
out at an electrochemical workstation (CHI 660C, Shanghai, China)
using a composite film as the working electrode and a lithium metal as
counter/reference electrode with a voltage scan of 0.005 to 3.0 V. The
electrolyte was prepared by dissolving 1M LiPFg in a mixture of dimethyl
carbonate, diethyl carbonate, and ethylene carbonate with weight ratios
of 1:1:1. Composite films were obtained by cutting a CNT composite
array with cross-sectional size of 5 x 5 mm, and the film thickness was
controlled to be 50 pm.
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Figure 6. A CNT/resin film fabricated as an ultrahigh sensor for NHs. a,b) Optical microscopy images of the interdigital electrode before and after
incorporation of a CNT/resin film. ¢, Photograph of a sensing device based on CNT/resin film. d) Reproducible resistance changes in response to NH3
vapor with many cycles at room temperature. e) Resistance changes in response to NH; vapor with different concentrations from 400 to 1200 ppm.
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