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sure within the PIPAAm-modified capillary at 30 °C and burst
release during PIPAAm collapse. This burst is analogous to
drug release from collapsing PIPAAm gel disks undergoing
analogous thermal treatment.[17] Similarly, just after each temperature return to 30 °C, small fluores-cent spikes are observed.
In contrast, oscillatory fluorescent changes have been observed
using 0.5 min cyclic intervals (shown in Fig. 3c) indicating subtle
PIPAAm swell–shrink transition kinetics affecting flow profiles.
Aqueous flow has been blocked completely using air bubbles in
PIPAAm-grafted capillaries (j = 200 lm) above the PIPAAm
transition temperature, where the microchannel surfaces
are hydrophobic, trapping the air bubble.[30] Our microfluidic
channels distinguish their flow-control behavior by completely
blocking water flow via PIPAAm graft hydration. Considerably
higher pressure is required to initiate water flow through
PIPAAm-grafted capillaries below PIPAAm’s collapse-transition temperature. Thermally regulated flow control in
PIPAAm-grafted capillaries is rapid and reversible, facilitating
many reliable and repeated open–close cycles. Such reversible,
thermally modulated, polymer-grafted on–off switches for controlling microfluidic behavior might be regulated locally on-chip
using optical signals (local infrared heating), resistive heating
microelements, or external thermostats. Spatial control is possible using patterned grafted capillaries and different polymergrafted areas with chemistries exhibiting distinct phase-transition behavior in designated locations. Opportunities for new microvalve systems exploiting this basic design are substantial.
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Synthesizing composite materials is an effective way to
combine the features of different materials and tailor the
properties to achieve the desired material performance. Carbon fiber composite research can be traced back to the 1950s
and was targeted at improving the mechanical properties of
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materials, due to the needs of the space and aircraft industries
for strong, lightweight structural materials.[1] Compared with
traditional carbon fibers, carbon nanotubes (CNTs) possess
unique electronic structures and extraordinary electrical, optical, chemical, and mechanical properties.[2] For instance, single-walled carbon nanotubes (SWCNTs) have a very long
mean free path on the order of a micrometer, ultrahigh carrier
mobility up to 79 000 cm2 V–1 s–1,[3] high current sustainability
beyond 109 A cm–2,[4] and can be either metallic or semiconducting with different bandgaps depending on the nanotube
chirality and diameter.[5] Based on these important properties,
ballistic conducting channels[6] and field-effect transistors[7]
have been demonstrated with individual carbon nanotubes. In
addition, SWCNTs are very sensitive to the environment due
to their high surface-to-volume ratios, which make them acute
chemical and biological sensors.[8–11] In parallel with the advances in the nanotube field, polypyrrole (PPy) has emerged
as an important conducting polymer, and has been used in a
wide range of applications,[12–16] including artificial muscles[17]
and chemical sensing.[18–22] Significant efforts have been devoted to the research on CNT/polymer composites, for example, with the goal of enhancing the polymer conductivity for
light-emitting and photovoltaic applications.[23–26] These composite materials have also been demonstrated to exhibit improved sensing reproducibility and device yield.[27] These
studies, however, have been limited to bulk nanotube/PPy
composites usually consisting of large amounts of entangled
nanotube bundles within a PPy film; these composites are
complicated systems with significant intertube hopping for the
charge carriers.
In this paper, we present our work on the synthesis, transport studies, and chemical sensing applications of individual
SWCNT/PPy nanocables, which represent a unique and highly
ordered SWCNT/polymer composite. This is achieved by first
patterning source/drain electrodes to individual SWCNTs
grown on a Si/SiO2 substrate (using chemical vapor deposition, CVD), and then coating the nanotube with PPy by electrochemical deposition. Surprisingly, these devices exhibited
suppressed conductance after the initial conducting PPy deposition for both metallic and semiconducting nanotubes, in
sharp contrast to the anticipated combined conductance from
both the nanotubes and PPy coating. In addition, further deposition of PPy led to an eventual recovery in conductance,
which is attributed to the increased conductance of the PPy
layer due to increased thickness. Furthermore, these composite materials have been demonstrated to work as chemical
sensors, with enhanced conductance upon NO2 exposure and
reduced conductance upon NH3 exposure. Our work reveals
the rich and intriguing properties of nanotube/PPy composites
beyond previous studies on bulk systems.
We started with the fabrication of individual SWCNT devices using CVD and photolithography.[28] In brief, catalyst islands were deposited onto Si/SiO2 substrates, and then CVD
was carried out to produce single-walled carbon nanotubes
with diameters of ∼ 1–3 nm. Metal contacts with a separation
of 3 lm were subsequently deposited to contact individual
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carbon nanotubes. The PPy coating was then electrochemically deposited onto the SWCNT with doubly distilled pyrrole as
the feedstock and sodium tetrafluoroborate as the electrolyte.
After polymerization, the sample was lightly rinsed with deionized water and dried with nitrogen. This has consistently
led to PPy deposited over both the carbon nanotubes and the
source/drain electrodes. Figure 1a shows a schematic of a
synthesized SWCNT/PPy nanocable, where PPy is depicted as
a half-cylinder covering the nanotube. Figure 1b shows an
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Figure 1. a) Schematic of an individual SWCNT/PPy composite nanocable device. b) Atomic force microscopy (AFM) image of a SWCNT/PPy
nanocable.

atomic force microscopy (AFM) image of a typical SWCNT
device with PPy deposited for 60 min, where an individual
nanotube bridging the source/drain electrodes can be clearly
seen with a PPy coating. Careful examination of the AFM images before and after the PPy deposition reveals a PPy coating
∼ 60 nm in thickness, which appeared grainy but nevertheless
continuous. No deposition of PPy has been observed over the
insulating SiO2 substrates. A study of the time dependence of
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trodes for further studies, including both metallic and semiconducting nanotube devices. Figure 3 depicts the behavior of
a typical device with a metallic CNT between the electrodes.
Figure 3a displays a scanning electron microscopy (SEM) image of the device before the PPy coating, showing one nano8
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the PPy film growth on SWCNTs was carried out. We started
with a bare carbon nanotube device, carried out the PPy deposition for 5 min, and then used AFM to determine the
height of the nanotube/PPy nanocable. The sample was returned to the electrochemical cell for further PPy deposition,
and the height subsequently recorded using AFM. This process was repeated several times until a nanocable height of
127 nm was reached. Figure 2a displays the data points of the
nanocable height versus the deposition time; this plot can be
fitted with a linear deposition rate of ∼ 1 nm min–1.
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Figure 3. Scanning electron microscopy images of a metallic nanotube
device a) before and b) after 60 nm PPy deposition. The scale bars represent 2 lm. c) Current–voltage (I–V) curves of the device before and after
the PPy coating, showing suppressed conduction. Inset: I–Vg (Vg: gate
voltage) curve of the device before PPy coating, showing metallic behavior.
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These CNT/PPy composite nanocable devices provide ideal
systems to study the effect of the PPy coating on the carbon
nanotubes, as individual nanocables with metallic contacts can
be easily produced. This eliminates the complicated carrier
transport path associated with bulk nanotube/PPy composites,
and therefore enables in-depth studies on these devices. We
have measured the conductance of a batch of 30 devices before and after the deposition of 60 nm of PPy. Figure 2b displays a histogram of the number of devices versus G/G0,
where G0 and G are the device conductance before and after
the PPy deposition, respectively. All the devices exhibited
suppressed conductance after the PPy deposition by a factor
of 2 ∼ 104. We repeated the same procedure for several
batches of devices and all the devices displayed similar behavior.
To study the details of this conductance suppression, we
chose devices with an individual SWCNT connecting the elec-

tube bridging the electrodes. Figure 3b shows an SEM image
of the same device after the PPy coating. One can clearly see
the PPy coating around the nanotube and the electrodes, and
more importantly, the nanotube remained intact after the PPy
coating. As shown in Figure 3c inset, this device displayed
little gate dependence before the PPy deposition, thus confirming the nanotube was metallic. The curves in Figure 3c
correspond to the current–voltage (I–V) curves of the device
before and after the PPy deposition, as indicated. Detailed
analysis of these curves revealed zero-bias conductance values
of 21.4 lS and 7.3 lS for before and after PPy deposition, respectively, indicating conductance suppression by a factor of
three. In comparison to metallic nanotube devices, Figure 4
displays results from a device with a typical p-type semiconducting nanotube connecting source and drain electrodes
before the PPy coating. Figures 4a and b display the SEM images of the device before and after the 60 nm PPy coating, respectively, showing only one nanotube bridging the source/
drain electrodes and no noticeable damage to the nanotube
after the PPy deposition. The I–V curves in Figure 4c were
taken with the gate voltage Vg = –20 V on samples before and
after the PPy deposition, as indicated. The linear conductance
is derived to be 0.93 lS for curve of the sample before PPy
deposition and 1.58 nS for the curve of the sample after PPy
deposition, corresponding to conductance suppression by a
factor of 590. Figure 4d shows the I–Vg curve taken with the
drain–source voltage V = 50 mV before the PPy deposition.
Typical p-type nanotube transistor behavior was observed,
as the conductance decreased monotonically to almost zero
when the gate voltage was swept from –10 V to 10 V. In con-
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Figure 2. a) Plot of the SWCNT/PPy height versus the deposition time.
b) Histogram showing number of devices versus G/G0 (G0 and G are the
device conductance before and after PPy deposition, respectively).
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the change of contact resistance when both the
metal electrodes and the nanotubes are coated
with PPy. For semiconducting nanotube transistors,
it is well known that the device resistance consists
of contribution from both the contacts and the
bulk nanotube.[29] The PPy coating may significantly alter the Schottky barrier at the metal–
nanotube contacts and contribute to the observed
conductance suppression. We note that the nano1.0
40
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0.5
systems due to their nanoscale dimensions and the
30
60
involvement of defects and contacts. Further in40
0.0
20
depth studies are needed to fully elucidate the
20
After PPy
nanotube/polymer interaction, which could lead to
-0.5
deposition
0
10
tailor-made functional materials. We have also ex-10 -5
0
5 10
Vg [V]
amined the effect of PPy of different thicknesses
0
-1.0
on the electronic properties of the composite
-10
-5
0
5
10
-1.0
-0.5
0.0
0.5
1.0
Vg [V]
V [V]
nanocables. Interestingly, we have consistently observed the suppression of conductance upon initial
Figure 4. SEM images of a semiconducting nanotube device a) before and b) after
PPy deposition and the eventual recovery of con60 nm PPy deposition. The scale bars represent 2 lm. c) I–V curves of the device before and after the PPy coating (Vg = –20 V). d) I–Vg curve of the device before PPy coatductance when the PPy thickness approaches
ing. Inset: I–Vg curve of the device after PPy coating.
100 nm (see Supporting Information). We attribute
the conductance recovery to the increased conduction through the PPy coating layer, which becomes
increasingly important as more PPy is deposited onto the
trast, the I–Vg curve taken with the same device after the
nanotube.
coating of 60 nm PPy displayed much lower current values
In addition to the transport studies, we have further studied
(70–30 pA) and relatively weak p-type semiconductor behavthe sensing properties of our CNT/PPy composite nanocables
ior.
and demonstrated gas sensors responsive to both oxidizing
The conductance suppression for carbon nanotube devices
and reducing gases such as NO2 and NH3. Our devices have a
with 60 nm PPy coating is therefore convincingly established
for both metallic and semiconducting nanotubes. The details
major advantage over traditional film sensors due to their
of the interaction between the nanotube and the deposited
high surface-to-volume ratio. In these experiments, the aspolymer was rarely studied in previous publications on bulk
made CNT/PPy devices were bonded and transferred into an
airtight chamber, stabilized in an argon environment, and
composite materials,[23–26] and intuitively one would simplify
then exposed to a gas flow of either NO2 or NH3 diluted
the electronic properties of the SWCNT/polymer nanocable
to two parallel connected conduction channels made of the
in argon. Figure 5a displays I–V curves recorded in argon,
nanotube and the polymer coating. Our results clearly show
100 ppm NO2, and 1000 ppm NO2, showing an increase in
that the nanotube/PPy composite systems are more compliconductance at higher NO2 concentration. In contrast, Figcated than the simplified parallel conduction channel model.
ure 5c shows the sensing response of a different device to
The observed conductance suppression in our nanotube/PPy
NH3 of various concentrations, and a monotonic reduction in
nanocables may originate from several factors. The first is the
conduction at higher NH3 concentration can be clearly seen.
formation of scattering centers close to the nanotube when
This behavior indicates that the nanotube/PPy composite is a
PPy was deposited. PPy coating is known to incorporate varp-type semiconductor, as enhanced conductance was observed
ious ions, which could work as coulombic scattering centers
upon exposure to an oxidizing gas (i.e., NO2), and suppressed
for carriers in the carbon nanotube. Enhanced carrier scatterconductance was observed for exposure to a reducing gas (i.e.,
ing may lead to conductance suppression for both metallic
NH3). Figures 5b,d are plots of the device conductance versus
and semiconducting nanotubes. We further suggest that the
the NO2 and NH3 concentration, respectively. The solid lines
deposited PPy might form covalent bonds with the nanotube
represent fits using the Langmuir adsorption model, which is
suitable for gas adsorption on non-microporous surfaces.[30,31]
at the defect sites and subsequently lead to enhanced scattering. Even though the nanotube sidewall is very inert and resisWe noticed that the response of our devices saturated at high
tant to chemical bonding with the PPy during the electroconcentrations of NH3, but no obvious saturation was obchemical deposition, the dangling bonds at defect sites can be
served for NO2 within the concentration range available to us.
highly reactive and ready for covalent bonding with the deThis may stem from the fact that NO2 has much higher bindposited PPy. Confirmation of the covalent bonding, however,
ing efficiency on PPy than NH3, and thus the response did not
is difficult due to the low density of defects associated with
saturate even for 1000 ppm NO2. The results here clearly
nanotubes grown via CVD. An additional relevant factor is
show the potential of the nanotube/PPy composite for chemi(a)
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Figure 5. I–V curves of SWCNT/PPy nanocable devices exposed to a) NO2 and c) NH3 of different concentrations. b,d) Plots of the device conductance vs. NO2 and NH3 concentrations, respectively. Solid lines are fitted curves based on the Langmuir isotherm adsorption model.

cal sensing applications, though we note that the sensitivity
achieved so far is lower than that of bare carbon nanotube
devices.[8]
In summary, we have developed a novel way to synthesize
individual SWCNT/PPy composite nanocables based on nanotube field-effect transistors. These devices exhibited surprising
suppressed conductance for thin and moderate PPy coatings
(∼ 60 nm) for both metallic and semiconducting nanotubes.
The amplitude of the suppression varies from device to device
and falls within a broad range of 2–104 times that of the CNT
conductance before PPy deposition. In addition, a recovery in
conductance was observed with nanotube/PPy nanocables
upon further deposition of PPy, which is attributed to the
conduction through the conducting PPy layer. Furthermore,
these composite materials have been demonstrated to work
as chemical sensors, with enhanced conductance upon NO2
exposure and reduced conductance upon NH3 exposure. Our
work clearly illustrates that nanotube/polymer composite
systems are more complicated than the simplified parallelconduction-channel model would suggest. The interaction
between the nanotubes and the polymer coating deserves
further in-depth studies and may provide challenges as well as
opportunities for practical applications.
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Carbon nanotube devices were prepared using a CVD technique.
First, a Si substrate covered with a 500 nm thick SiO2 layer was chosen, and deep UV lithography was used to open the windows at the
sites of the catalyst. Then a mixture of Fe(NO3)3 and Al2O3 powder
in methanol was dispersed on the substrate. After liftoff of the un-
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wanted catalyst, the substrate was loaded into a tube furnace (Lindberg/Blue Mountain) and heated up to 900 °C under a mixed gas flow
of H2, C2H4, and CH4 in the ratio 1:60:200. After 10 min of growth,
the substrate was allowed to cool down to room temperature followed
by photolithography to define the metal electrodes. Finally, 3 nm Ti
capped with 60 nm Au was deposited to form the source and drain
contacts to the nanotubes.
PPy was electrochemically deposited onto the SWCNT using a single-cell compartment consisting of an aqueous solution of 0.1 M pyrrole (Aldrich), which was doubly distilled, and 0.2 M sodium tetrafluoroborate (Aldrich). Gold bonding wires connecting the nanotube
devices comprised the working electrode, while a glassy carbon rod
(Alfa Aesar) served as the counter electrode, and Ag/AgCl (Corning)
served as the reference electrode. The electrochemical formation of
PPy was carried out at a constant voltage of 0.5 V (versus Ag/AgCl)
at room temperature using a potentiostat (Princeton Applied Research 283). The thickness of the PPy coating was controlled by tuning
the deposition time.
The as-made nanotube devices were examined by SEM (Hitachi
4800 operated at 1 keV) and AFM (DI NanoScope III in tapping
mode). All electrical measurements were carried on a probe station
(Wentworth Labs) using a semiconductor parameter analyzer (Agilent 4156B).
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Selective Construction
of Supramolecular Nanotube Hosts
with Cationic Inner Surfaces
By Naohiro Kameta, Mitsutoshi Masuda,*
Hiroyuki Minamikawa, Nikolay V. Goutev,
Jeong A. Rim, Jong H. Jung, and Toshimi Shimizu*
Hollow supramolecular nanotube architectures based on
amphiphilic molecules have attracted great interest due to
their potential medical and industrial encapsulation applications, as well as for filtration and purification applications.[1]
Encapsulation of 1–3 nm gold nanoparticles in hollow cylinders of glycolipid nanotubes resulted in the fabrication of gold
nanowires with widths regulated by the inner diameters of the
nanotubes.[2] Furthermore, appropriate functionalities on the
outer and inner surfaces of the nanotubes have been reported
to play a significant role in the detection,[3] separation,[4] delivery,[5] and patterning[6] of biomolecules. These intriguing
features and results have led us to conceive that lipid nanotubes functionalized with different outer and inner surfaces
may be able to achieve the selective and effective encapsulation of biologically important polymers under ambient conditions. Lipid nanotubes with positively charged inner surfaces
are of special interest for encapsulating anionic biopolymers,
such as DNA, RNA, and proteins. The so-called “unsymmetrical bolaamphiphiles”, 1,x-bipolar amphiphiles in which two
hydrophilic head groups of different sizes are connected to a
hydrophobic spacer at each end, are promising candidates for
self-assembly into nanotubes due to their asymmetry.[7] However, unsymmetrical bolaamphiphiles are known to exhibit
polymorphism depending on whether the monolayer lipid
membrane (MLM) is unsymmetrical or symmetrical, wherein
the molecules pack in parallel and antiparallel fashions, respectively.[8–10] Most unsymmetrical bolaamphiphiles form
symmetrical MLMs due to favorable antiparallel packing of
the molecules.[11] The symmetrical MLMs tend to lead to flat
or twisted-tape-like morphologies instead of nanotubes.[11] Although several attempts to make nanotubes have been suc-
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