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Gas sensors operate by a variety of fundamentally different
mechanisms1–14. Ionization sensors13–14 work by fingerprinting
the ionization characteristics of distinct gases, but they are
limited by their huge, bulky architecture, high power consumption and risky high-voltage operation. Here we report the
fabrication and successful testing of ionization microsensors
featuring the electrical breakdown of a range of gases and
gas mixtures at carbon nanotube tips. The sharp tips of nanotubes generate very high electric fields at relatively low voltages,
lowering breakdown voltages several-fold in comparison to
traditional electrodes, and thereby enabling compact, batterypowered and safe operation of such sensors. The sensors show
good sensitivity and selectivity, and are unaffected by extraneous
factors such as temperature, humidity, and gas flow. As such, the
devices offer several practical advantages over previously
reported nanotube sensor systems15–17. The simple, low-cost,
sensors described here could be deployed for a variety of applications, such as environmental monitoring, sensing in chemical
processing plants, and gas detection for counter-terrorism.
Various groups have explored the potential of carbon nanotubes
for gas sensing, based on the electrical conductance changes of
semiconducting nanotubes on exposure to gases15–17. Although this
method has high sensitivity, it is limited by several factors, such as
the inability to identify gases with low adsorption energies, poor
diffusion kinetics or poor charge transfer with nanotubes. It is also
challenging to use this technique to distinguish between gases or gas
mixtures; gases in different concentrations could produce the same
net change in conductance as produced by a single pure gas.
Nanotube conductance is also very sensitive to changes in environmental conditions (moisture, temperature, gas-flow velocity), and
chemisorption could cause irreversible changes in nanotube
conductivity.
Figure 1 shows details of our sensor—a diagram of the component parts (Fig. 1a), and the configuration of the electrodes
(Fig. 1b). Controlled d.c. voltage is applied between the anode
(vertically aligned multiwalled nanotube—MWNT—film) and the
cathode (Al sheet), which are separated by a glass insulator. The
MWNT film (Fig. 1c) used for this test was grown by chemical
vapour deposition18–20 (CVD) on an SiO2 substrate, as reported
earlier. Nanotubes in the film are ,25–30 nm in diameter, ,30 mm
long, with ,50 nm separation between nanotubes20.
Individual MWNTs within the film, owing to their nanometrescale tip radius (R < 15 nm), create very high nonlinear electric
fields near the tips21–24. This hastens the breakdown process due to
formation of a ‘corona’ or conducting filament of highly ionized gas
that surrounds the MWNT tips. This corona promotes the formation of a powerful electron avalanche or plasma streamer that
bridges the gap between the electrodes, and allows a self-sustaining
interelectrode discharge to be created at relatively low voltages. The
technique is very powerful for several reasons. (1) The precise
breakdown voltage provides the ‘fingerprint’ for the gas to be
identified; it is well established that at constant temperature and
pressure every gas has a unique25,26 breakdown electric field. (2) By
monitoring the self-sustaining discharge current, the gas concentration can be determined. (3) Because this technique does not
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involve adsorption/desorption of gases, the sensor displays a fast
response and is not limited by considerations of reversibility.
The device was first tested in air (Fig. 2a) with anode–cathode
separation of 150 mm. Continuous current discharge of 460 mA was
generated at 346 V. Tests were repeated with metal electrodes (no
nanotubes), while still maintaining the electrode separation of
150 mm. For this case, breakdown voltage of air occurred at 960 V
with current discharge of 69 mA. This shows that by the use of
MWNTs as the anode, the breakdown of air can be reduced nearly
65%. The discharge current is also increased from 69 mA to 460 mA
(,6-fold increase), leading to high sensitivity (discharge current at
breakdown indicates concentration of the detected species, therefore a high discharge current enables detection of dilute concentrations of the unknown gas). We believe that the observed increase
in discharge current is related to the high density of MWNTs that
constitute the electrode surface (Fig. 1c). The billions of aligned
nanotubes covering the substrate produce a consistent nanometrescale surface topology unobtainable for conventional planar electrodes or micromachined electron emitters. A significant number of
these tubes are expected to participate in ionization, leading to a
more extensive conduction path and consequently higher discharge
current. The devices were robust, with no degradation observed
after hours of operation.
This nanotube-anode ionization device was used to detect the
identity of several gas species, such as helium, argon, nitrogen,
oxygen, carbon dioxide, ammonia and air. The nanotube device was
placed in an environmental chamber with electrical feed-through,
and air was pumped out of the chamber to establish a high vacuum
(1024 torr). The gas to be identified was then released in a controlled
fashion. Breakdown data were recorded over a wide range of gas
concentrations (1027 to 1021 mol l21). Figure 2b shows the breakdown voltages of several gases at room temperature (300 8K) and at
a chamber pressure of 760 torr, that is, a gas concentration of
4 £ 1022 mol l21. For all tests shown, the anode–cathode separation
was maintained at 150 mm. Note that each gas exhibits a distinct
breakdown behaviour; helium displays the lowest (164 V) and
ammonia shows the highest (430 V) breakdown voltage.
To study the effect of gas concentration, tests were conducted at

Figure 1 The nanotube sensor device. a, Exploded view of sensor showing MWNT film
as the anode, 180-mm-thick glass insulator plates, and Al plate as cathode. b, Diagram
of actual test set-up. c, SEM micrograph of a CVD-grown, vertically aligned MWNT
film used as the anode.
171

letters to nature
reduced pressures (Fig. 3a, b). Figure 3a shows the effect of
concentration on the breakdown voltages of air, argon, helium
and ammonia. Note that the breakdown voltage does not vary
significantly with gas pressure (the pressure is proportional to
concentration for a fixed chamber volume). This is because breakdown behaviour in this case is dominated by the highly nonlinear
electric field near the nanotube tips, resulting in a pre-breakdown
plasma that helps to bridge the electrode gap and reduces the
sensitivity of breakdown voltage to gas pressure. But at very low
gas concentrations (below 1026 mol l21), the breakdown voltage did
increase as predicted by Paschen’s law for uniform electric field25,26,
indicating a certain concentration threshold needed for the discharge to be self-sustaining. From Figs 2b and 3a we conclude that,
for a fixed interelectrode spacing of the device, the breakdown
voltage of each gas is unique and depends mainly on the electric
field, being only weakly affected by concentration (this is valid over
a wide range; Fig. 3a). Therefore by monitoring the breakdown
voltage of the gas, its identity can be established. Note that species
such as NH3 and He that have large separation in breakdown voltage
(Fig. 2b) are easier to distinguish than, say, NH3 and O2.
Figure 3b shows the self-sustaining current discharge at break-

Figure 2 Current–voltage (I–V ) curves for electrical breakdown. a, I–V curve (blue) with Al
plate as the anode, separated from cathode by 150 mm, showing breakdown voltage of air
at 960 V with discharge current of 69 mA; with MWNT film as anode (red) showing
breakdown voltage of air at 346 V with discharge current of 460 mA. b, I–V curves for NH3,
CO2, N2, O2, He, Ar and air, showing distinct breakdown voltages; ammonia displays the
highest breakdown voltage, and helium the lowest.
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down for argon, nitrogen, oxygen, ammonia and air. The discharge
current varies logarithmically with concentration. This trend is
valid over a wide range of gas concentrations, ranging from 1027
to 1021 mol l21. This shows that the self-sustaining discharge
current generated at breakdown is a characteristic property of
the number of gas molecules per unit volume that are available
for conduction. For example, Fig. 3b indicates that for N2 a
current discharge of 328 mA corresponds to a concentration of
3.22 £ 1025 mol l21. The discharge current increases logarithmically to about 420 mA as the N2 concentration is increased to
4 £ 1022 mol l21. Therefore the discharge current provides a convenient means to quantify the concentration of the species being
detected. Figure 3b also shows that no hysteresis is observed in the
sensor response, even for species such as NH3 and O2 that are
known to interact strongly15–17 with nanotube surfaces at room
temperature.
The breakdown process described earlier propagates through the
formation of a positive or negative corona, depending on whether
the MWNT film is configured as the anode or the cathode. For the
experiments with the MWNT film as anode, the breakdown
propagation mechanism is via the formation of a positive corona.
We also conducted experiments in air with the MWNT film as

Figure 3 Effect of gas concentration on electrical breakdown. a, Breakdown voltage as a
function of concentration; breakdown voltages vary only slightly with gas concentration.
b, Discharge current at breakdown as a function of gas concentration. The discharge
current varies logarithmically with concentration.
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cathode (negative corona). The tests indicate that the voltage at
which breakdown is initiated is similar for both positive (350 V) and
negative (330 V) corona; but in negative corona, the breakdown
voltage decreases to a lower value (,280 V) once breakdown is
established. We believe that this is because once ionization is
initiated in a negative corona, free electrons are repelled away
from nanotube tips into the surrounding gas, triggering secondary
ionizations that enable a self-propagating electron avalanche (a
conducting path) to form at a lower electric field.
The breakdown voltage was found to become lower as the
interelectrode spacing was reduced. This is expected, as reducing
the electrode separation increases the electric field in the gap.
Figure 4a shows breakdown voltage as a function of electrode
separation. Two cases are shown, one when both electrodes were
made out of Al plates and the other with the MWNT film as
cathode. For the Al cathode, breakdown voltages came down from
1,050 V at 150 mm separation to 354 V at 28 mm separation; for the
MWNT-film cathode, breakdown voltages went down from 280 V
(at 150 mm separation) to 130 V (at 25 mm separation). Such
voltages can be easily obtained by connecting six 22.5 V carbon–
zinc batteries in series, suggesting that portable nanotube sensors

based on the above idea could be made and utilized.
Ionization sensors such as photo-ionization detectors (PID),
flame-ionization detectors (FID) or electron-capture detectors
(ECD) are not suitable for direct application to gas mixtures.
These detectors work in conjunction with a gas-chromatography
set-up that separates the mixture into distinct bands that can then
be qualitatively and quantitatively analysed. The nanotube ionization sensor can be used to monitor gas mixtures without the direct
use of a chromatography arrangement. Figure 4b shows the results
for an Ar–air mixture with several different relative concentrations
of the component gases. As expected, for over 50% Ar in the
mixture, the breakdown voltage is nearly the same as that of pure
Ar. As the relative concentration of Ar in the mixture is reduced, the
breakdown voltage increases from about 250 V (for 50% Ar) to
about 300 V (for 1% Ar). This is because air has a higher breakdown
voltage than Ar, so the presence of air molecules tends to impede the
breakdown of Ar. Below 1% concentration, the breakdown of Ar
ceases and the breakdown voltage rises sharply to the value for pure
air (,350 V). Similar results (detection limits ,1%) were also
obtained for detection of NH3 in a mixture with air (Fig. 4b). These
tests indicate that the nanotube ionization microsensor (with
proper calibration) shows promise for room-temperature detection
of gases at the percentage level in mixtures with air with fast
response (application of the breakdown electric field results in a
stable discharge within ,20 ms; ref. 26). In contrast, the metal oxide
sensors2 used in industry typically operate at 300–500 8C for detection of 1% NH3 with a response time of ,1 minute. Conducting
polymer sensors4 show detection limits of 1% for NH3 at room
temperature, but require ,10 minutes for sensing.
The nanotube ionization sensor can also be used as a detector in
gas chromatographs, where sufficiently large analyte concentrations
are at hand. In fact, the nanotube ionization detector could offer
several advantages over the FID, PID or ECD detectors that are
routinely used in chromatography sensors. FID has poor selectivity
and requires bulky and hazardous hydrogen storage tanks during
operation, PID with a better selectivity is limited to a small range of
analytes, and ECD detectors are hazardous because they contain
radioactive electron emitters. In contrast, the nanotube sensor is
compact, safe to use and requires low power to operate. Since every
gas has a characteristic breakdown electric field, a gas chromatograph with a nanotube ionization detector could potentially
be applied to a broad range of analytes with good selectivity
(Figs 2b, 3a).
To investigate the sensitivity range of a nanotube-chromatography sensor, we conducted a simulated gas-chromatography test
with He chosen as the mobile phase. The results (Supplementary
Information) indicate that, with appropriate design of the chromatography arrangement (including choice of mobile phase, stationary phase and process parameters), detection of analytes in the low
p.p.m. range (,25 p.p.m.) appears feasible with this technique.
Compact, low-power nanotube detectors coupled to miniature
separation columns could potentially lead to truly field-portable
gas chromatographs that could be used during emergency response
and counter-terrorism situations that require definitive identification of contaminants in near real-time.
A

Figure 4 Effect of electrode separation, and detection of gases in mixtures. a, Breakdown
voltage of air versus interelectrode separation. Breakdown voltages reduced from 280 V at
150 mm separation, to 130 V at 25 mm separation, for an MWNT cathode, and reduced
from 1,050 V at 150 mm separation, to 354 V at 28 mm separation, for an Al cathode.
Green line indicates the voltage obtained by connecting six, 22.5 V carbon–zinc batteries
(Eveready AAA) in series. b, Breakdown of Ar and NH3 in a mixture with air (MWNT film is
configured as the anode, and interelectrode gap is 150 mm). Breakdown voltage
increases with decreasing Ar concentration in the mixture. Breakdown of Ar ceases at
about 1% concentration, and the breakdown voltage ramps up to that of pure air. For NH3,
the breakdown voltage decreases with decreasing NH3 concentration until about 1%,
beyond which the breakdown behaviour is identical to that of pure air.
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these [2]- and [3]catenanes9 move in discrete steps between
different binding sites located on the larger ring, with the
movement driven by light, heat or chemical stimuli that change
the relative affinity of the small rings for the different binding
sites10–12. We find that the small ring in the [2]catenane moves
with high positional integrity but without control over its
direction of motion, while the two rings in the [3]catenane
mutually block each other’s movement to ensure an overall
stimuli-induced unidirectional motion around the larger ring.
A [2]catenane in which one ring moves sequentially between
three different binding sites (‘stations’) on the other ring is shown
schematically in Fig. 1. A series of chemical reactions alters the
thermodynamics of binding of two of the binding sites (switching
them ‘on’ or ‘off ’ in response to external stimuli) causing the small
ring to move around the larger ring in successive steps in response to
the changing global energy minimum. A hydrogen-bonded [2]catenane, 1, based on this design was prepared together with the
corresponding macrocycle, 2, and [3]catenane (two of the small
rings linked onto the bigger ring), 3, as outlined in Fig. 2 and the
Supplementary Information. The stations where the small rings
non-covalently bind to the large ring were predicted to have widely
differing macrocycle binding affinities (Fig. 3A): A, a secondary (28)
amide fumaramide group, should bind strongly because the E-olefin holds the amide carbonyls in a close-to-ideal geometry for
intercomponent hydrogen bonding10; B, a tertiary (38) amide
fumaramide group, should bind less well than A because the extra
methyl groups are bulky and some of the 38 amide bond rotamers
will be sterically mismatched with the benzylic amide macrocycle11;
C, a succinic amide ester, can still engage in double bifurcated
hydrogen bonding, but will do so only weakly compared to A or B
because it is flexible and one of the groups is an ester, which is a poor
hydrogen bond acceptor10,12. A fourth station, an isolated amide
group (shown as D in E,E-3) that can make fewer intercomponent
hydrogen bonding contacts than A, B or C, is also present but only
affects the behaviour of the [3]catenane. A benzophenone unit was
attached to the highest-affinity fumaramide group to enable selective sensitized isomerization of that station at 350 nm (ref. 11).
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Molecular motor proteins are ubiquitous in nature1 and have
inspired attempts to create artificial machines2 that mimic their
ability to produce controlled motion on the molecular level. A
recent example of an artificial molecular rotor is a molecule
undergoing a unidirectional 1208 intramolecular rotation around
a single bond3,4; another is a molecule capable of repetitive
unimolecular rotation driven by multiple and successive isomerization of its central double bond5–8. Here we show that sequential and unidirectional rotation can also be induced in
mechanically interlocked assemblies comprised of one or two
small rings moving around one larger ring. The small rings in
174

Figure 1 Stimuli-induced sequential movement of a macrocycle between three different
binding sites in a [2]catenane. The larger macrocycle contains three stations, A, B and C,
each with different binding affinities (association constants, K a) for the smaller
macrocycle such that K a(A) . K a(B) . K a(C). Thus, in State I, the small macrocycle
preferentially resides on station A. If binding site A is converted to A 0 , a group with a lower
binding affinity for the macrocycle than B or C, then the small macrocycle will move
through biased brownian motion to site B (State II). Similarly, if B is then changed into a
station B 0 such that K a(B 0 ) , K a(C) then the macrocycle will move to site C (State III).
Finally, changing A 0 back to A and B 0 to B returns the small ring to its original position.
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