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The monitoring and detection of harmful vapours and precursor gases is an ever present concern to security services, indus-
try and environmental groups. Recent advances in carbon nanotube based resistive sensors highlight potential applications in
explosive detection, industrial and environmental monitoring. Metal oxide semiconducting (MOS) gas sensor technology also
shows promise when applied in discriminatory arrays to form an electronic nose. Novel single-walled nanotube (SWNT) -
metal oxide (SnO, and WO3) composite inks were synthesised and used to fabricate sensors with enhanced responses to low
concentrations of NO,, NH3, acetone and EtOH vapours. Characterisation of the sensing material was accomplished by X-ray
diffraction (XRD), Raman spectroscopy, thermo-gravemetric analysis (TGA), UV-Vis-IR absorption spectroscopy (UV-Vis-IR),
transmission electron microscopy (TEM) and scanning electron microscopy (SEM). The enhancements were found to depend on
the preparation route and operating temperature of the devices. A micro-structural model of resistance contribution was applied
to explain the improvements of up to 198% in sensor response. Modification of sensing characteristics, through incorporation of
SWNTs produced by the high pressure carbon monoxide disproportionation (HiPco) process, provides a new route to improved

sensitivity and selectivity in an array of SWNT modified devices, useful in trace gas detection.

1 Introduction

The detection and monitoring of precursor gases is a vi-
tal requirement in many industrial processes', environmen-
tal safety > and security applications3. Such instances include
the regulation of NHj3 in agricultural production?, the moni-
toring of CO, and ozone levels to gauge air pollution®, and
the detection of illicit substances®. There exists a wide range
of technologies currently employed to achieve trace detection
of target gases and vapours such as electrochemical sensors,
ion mobility mass spectrometry, and trained sniffer dogs’.
However, the need for more affordable, portable, sensitive and
rapid trace detection techniques remains.

The use of single-walled carbon nanotube (SWNT) based
sensors to detect oxidising and reducing gases in ambient envi-
ronmental conditions, has attracted considerable research in-
terest in recent years. Such devices are sensitive to a wide
range of vapours and can operate at room temperature 811,
Functionalisation of the different types of SWNTSs permits
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selective detection to low concentrations !2. Undesirably, re-
ported response magnitudes (|S]) to target gases are compara-
tively low '3 (e.g |S| to 100 ppm NO, ~ 4 ) to those achieved
with established metal oxide semiconducting (MOS) gas sen-
sor technology® (e.g |S| to 0.35 ppm NO, = 23 ), along with
the observation of extended sensor recovery times 4.

Commercially produced MOS gas sensors meet many of
these aforementioned criteria, but require a high operating
temperature ' (200 °C to 450 °C) limiting applications, whilst
also lacking selectivity to specific gases. Studies have shown
that the addition of materials such as zeolites '*!3 and nanos-
tructures ' to MOS gas sensors can increase sensor responses,
thus improving the selectivity achievable in a sensory array or
e-nose.

In an effort to develop a sensor that combines the preferen-
tial qualities of each sensor type, much work has concentrated
on the decoration of SWNT's with metal oxide nanoparticles to
achieve measurable changes in the conductivity of the material
upon the introduction of a target gas to the sensing device at
room temperature 222, The fabrication of metal oxide mod-
ified SWNT materials has been reported via electrochemical
techniques, the sol-gel process and gas phase deposition 324,
Multi-walled carbon nanotube (MWNT)-metal oxide compos-
ites have also been used in gas sensing applications 2.

However, there is little reported research on the responses
of SWNT-metal oxide composite gas sensors to target gases
and vapours that are operated at higher temperatures (250 °C

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-10 |1



RSC Advances

350 °C). Furthermore, there have been few studies on the in-
corporation of SWNTs with metal oxide based inks, suitable
for deposition via the commercially scalable screen printing
method.

In this work, SWNTs produced via the high pressure car-
bon monoxide disproportionation (HiPco)%62” process are in-
corporated with SnO, and WO3; metal oxide powders to form
novel HiPco SWNT-metal oxide inks, via a facile synthesi-
sation process. The inks were subsequently used to fabricate
an array of SWNT-metal oxide composite resistive gas sen-
sors, which were tested against their unmodified metal oxide
counterparts to oxidising and reducing gases. Enhancements
in sensor responses to NO,, NH3z, EtOH and Acetone were
observed at low vapour concentrations. These enhancements
were found to be dependent upon composite preparation route
and device operating temperature.

2 Experimental Section

2.1 SWNT Preparation

SWNTs produced via the HiPco process 2?7 were purchased

from nanointegris (batch number: R1-831). The black pow-
der was dried in air at 120 °C to remove moisture from the
characteristic SWNT bundles and stored under vacuum. The
following surfactant wrapping was then performed in air at
room temperature.

The tubes were first dispersed in a solution of sodium de-
oxycholate and heavy water (DOC D,0) at a concentration
of approximately 0.5 mgml~'. The container was placed in
a propanol bath and the solution sonicated using a 225W tip
sonication probe 15 minutes. The DOC D,O forms micelle
like structures around the tubes?®, reducing re-aggregation of
the SWNT to bundles, aiding an efficient solubilisation and
individualisation.

Before the SWNTs underwent subsequent characterisation
studies or material synthesisation, they were centrifuged at
4000 g for 30 minutes. The upper 80% of the final solution
was then decanted to limit the presence of impurities and bun-
dles which inhibit optical characterisation. The DOC D,0
tip sonication process introduces defects to the solution as re-
ported by Zhang et al>°.

2.2 SWNT-Metal Oxide Ink

An organic texanol based vehicle (ESL-400, Agmet Ltd) was
mixed with SnO; and WO3 commercial powders (Sigma-
Aldrich). The surfactant wrapped tubes were then added to
the metal oxide ink (1 wt%). A pestle and mortar was used to
grind the ink into a homogeneous mixture for 10 minutes.
The TGA data confirms the removal of the DOC D,0O solu-
tion and the ESL-400 vehicle from the sensing material. The

resulting sensor composite is of polycrystalline metal oxide
structure with SWNT bundles embedded within the material.
Finally, the device is attached to the sensor casing via micro
welded platinum wire connections to the gold electrodes and
platinum heater track.

2.3 Device Fabrication

The produced SWNT-metal oxide based inks were screen
printed (4 x layers) using a DEK1202 commercial screen
printer onto 3 x 3 mm alumina substrates, interdigitated with
gold electrodes (Fig. 1a). A platinum heater track is located
on the underside of the sensor substrate to bring the device to
operating temperature during testing (Fig. 1b).

These were subsequently annealed in air to 400 °C to re-
move the ESL-400 vehicle and aid adherence of the composite
material to the substrate. The final array of sensors is detailed
in Table 1

Swnt
Bundles

Pt Heater
Track

3mm

Alumina
Substrate

Au Elec

(@)

Fig. 1 A schematic diagram of the 3 x 3 mm interdigitated alumina
substrate with (a) gold electrodes and screen printed material, (b)
platinum heater track located on the reverse. The components of the
simple model for micro-structural resistance contribution (c) within
the composite material are also shown

2.4 Gas Testing Procedure

The sensors were tested to target gases as detailed in Table 2.
During each testing cycle a program was used in conjunction
with mass flow controllers to adjust the concentrations present
in the testing chamber.

Sensors were operated in air for 1200 seconds to establish
the baseline resistance of the material. Increasing concentra-
tions of the target vapour were then introduced for a pulse
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Table 1 Sensor material, annealing temperature during fabrication
and the sensor baseline resistance in air whilst operating at 250 °C

Sensor Annealing Baseline resista-
Material Temperature (°C) nce in air (MQ)
SnO; + Swat 400 21

SnO, 400 0.18

SnO, 600 0.06

WO3 + Swnt 400 5.8

WO3 400 0.026

length of 600 seconds, followed by a purge cycle in air for
800 seconds.

The response magnitude of the n-type material to a reduc-
ing gas such as NH3 was calculated as the ratio of the baseline
resistance in air to the measured resistance across the sensing
material (Ro / R). For oxidising gases such as NO,, the mag-
nitude was calculated as (R / Rp).

The testing rig has been described previously®. Each test
was repeated to ensure consistency in the recorded responses.
Differences in these repeated experiments were taken as the
uncertainty on electrical response to the target gases, as indi-
cated by Fig.S13.

2.5 Characterisations

Characterisation techniques were used to confirm the presence
of SWNTs on the sensor surface, in the bulk of the composite
and to detect micro-structural changes in the metal oxides af-
ter the fabrication process and gas testing.

Raman spectroscopy was performed using a Renshaw Ra-
man microscope spectrometer with laser wavelength 488 nm
and 1 mW power. To obtain the Raman spectra for the initial
solution, the surfactant wrapped SWNTs were deposited onto
a glass substrate and dried in air for 1 hour. The Raman spec-
tra of the final sensing composite was acquired after screen
printing the material onto the sensor substrate.

Scanning electron microscopy (SEM) data was obtained us-
ing a Jeol JSM-6301F microscope in secondary electron imag-
ing mode, using a 10kV probe voltage.

Transmission electron microscopy (TEM) was performed
using a Jeol 200kV transmission electron microscope in imag-
ing mode for the SWNT-metal oxide inks. The inks were drop
coated onto a carbon coated copper TEM grid purchased from
Agar Scientific. A Jeol 100kV transmission electron micro-
scope was used to image the SWNT-metal oxide composite
material after sensor fabrication and post gas testing. The

sensing layer was removed from the device, dispersed in hex-
ane via sonication for 5 minutes and subsequently dropped
onto a holey carbon coated copper TEM grid (Agar Scien-
tific).

The UV-Vis-IR absorption spectra were taken using a
Perkin Elmer Lamda 950 spectrometer for the initial SWNT
solution. The background measurements for the D,O DOC
have been subtracted.

X-ray diffraction studies were performed using a Panalyti-
cal XPert 0-8 powder diffractometer over the 26 range 20 °
to 707, at a step size of 0.02° with a copper x-ray source (4
= 0.15419 nm). TGA profiles were obtained using a Netsch
TA45 DSC/TGA, to a temperature of 800 °C, with a ramp rate
of 15 °C per minute.

3 Results and Discussion

SWNT composite inks were deposited via the repeatable and
commercially scalable screen printing method to produce the
final sensing device. The modified sensor type, chosen target
gases and the response enhancements observed in comparison
with non modified sensors are detailed in Table 2. Material
characterisations were performed pre and post device fabrica-
tion and throughout gas sensor testing process.

Table 2 Modified sensor type, target gases and response
enhancement per gas at maximum concentration whilst operating at
a temperature of 250 °C

Sensor Target Response

Type Gas Enhancement (%)
SnO; + HiPco Acetone, NH3 72,198

SWNT EtOH, NO, 12,95

WO3 + HiPco NO,, EtOH 51,75

SWNT

3.1 Material Characterisation

The presence of SWNTs in the initial SWNT solution and on
the surface of the SWNT-metal oxide composite material pre
and post annealing to 400 °C was confirmed by Raman spec-
troscopy (Fig.2 and Fig.3).

The spectrum of the final device shows the characteristic
SnO; peaks, as well as the radial breathing modes (RBM) in
the range 150 to 300 cm ™', unique to carbon nanotubes. The
position and intensity of these peaks is dependent on the diam-
eter of the tubes present and thus specific SWNT chiralities .

The G-band splitting is consistent with a sample contain-
ing metallic and semiconducting SWNT as is expected for
HiPco produced nanotubes3'. The ratio of the D peak ( at

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Raman spectra of (a) HiPco single-walled nanotubes wrapped
in a solution of sodium deoxycholate (DOC) and heavy water (D,0)
and dried upon a glass substrate, (b) SWNT-SnO, composite in
printed form on the sensor substrate pre annealing (1 =488 nm ).

1336 cm™!) to the G peak ( at 1592 cm™!) shows a low num-
ber of defects and amorphous carbon3? present in the initial
solution and final sample (D /G =0.07 ).

Transmission electron microscopy was used to qualitatively
analyse the dispersion of HiPco SWNTs throughout the metal
oxide inks.

Despite surfactant wrapping of the HiPco SWNTs, Fig. 4a
shows significant bundling of tubular networks. This may
be due to an increase in surface tension between individu-
ally wrapped tubes during the drying process, causing re-
aggregation. Bundles of between 10 and 30 SWNTSs were of-
ten found to interconnect between the metal oxide particulates
present in the sample (Fig. 4b and Fig. 4c).

The fainter dark patches contained within the tubular
bundles shown in Fig. 4d, are identified as residual iron
impurities from the HiPco process33. Profile analysis of the
images yield a mean tube diameter of 0.88 nm, within the

Raman Shift (cm™)

Fig. 3 Raman spectra of (c) SWNT-SnO, composite in printed form
on the sensor substrate post annealing at 400 °C and (d) blank
-SnO5 on sensor substrate (A =488 nm ).

expected range for tubes produced via the HiPco process>* .

TEM was also performed on the SWNT metal oxide
composite upon completion of gas testing. After annealing
and testing to target vapours, the frequency of interconnecting
SWNTs and metal oxide particles was reduced but still
visible, as shown in Fig.4. Visual comparison between TEM
images of the final composite material and the initial com-
posite ink indicates that the fabrication process and testing
produces an increase in deformity and impurities within the
tubular bundles.

Surface imaging of the plain metal oxide sensors by
SEM demonstrates the porous nature of the metal oxide
material (Fig. Se and Fig. 5f). A porous material increases
accessibility of the gas to resistive components of the material
micro-structure 3.

A micrograph of the initial SWNT solution drop deposited
to form a dry film (Fig. 5b) shows the tendency of SWNT
bundles to bridge cracks in the film surface.

TGA profiles were primarily used to determine a sufficient
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Fig. 4 Images taken using a Jeol 200kV transmission electron
microscope in imaging mode showing (a) dispersion of HiPco
SWNT bundles containing Fe impurities amongst larger SnO;
particles 20,000x (b) interconnectivity of SnO; particles 25,000x (c)
particle bridging 80,000x (d) SWNT bundle diameters 200,000x (e)
nanotube bundle post fabrication and testing in SWNT-SnO;
composite

annealing temperature to remove residual solvent and sur-
factant. Annealing is also required to ensure polycrystalline
structure throughout the metal oxide, important in achieving
a good sensor response%, and aid stability whilst operating
the devices at elevated temperatures’. TGA data is available
in the supplementary information provided. The ESL vehicle
is removed from the material at 400 °C, with a ramp rate of
15 °C per minute. Removal of the surfactant used to wrap
the SWNTs takes place at 200 °C. The HiPco SWNTs were
found to decompose between 400 °C and 500 °C at a ramp
rate of 5 °C per minute.

XRD spectra were taken pre and post testing to provide an
indication of any structural changes (Fig.S11 and Fig.S12).
Diffraction peaks are labelled with reference to those reported
in the literature3®3°. X-ray diffraction scans were collected
over the 2(0) range 20° to 70° at a step size of 0.02° with a
copper X-ray source (A=0.15419nm). The crystallite sizes of
the metal oxide powders were found to be approximately 70
nm, remaining constant pre and post testing. The method used

— l1@@nm

S IEOQL 18KV ®Se. @6 a T mn JEOL 18K
! S8

Fig. 5 SEM micrographs of SnO; and WOj3 blank sensors on
interdigitated alumina substrate at varying magnifications and a
dried solution of HiPco SWNT bundles (a) SnO2 20x (b) Deposited
Initial SWNT Solution 100000x (c) SnO2 300x (d) WO3 300x (e)
Sn0O2 50,000x (f) WO3 50,000x

to estimate crystallite size is detailed in the supplementary
information.

The UV-Vis-IR absorption spectra for the initial SWNT
solution (diluted to 0.003 mgml™1) is shown in Fig.6. Optical
adsorption bands for SWNTs are related to allowed transi-
tions between van Hove singularities in the valence and the
conductive bands of the nanotube electronic density of states
(DOS)*.  These diameter dependent singularities appear
due to the 1-D nature of nanotube electronic structure*’. A
range of metallic and semiconducting tubes are present in the
sample*! as shown in Fig.6, where E;; denotes transitions
between the indexed valance and conduction bands.

The range of peaks correspond to specific SWNT chirali-
ties and diameters>’*?. Using the Kataura plot for SWNTs in
aqueous suspension proposed by Weisman et al*3, the range
of tube diameters present in the sample can be estimated as
0.8nm to 1.2 nm.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-10 |5



Absorbance

RSC Advances

0.65 ‘f
0.60 e

Metal

0.55 Eo

0.50 4 Semiconductor

0.45 E1q

0.40 4 Semiconductor

0.35
0.30

0.25

0.20
400

T T T T T T T T T T T
500 600 700 800 900 1000 1100 1200 1300 1400 1500

Wavelength (nm)
Fig. 6 UV-Vis-IR absorption spectra, displaying the range of
metallic and semiconducting tube species present in the initial
SWNT solution (diluted to 0.003 mgml~! as in image displayed)

3.2 Gas Testing

Absorption or desorption of a gas on the surface of a metal
oxide produces a change in conductivity when a potential dif-
ference is applied across the material 1. This is dependent on
electrons having enough energy to cross from the valence to
the conduction band?. MOS gas sensors supply this required
energy via heat transfer from a heating element. In this case
the Pt heater track is located on the reverse of the sensor sub-
strate (Fig. 1b).

The metal oxides used in sensor fabrication were chosen on
the basis of known sensitivities to the target vapours. WO3 re-
portedly provides a large response to the oxidising gas NO, !,
whilst SnO, was chosen for it’s sensitivity to the reducing
gases NH3, EtOH and acetone®.

Both metal oxides are n-type semiconductors and are used
in commercially produced gas sensors. N-type materials dis-
play an increase in resistance when exposed to oxidising
vapours and a resistance decrease when exposed to reducing
vapours 1. Conversely, the incorporated HiPco SWNTs are p-
type, displaying a decrease in resistance to oxidising gases and
an increase to reducing gases '>. The chosen metal oxides and
the SWNT modified devices were tested to the aforementioned
gases to investigate the changes in sensing characteristics dis-
played by the composite material.

3.3 Sensitivity Enhancement

An increase in response magnitude for SWNT modified sen-
sors was observed to all target gases whilst operating at the
lower temperature of 250 °C. Fig.7 exhibits an enhancement
of 77% when testing on NO; using a SWNT - WO3 modi-
fied material at 200 ppb. This enhancement was consistently

R/Ro

observed through a range of low vapour concentrations.

25
—— WO, + HiPCO SWNT
20+ WO, Blank
15 4
10 H
5
- /—\\IL‘ — -
T T T T T T T T T T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (S)

Fig. 7 WO3 Blank and SWNT - WO3 composite sensor responses
to NO; at an operating temperature of 250 °C. Testing was to
increasing gas concentrations of 50, 100, 200, 400 and 600 ppb

A similar improvement to sensing response is observed
when testing on Acetone using an SWNT - SnO; modified
device at a concentration of 8 ppm. A small drift in baseline
resistance is observed (Fig.8). This is not attributed to the in-
corporation of SWNTS, as the drift occurs for both the SWNT
modified and blank SnO, sensors.

Both SnO, and WO3 based sensors were tested to EtOH
and NH3. An enhancement in sensing response was again ob-
served in SWNT-metal oxide composite sensors in compari-
son with their plain counterpart. The increase was more pro-
nounced in the SWNT - SnO; modified sensor when testing
on NHj3 (Fig.9). Interestingly, the enhancement was greater
when sensors were exposed to higher gas concentration.

Fig.S15 compares the response magnitudes between the
WO3 and SnO; based sensors whilst testing to NO, , along
with their SWNT modified analogue. Here, the effect of
SWNT incorporation on the SnO, sensor response was lower
(37%) than the WO3 based sensor (120%) at lower gas con-
centration (200 ppb). However, this trend was reversed when
testing to higher vapour concentration of 800 ppb. The im-
provement on SnO; response was 94%, where as the enhance-
ment in sensitivity for the SWNT - WO3 composite sensor fell
to less than 11%.

The stronger response of SnO, based sensors to EtOH than
those observed from WO3 based devices is shown in Fig.10,
when operating at a higher temperature of 300 °C.

6| Journal Name, 2010, [vol]1-10
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Fig. 8 SnO; Blank and SWNT - SnO, composite sensor responses
to Acetone at an operating temperature of 250 °C. Testing was to
increasing gas concentrations of 0.5, 1, 2, 4, 6 and 8 ppm

3.4 Temperature and Humidity Dependence

The enhancements achieved when incorporating SWNTs were
found to be dependent on the chosen operating temperature of
the device. Fig.10a shows how the effects of the SWNT incor-
poration are reversed when testing to EtOH at a higher oper-
ating temperature of 300 °C. The SnO, blank sensor exhibits
a response larger by 215% than that of the SWNT-SnO; com-
posite sensor, when testing to 60 ppm of EtOH vapour. This is
also true for the WOj3 blank sensor which displays a response
two times larger than it’s SWNT analogue when operated at
300 °C.

The operating temperature of entirely SWNT based sen-
sors partially determines device conductivity and thus sens-
ing response®. Changes in response upon variation of oper-
ating temperature have been reported previously for sensors
based purely on carbon nanotubes*®, where a low response of
3% was observed in comparison to those demonstrated by the
SWNT-metal oxide inks presented here, whilst testing to 100
ppb of NO, and operating at 215 °C.

Testing to Acetone using the SnO, based sensors at 300
°C produced a general increase in response, but no signifi-
cant differences to the SWNT modified sensor were observed
when operating at this elevated temperature as detailed in the
supplementary information (Fig.S16). For the reducing gases
Acetone and EtOH, enhancements to the modified sensors are
not observed at higher temperatures.

16

SnO,+ HIPCO SWNT
— — SnO, Blank

—— WO, + HIPCO SWNT
WO, Blank

14 4
12 4

10

1 —r — T 1 T J
0 1000 2000 3000 4000 5000 6000 7000 8000
Time(S)

Fig. 9 WO3 Blank, SWNT - WO3 composite, SnO, Blank and
SWNT- SnO, composite sensor responses to NH3 at an operating
temperature of 300 °C. Testing was to increasing gas concentrations
of 2.5, 5, 10, 20, 30 and 40 ppm

It has been previously reported that the response of metal
oxide sensors operating above 300°C depends on the num-
ber of oxygen vacancies available, whilst at lower temperature
(<275°C) the response is more dependant on the size and sur-
face area of the material when testing with reducing gases*’.
This may explain the temperature dependant responses seen
here, as SWNT inclusion alters both the morphology of the
sensing material and potentially the number of oxygen vacan-
cies available at the surface.

The SWNT-SnO; composite sensor showed an increase in
sensitivity to humidity as displayed in Fig.S14 , consistent
with previous studies on SWNT based sensors !>, The re-
sponse enhancements to target gases discussed previously are
not due to humidity variations, as tests were carried out in
synthetic dry air. Humidity effects are often addressed by ap-
plying a filter to the sensor for use in practical applications*®.
Alternatively, the SWNT-SnO, composite may be useful as a

humidity sensor.

3.5 Enhancement Mechanism

The mechanism for gas sensing is complicated and dependent
on many factors, such as material type, chemical composi-
tion, grain size and micro-structure 354951 A simple model of
the micro-structural resistance contribution considers electron
conduction at particle boundaries, bulk and surface regions as

This journal is © The Royal Society of Chemistry [year]
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Fig. 10 Differences in response magnitudes between SWNT
modified and blank metal oxide sensors to (a) EtOH vapour as a
function of gas concentration and operating temperature. (b) NH3
and (c) Acetone show selectivity as a function of gas concentration
operating at 300 °C

described by Williams et al>2. The degree to which each of
these components effects the resistance of a material varies as
a function of particle and particle neck size>2. This model as-
sumes that only the area of a material that is accessible to the
introduced gas exhibits a change in resistance. Furthermore,
the model is used to relate the response magnitude of a resis-
tive sensor to vapour concentration.

The resistance of an n-type material in air is thought to be
dominated by the surface region (defined as a depth equivalent
to the Debye length of the material) and at particle bound-
aries>. The introduction of p-type SWNTs at surface and
boundary regions may alter sensitivity of the n-type metal ox-
ides to target vapours. This bridging of metal oxide particu-
lates, as observed in Fig.4b, results in p-n boundaries through-
out the composite. Such p-n junctions have been previously
reported in SWNTs decorated with SnO, particles>, con-
tributing to conductance change in the material.

The presence of SWNTs in these regions gives rise to a large
change in resistivity of the material and may explain the large
variations in response observed. Table 1 highlights such vari-

ations, with the baseline resistances of the SWNT - composite
sensors differing by two orders of magnitude when compared
with their plain metal oxide counterpart.

The contribution of each resistive component is predicted
to vary with gas concentration. This would cause an increase
in the difference between a SWNT modified sensor response
as a function of vapour concentration, such as that observed in
Fig.8 and Fig.9.

Past study of sensing response upon incorporation of
MWNT with MOS gas sensors, suggests the presence of tubu-
lar nanostructures on the sensor surface increases the reaction
area available for charge transfer>*. TEM image analysis of
the SWNT-metal oxide inks produced in the current study,
highlights tube bundle formation of similar dimension to the
MWNTs used in previous investigations. A similar mecha-
nism (i.e increased charge transfer at the surface) may play
a part in the response enhancements observed in the SWNT-
metal oxide composite, due to the high dependency of sens-
ing response magnitudes to resistance changes in the sur-
face region as per the model discussed above. An increase
in response may be due to the extreme sensitivity of elec-
tron conduction in semiconducting SWNTs to the presence of
molecules on the tube surface 4.

Thermal treatment of metal oxides in the presence of car-
bon has previously been reported to increase the number of
oxygen vacancies in the sample>>, again possibly explaining
a change in baseline resistance of the sensor and response due
the presence of the SWNTs.

3.6 Selectivity

The enhancements reported upon SWNT inclusion offer a new
approach to achieving selectivity in an array of metal-oxide
based sensors. Fig.10 demonstrates the selectivity that can be
achieved towards EtOH, NH3, and Acetone with the described
modifications to the sensing material. This may be a simpler
alternative to doping or temperature modulation of gas sensors
currently used to achieve selectivity in real world applications.

4 Conclusion

Novel, printable SWNT-metal oxide inks were synthesised.
The composite material displayed an improvement in sensitiv-
ity to target vapours when compared to plain WO3 and SnO»
semiconducting gas sensors. A 100% increase in sensing re-
sponse to NO, was observed in the sensitivity of the SWNT
- WO3 modified sensor. A similar increase was found in the
SWNT- SnO, sensor response to Acetone.

The enhancements to both oxidising and reducing gases
were found to be dependent on the sensor operating tempera-
ture. The composite devices achieved superior sensitivities at

8| Journal Name, 2010, [vol]1—10
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lower temperatures (250 °C), whilst at higher operating tem-
peratures (300 °C) a reduced response magnitude was found
for the SWNT modified sensors when compared with the plain
metal oxide analogues testing to EtOH and Acetone.

It is suggested that the enhancements observed are a result
of (1) the introduction of p-type SWNTs, forming p-n bound-
aries throughout the composite material and (2) an increase in
interaction area due to the presence of SWNT bundles on the
sensor surface.

The prolonged sensor recovery times, signal drift and
small response magnitudes associated with room temperature
SWNT gas sensors were not observed in the elevated temper-
ature SWNT-metal oxide devices, suggesting that nanotube-
metal oxide composites may offer a route to improve upon
these undesirable characteristics for arrays operating at lower
temperatures.

The ability to tailor gas sensor responses through addition
of SWNTs would be a useful tool. To introduce a higher de-
gree of discrimination between target gases in a sensor array,
sensors are often operated at different temperatures or fabri-
cated from different metal oxides. This work indicates that
SWNT inclusion may offer a simpler alternative to achieve
selective detection in such an array, via a facile fabrication
route.

Acknowledgements

The author thanks E. Newton, A. Naik and D.Williams for
their time and useful discussion. S. Firth and K. Reeves are
thanked for instrumentation assistance. This work was carried
out under EPSRC Grant no: EP/G037264/1 as part of UCL’s
Security Science Doctoral Training Centre.

Supplementary Information

Additional Raman spectroscopy and XRD data is available for
the materials used in synthesis and at various stages of the
of the SWNT - metal oxide composite fabrication and testing
process. TGA data is supplied to show the mass change of
HiPco SWNT material, metal oxides, the ESL Vehicle and
the composite material as a function of temperature up to
800°C. Further gas sensor testing results demonstrate the re-
producibility of sensor responses after a cycle of testing at
higher and lower operating temperatures, along with tests at
varying humidity.
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