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Multi-wall carbon nanotubes (MWNT) were functionalised in an oxygen-based atmosphere by an inductively coupled RF-p
3.56 MHz. X-ray photoelectron spectroscopy analysis showed that the chemical composition of the nanotube surface depends o
onditions used. The MWNT were then deposited onto microhotplate gas sensor substrates by the drop coating method. A w
hick-film of carbon nanotubes mesh (∼17�m) was obtained after annealing in air. The influence of the different plasma conditions
esponsiveness of gas sensors fabricated with the functionalised MWNT was studied. The gas sensing properties were inves
xperimentally and theoretically for NO2, and NH3 at room temperature.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In nature, carbon is one of the chemical elements that
an take different allotropic forms, in particular graphite,
iamond and fullerene [1]. Carbon nanotubes (CNT) are

ullerene-like structures that were discovered a decade ago
y Iijima [2]. Their applications’ potential in many fields of
cience was anticipated from the very beginning and the num-
er of researchers that are studying and implementing them

ncreases every day. They have been employed in components

∗ Corresponding author. Tel.: +34 977 558502; fax: +34 977 559605.
E-mail address: ellobet@etse.urv.es (E. Llobet).

of nanoelectronic technology [3], as probes in scanning p
microscopy [4], in high-sensitivity microbalances [5], in h
drogen storage devices [6], in field emission type disp
[7], as electrodes in organic light-emitting diodes [8], as
tweezers for nanoscale manipulation [9], and as gas dete
[10].

Since their discovery, various methods have been d
oped to produce carbon nanotubes, including arc disch
[11], laser vaporisation [12], pyrolysis [13] and chem
vapour deposition [14]. Two general categories of CNT
be fabricated [15]. Specifically, single-wall carbon nanotu
(SWNT), which can be thought of as cylinders rolled fro
graphitic sheet, and multi-wall carbon nanotubes (MWN
which can be thought of as coaxial structures of var

925-4005/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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graphitic cylinders of different diameters. Depending of their
chirality and diameter, the electronic structure of a CNT can
be either metallic or semiconducting [15]. In practice it is
difficult to obtain only semiconducting nanotubes from as
grown samples, which are typically mixtures of both metal-
lic and semiconducting CNT. Even when CNT are directly
grown by a chemical vapour deposition (CVD) process, there
is no control over the growth of semiconducting or metallic
nanotubes [16].

Carbon nanotubes have been recently employed as ac-
tive material in semiconductor gas sensors. The good po-
tential of CNT for detecting gases arises from their very
large surface area because of their central hollow cores and
outside walls [17]. Recent studies have proved that CNT-
based gas sensors can detect hazardous gases at low tem-
peratures (e.g. below 200◦C), and even at room tempera-
ture [18–20]. This reduces the power consumption of the
sensors and enables the safe detection of flammable gases
in potentially explosive atmospheres. Therefore, this ma-
terial is very promising as active layer for gas sensing
applications.

However, the presence of a thick graphite-like layer
(formed during the fabrication process) at the surface of
nanotubes, which contributes with sp2 electronic states, can
rule out the sensing potential of this material. Moreover,
the agglomeration of CNT into bundles during their syn-
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2. Experimental

2.1. Plasma functionalisation

Four differently funtionalised MWNT were used to inte-
grate the sensitive layer of microhotplate gas sensors. The
active layers were prepared using commercially available
(Nanocyl, S.A. [27]) multi-walled carbon nanotubes grown
by CVD. The as-provided nanotubes were not purified (i.e.
purity was higher than 65%), up to 50�m in length and their
outer and inner diameters ranged from 3 to 15 and 2 to 7 nm,
respectively. In order to perform a uniform functionalisation,
the nanotubes were placed inside a glass vessel and a mag-
net, externally controlled from the plasma chamber, was used
to stir the nanotube powder during a plasma treatment. In-
ductively coupled plasma at a RF frequency of 13.56 MHz
was used [28]. Once the CNT powder was placed inside the
plasma glow discharge, the treatment was performed at a
pressure of 0.1 Torr, using a power ranging from 30 to 100 W,
and processing time was adjusted between 10 and 30 min. A
controlled flow of oxygen was introduced inside the chamber.
The excited species, radicals, electrons, ions and UV light
within the plasma interacted with the surface of the CNT
breaking the CC bonds and creating active sites for bond-
ing of functional groups. Thus, depending on the parameters
used, it is possible to reduce the graphite-like layer at a point
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hesis appears as a technological difficulty for formin
ell-dispersed active layer. The modification of the ch

cal composition at the surface of carbon nanotubes has
roved efficient at overcoming these drawbacks [21,22].

hermore, functionalising nanotubes allows their chem
ompatibility with other materials. For example, they
e incorporated within polymers, attached to metals, or o
aterials, transferring their properties to the new comp
aterial. Several methods, such as chemical [23], ele

hemical [24], mechano-chemical [25] and plasma [26] tr
ents, can be applied to tailor the chemical compositio

he nanotube surface. Among them, plasma treatments
he advantage of being non-polluting and providing a w
ange of different functional groups depending on plasm
ameters such as power, gases used, duration of treatme
ressure.

In this paper the responsiveness to nitrogen dioxide
mmonia of differently RF-plasma functionalised MW
as investigated. The influence of the chemical compos
f the nanotube surface on their sensing properties wa
tudied. X-ray photoelectron spectroscopy (XPS) was
o follow the changes in chemical composition induce
he surface of nanotubes due to the plasma treatmen
canning electron microscopy (SEM) was used to eva
he dispersion of nanotubes.

These experimental results were compared to theor
b initio calculations in order to analyse the interaction

ween the carbon nanotube surface and the functional g
nder consideration, as well as the role of defects on the

ionalisation process.
d

hat the catalysts used in the fabrication of nanotube
xposed at the surface.

Specifically, depending on the plasma treatment par
ers used (shown in Table 1), four different types of oxy
unctionalisation were performed. The nanotubes resu
rom these treatments were employed as active layer fo
ensors.

.2. Microhotplate substrates

Integrated microhotplates with arrays of four micros
ors were fabricated (at the Centro Nacional de Mi
lectŕonica, Barcelona, Spain) on double-side polishe

ype 〈1 0 0〉 Si substrates, 300�m thick (4–40� cm). The
tructure of the device basically consists of the follow
tacked layers: a 300 nm thick Si3N4 layer grown by low
ressure chemical vapour deposition (LPCVD), a PO3-
oped polysilicon heating meander of 6�/sq. of resistance,
.8�m thick SiO2 layer to insulate the heater from the el

rodes and 200 nm thick Pt electrodes. A backside si

able 1
lasma treatment parameters used for MWNTs functionalisation and o
oncentration in at.% measured by XPS after functionalisation

unctionalisation Power (W) Pressure
(Torr)

Time (min) O (%)

– – – 0
30 0.1 10 10
30 0.1 30 20

100 0.1 10 20
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Fig. 1. Structure of the micromachined sensor.

etching with KOH at 70◦C (40 wt.%) was used to create four
900�m× 900�m thermally insulated membranes on each
chip. Chips were mounted on TO-8 packages. A detailed de-
scription of the sensor substrates can be found elsewhere [29].
Fig. 1 shows the structure of the sensors.

2.3. MWNT deposition

The drop coating method was employed for depositing
MWNT onto the sensor substrates [16]. A solution was pre-
pared by dispersing MWNT in glycerol (25 mg in 1 ml). The
dispersion and adequate mixture of the components were en-
hanced by stirring the solution in an ultrasonic bath. The
resulting paste was then dropped onto the micromachined
membranes using a microinjector (JBE1113 Dispenser, I&J
FISNAR Inc., USA).

The deposited films were subsequently annealed in situ
at 350 or 480◦C for 2 h. The purpose of this process was to
ensure a good adherence of MWNT to the sensor substrates
and to burn out the organic vehicle (i.e. glycerol) used for
preparing the deposition paste. After the annealing process,
the baseline resistance of the sensors, i.e. the resistance in
dry air, ranged typically between 50 and 150�.

Fig. 2 shows a picture of a four-element microhotplate
array mounted on a standard TO-8. The MWNT thick films
l y can
b
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The morphology of the MWNT based films deposited onto
the microhotplate substrates was investigated by scanning
electron microscopy. SEM measurements were performed
using a Joel JSM 6400 equipment, with a resolution of 0.3 nm.
The magnification during this study was set to values varying
between 30,000 and 150,000. A voltage of 30 kV was applied
for exciting the electrons that bombarded the surface under
study. The system allows a sample rotation of 360◦ and a
sample inclination of 90◦.

2.5. Gas measurement system

Two four-element MWNT microarrays (each microarray
had its four membranes coated with differently functionalised
MWNT films, i.e. types A, B, C or D) were kept into a 10 ml
test chamber. A continuous flow measurement system, based
on computer-driven mass flow controllers, was used to gen-
erate the desired concentrations of NO2 and NH3 in dry air
(79% N2 and 21% O2). The flow rate was set to 200 ml/min.
The sensor resistances were acquired and stored in a PC using
an Agilent 34970A data acquisition unit.

F drop-
c

ying over the four electrode areas of the integrated arra
e observed.

.4. Material characterisation

X-ray photoelectron spectroscopy analyses were
ormed in order to evaluate the chemical change at the su
f MWNT. XPS measurements were performed with a
950A system equipped with a hemispherical electron
rgy analyser. The photon source was a monochromatis
� line (hν = 1486.6 eV). The nominal resolution of the s

em (source + analyser) was 0.7 eV. In the spectrum ana
he background signal was subtracted by Shirley’s me
ll binding energies were corrected for charging effec
alibration on the graphite C 1s peak at 284.6 eV. The
pectrum analysis was carried out by fitting a graphite
hape obtained in the same analysing conditions and
omponents with mixed (Gaussian + Lorentzian) line sha
ig. 2. Picture of a 4-element microhotplate sensor array based on
oated MWNT.



R. Ionescu et al. / Sensors and Actuators B 113 (2006) 36–46 39

3. Computational details

In order to make a further interpretation of the experimen-
tal results, ab initio calculations were performed on a finite
open single-walled (5,5) carbon nanotube with 150 carbon
atoms and hydrogen termination at the open ends. As de-
fects are supposed to play a key role in the chemical prop-
erties of carbon nanotubes, this system was also considered
with a vacancy, i.e. one carbon atom removed from the mid-
dle of the structure (in order to minimise effects induced by
open ends). Both systems (perfect and defective one) were
functionalised with distinct oxygen and nitrogen containing
functional groups (see below), and all systems under consid-
eration were fully optimised at the ab initio restricted Hartree-

Fock level of theory using a 3-21G basis set. The same level
was used for all energy and property calculations, using the
GAUSSIAN03 program [30].

Interaction energyEInt was calculated as the difference in
energy between the functionalised carbon nanotube (ETot) on
the one hand, and the carbon nanotube without the functional
group (ECN) and the free standing functional group (ER) on
the other hand, using Eq. (1):

EInt = ETot − (ECN + ER) (1)

These energies were calculated from the fully optimised
structures. The total charges for the calculations of the
free standing functional group were taken the same as for
the functionalised carbon nanotube (−1 or 0), the total
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ig. 3. (a) XPS C 1s core level spectrum recorded on as-grown nanotubes po
. The main peak (1) at 284.6 eV corresponds to the graphite signal. Peak (2
t 287.2 eV and (5) at 288.9 eV correspond to hydroxyl, carbonyl (or ether) a
n nanotubes used for sensors type C. The main peak (1) at 284.6 eV corre
arbon atoms. Peak (3) at 286.2 eV, (4) at 287.2 eV and (5) at 288.9 eV corre
d) XPS C 1s core level spectrum recorded on sample D. The main peak (1
ttributed to the sp3 carbon atoms. Peak (3) at 286.2 eV, (4) at 287.2 eV and (5
roups, respectively.
wder. (b) C 1s core level spectrum recorded on the nanotubes used for sensors type
) centred at 285.1 eV is attributed to the sp3 carbon atoms. Peaks (3) at 286.2 eV, (4)
nd carboxyl (or ester) groups, respectively. (c) C 1s core level spectrum recorded
sponds to the graphite signal. Peak (2) centred at 285.1 eV is attributed to the sp3

spond to hydroxyl, carbonyl (or ether) and carboxyl (or ester) groups, respectively.
) at 284.6 eV corresponds to the graphite signal. Peak (2) centred at 285.1 eV is
) at 288.9 eV correspond to hydroxyl, carbonyl (or ether) and carboxyl (or ester)
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charge of the non-functionalised carbon nanotube was set
to 0.

4. Results and discussion

4.1. Compositional and morphological analysis of the
MWNT films

XPS analyses were performed in order to determine the
chemical composition of the nanotube powders used to pre-
pare the sensors. Fig. 3(a) shows the C 1s core level spec-
trum recorded on the as-provided nanotube powders (used
for sensors type A). The full width half maximum (FWHM)
of this peak is 1.1 eV; this value is higher than the expected
for purified nanotube powders. However, this value is consis-
tent with the one found for non-purified nanotube powders
which is characterised not only by the presence of perfect
nanotubes but also by defective ones and amorphous carbon
[31]. A strong shake-up satellite (6 eV loss energy) with to-
tal intensity of about 5% is noticeable; the whole structure
is taken into account in the quantitative analysis of the C 1s
peak (see e.g. Fig. 3(b)–(d)).

Fig. 4(a) shows the XPS survey spectrum recorded on nan-
otube powders used for sensors type B (see Table 1 for the
p trum
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Using the same parameters of the plasma for producing
sample B (Table 1) but with increased exposure time results
in sample C. Sample C shows a different distribution of the
concentration of functional groups attached to the nanotube
surface. As it can be derived by comparing Fig. 3(b) and (c),
the same five components are present in both spectra. How-
ever, the amount of carbonyl groups (component at 287.2 eV)
attached to the nanotube surface increases considerably. The
relative concentrations of these five components are shown,
once again, in Table 2.

When a stronger plasma treatment was used (sample type
D, Table 1), a chemical etching of the nanotube surface oc-
curred. The XPS survey spectrum (Fig. 4(b)) reveals the pres-
ence of photoelectrons emitted from transition metals (Co and
Fe) and aluminium atoms, indicating that carbon atoms were
removed from the nanotube surface by plasma. This results
in the exposure of the previously encapsulated catalysts used
to grow nanotubes. Fig. 3(d) shows the C 1s core level spec-
trum recorded on sample D; as for the previously analysed

Fig. 4. (a) XPS survey spectrum recorded on the nanotubes used for sensors
type B. (b) Survey spectrum recorded on nanotubes used for sensors type D.
Photoelectrons generated from transition metals (Co and Fe) and aluminium
atoms can be observed.
arameters of this specific functionalisation). This spec
eveals the presence of carbon and oxygen on the sa
he concentration of oxygen evaluated by XPS was fo

o be 10%. Identifying the chemical modification produ
y plasma treatment at the surface of nanotubes is str

orward when the C 1s core level spectrum is analysed
ig. 3(b)). This spectrum is made up of five components
an be decomposed into:

A main peak (1) at 284.6 eV generated by photoelect
emitted from carbon atoms in the graphite configura
including its shake-up structure.
A second peak centred at 285.1 eV (2), which can b
tributed to photoelectrons emitted from carbon atoms
sp3 configuration [31].
Three other components centred at 286.2 eV (3), 287
(4) and 288.9 eV (5) generated by photoelectrons em
from carbon atoms belonging to hydroxyl, carbonyl
ether) and carboxyl (or ester) groups, respectively.
relative concentrations of these components are sho
Table 2.

able 2
elative concentration found for the five components forming the C 1s
pectrum

ample sp2 (%) sp3 (%) C O (%) C O (%) COO (%)

76 14 – – –
58.5 18.5 7.3 9.6 6.1
57.4 12.5 2.6 22.4 5.1
63.7 16.4 5.2 8.3 6.4
.
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Fig. 5. SEM image of a MWNT film deposited over the sensor substrate.

samples, it is made up of the same five components, however,
with a different distribution of concentrations (Table 2).

In summary, the XPS analysis revealed that after function-
alisation, four different types of materials were obtained:

• Type A: non functionalised MWNT.
• Type B: MWNT with 10% oxygen at the surface.
• Type C: MWNT with 20% oxygen at the surface.
• Type D: MWNT with 20% oxygen + Co + Fe + Al.

A SEM analysis was performed in order to study the mor-
phology of the MWNT films coating the sensor substrates
after they had been annealed in situ (see Fig. 5). The SEM
analysis did not reveal significant morphological changes be-
tween the differently functionalised nanotubes. The forma-
tion of a dispersed mesh of MWNT could be observed for the
four differently functionalised materials analysed. SEM anal-
yses indicated that well-adhered thick films were obtained,
which had an average thickness near 17�m. These results
prove the correct deposition of the sensing material onto mi-
cromachined substrates.

4.2. Room temperature detection of NO2 and NH3

Next, the potential of MWNT-based chemical gas sen-
sors for detecting hazardous gases at ambient temperature
w nsors
w
A dded
r t room
t

rs
c ance
c erated
a ly in-
c ).
T s

Fig. 6. Responses at room temperature to increasing concentrations of NO2

of a sensor type B annealed at 350◦C (a), of a sensor type C annealed at
350◦C (b) and of a sensor type C annealed at 480◦C (c).
as investigated. Therefore, the performances of the se
ere tested for different concentrations of NO2 and NH3.
lthough the microhotplate substrates include an embe

esistor to heat the active area, sensors were operated a
emperature, i.e. 25◦C.

The best responses to NO2 were obtained by senso
oated with films of types B and C. Fig. 6 shows the resist
hanges experienced by sensors type B and C when op
t room temperature, after their exposure to successive
reasing concentrations of NO2 (500 ppb, 1, 5, and 10 ppm
hese sensors were able to detect NO2 at concentrations a
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low as 500 ppb. In addition, sensors coated with films type
A or D did not show responsiveness to NO2 at concentra-
tions below 10 ppm. This difference in responsiveness can be
associated with the type of functional groups present at the
surface of the nanotubes. It can be derived from Fig. 6 that
the best responsiveness is found for sensors coated with films
of type C, which is the functionalised sample that showed the
highest concentration of CO functional groups. Therefore,
this functional group plays an important role in the sensitiv-
ity to nitrogen oxide species. The films behaved similarly to
a p-type semiconductor in the presence of NO2 (i.e. oxidis-
ing species), as their resistance decreased when detecting this
gas.

The best sensitivity to NH3 at room temperature was
reached by sensors with an active layer of type D (see Fig. 7).
This is probably due to the presence of catalytically active
metals in samples D (i.e. Co, Fe and Al), which play an ac-
tive role in the detection of ammonia. While sensors type D
responded to NH3 concentrations as low as 200 ppm, sensors
type A, B or C could not detect NH3 below 500 ppm and
their responses were weak and slow. The films, once again,
behaved as p-type semiconductors in the presence of NH3
(i.e. reducing species), as their resistance increased when de-
tecting this gas.

Fig. 7. Response at room temperature to increasing concentrations of NH3

of a sensor type D annealed at 480◦C.

When the test chamber where the sensors are kept was
flushed with dry air, the sensors regained their baseline resis-
tance, but this was a very slow process. The time needed for
the sensors to reach the baseline was about one hour and half.
This process could be speeded up by heating the sensors, at a

F
t

ig. 8. Structures of the addition of NO2 (a) and NH3 (b) to the open single-wall
he open ends used as a test system.
ed (5,5) carbon nanotube with 150 carbon atoms and hydrogen terminated at
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lower temperature than the one used for annealing the active
film, during the cleaning phase.

4.3. Theoretical interpretation

In order to make a further interpretation of the results ob-
tained, ab initio calculations were performed of the chemical
addition for a number of functional groups to a (5,5) car-
bon nanotube, as mentioned above. First the interaction en-
ergy was calculated for the addition to the perfect side-wall
for NO2 and NH3: being +21.4 and−26.0 kcal/mol, respec-
tively (Fig. 8). For bonding to a perfect nanotube side-wall,
an exothermic interaction is thus predicted for NO2 as com-
pared to an endothermic interaction for NH3, although the
interaction energy is relatively low for NO2. Furthermore,
as a clear interaction is seen between the nanotube material
and NO2 in relation to the amount of oxygen present in the
sample (see above, sensors type B and C), the predicted inter-
action energy gives an indication that the NO2 gas molecules
will also interact with oxygen-containing functional groups
present on the nanotube surface, or with defects present in
the nanotube material, rather than with a perfect side-wall of
the carbon nanotube material. In order to check these assump-
tions, a nanotube with a vacancy was considered. Functional-
ising this system at the vacancy with NO2 or with NH3 results
in an interaction energy that is far more important, with val-
u 9(a)
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Fig. 9. Detailed view of the (5,5) carbon nanotube with a vacancy (one
carbon atom removed), functionalised with (a) an NO2 group, (b) an NH3
group and (c) an NO2 group dissociated on the vacancy, resulting in one
oxygen atom bonded to one carbon atom and the nitrogen atom bounded to
the two other carbon atoms of the vacancy and to the second oxygen.

In order to analyse this type of interaction, we estimated
the interaction energy between this hydroxylated vacancy and
NO2 or NH3 (see Fig. 10(a) and (b)). For the latter, an inter-
action energy of only 4.6 kcal/mol was found. This is in ac-
cordance with the experimental results showing no detection
of NH3 gas molecules by sensors type B and C. For NO2, an
interaction energy of 0 kcal/mol was found. As this is in clear
contradiction with the experimental results, which showed a
clear interaction with NO2, this suggests that, additionally,
another type of oxygen functionalisation has to be present at
the surface of nanotubes.

If a vacancy is functionalised with O2, dissociation is
again observed, resulting in one CO and one CO C func-
es of +88.8 and +49.7 kcal/mol, respectively (see Fig.
nd (b)). Even a stronger interaction energy (+177 kcal/

s found when the NO2 group dissociates and one oxyg
tom bonds to one carbon atom and the nitrogen is bou

he two other carbon atoms of the vacancy and to the
nd oxygen (see Fig. 9(c)). A so strong interaction en

s expected to be irreversible. This indicates that if va
ies were present in the body of the nanotubes, these w
e functionalised by both NO2 and NH3 with a strong in

eraction as a result. However, as evidenced experime
or NO2, the gas sensor operation is reversible, while
lear interaction with the nanotubes is seen for NH3 excep
hen the nanotube material is partly destroyed (see a
ensor D), therefore a different type of interaction can
xpected.

Treatment with oxygen plasma functionalises the ca
anotubes with different types of oxygen-containing gro
s seen by XPS (see above and Ref. [31]). Upon longer pl

reatment, the relative occurrence of carbonyl groups
hile the quantity of hydroxyl groups lowers, although
roups have higher interaction energy with a perfect
tube wall as compared to other oxygen-containing f

ional groups [31]. However, when a vacancy is funct
lised with a hydroxyl group, our calculations suggest a
ociation, with the oxygen atom bonding to two carbon at
nd the hydrogen to the third carbon atom of the vacanc
xygen plasma treatment is expected to create defects
anotube material such as vacancies, their functionalis
an indeed be expected to give rise to carbonyl groups r
han hydroxyl groups.
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Fig. 10. Detailed view of the interaction between a (5,5) carbon nanotube
with an OH functionalized vacancy with (a) an NO2 group, or (b) an NH3
group; and of an O2 functionalised vacancy with (c) an NH3 group, or (d)
an NO2 group.

tional group. Functionalisation of this oxygenated system re-
sults, once again, in an interaction energy of 4.6 for NH3
(see Fig. 10(c)). However, for NO2 an interaction energy of
48.3 kcal/mol is found (see Fig. 10(d)). This value is con-
sistent with the clear but reversible interaction observed ex-
perimentally between the carbon nanotube material and NO2
for sensors type B and C, for which no interaction was ob-
served with NH3. Interaction between gas molecules and car-
bon nanotube films is thus expected to occur in the proximity
of oxygenated defects, such as vacancies, rather than at the
carbon nanotubes themselves. This is consistent with the ex-
perimental result showing higher interaction of NO2 upon
oxygen increase. Besides defect site functionalisation, the
oxygenation of carbon nanotubes end-sides can also be ex-
pected. However, due to the huge aspect ratio of the nanotube
material, a larger interaction at the nanotube side walls can
be expected as compared to the end-sides. As different struc-
tural defects or functional groups present in carbon nanotube
films result in different interaction energies for NO2 or NH3,
a better control over these features could further contribute
to increase the performance of this type of carbon nanotube
based gas sensors.

5. Conclusions
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The detection of NO2 and NH3 at concentrations as lo
s 500 ppb and 200 ppm, respectively, was found to be
ible at ambient temperature with MWNT-based gas se
abricated by the drop coating method. The films beh
imilarly to p-type semiconductors in the presence of t
ases.

Plasma treatment was found to improve the sensing p
ial of MWNT. Oxygen plasma functionalisation of MWN
roved to play an important role in their responsivenes
mmonia and nitrogen dioxide. The presence of oxyge

he surface of MWNT was found to increase their sensit
o NO2, and to lower the detection limit. On the other ha
he presence of metallic catalysts at the surface of nano
ncreased their sensitivity to NH3.

Theoretical ab initio calculations predicted an exothe
nteraction for functionalising a perfect nanotube side-
ith NO2, as compared to an endothermic interaction
H3. Also, the interaction energy was calculated for a
ancy functionalised with an OH group and an O2 molecule
oth predicted to dissociate and form a carbonyl functio

he nanotube. Functionalising this oxygenated vacancy
O2/NH3 shows only a clear interaction for the O2 func-

ionalised vacancy with NO2. The higher interaction ener
redicted for functionalising an oxygenated vacancy, as
ared to a perfect side-wall, is in accordance with the ex

mental results. These show a higher responsiveness
here is a higher presence of oxygen at the surface of
tubes. The occurrence of oxygen-functionalised defec
anotubes can be increased by increasing the duration
xygen plasma treatment.
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