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a b s t r a c t

Heat treatment of acid-treated multi-walled carbon nanotubes (MWCNTs) produces profound changes in
their electrical properties. Below 600 ◦C the resistance of a thick film of MWCNT (∼100 �m) was below
200 � while at 700 ◦C, the resistance increased to over 20 M�. This process was irreversible. TEM showed
that for a heat treatment ≤600 ◦C, the tube nature prevailed, but above 600 ◦C, nanoparticles of carbon
materials with graphitic layers as well as tubes are present. The resistance changes upon interaction
with carbon monoxide were monitored for materials heated at 600 and 700 ◦C. For materials heated at
eywords:
ombustion sensors
arsh environment sensors
O sensors

temperatures ≤600 ◦C, the largest changes in resistances (p-type) were observed at 400 ◦C with CO, with
no measureable resistance changes at 100 and 600 ◦C. For materials heated to 700 ◦C, p-type resistance
changes were observed for both CO and O2 between 600 and 700 ◦C, with no changes at 800 ◦C, and
background resistances approaching 95 M� at 500 ◦C. MWCNTs are demonstrated as potential materials
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. Introduction

The discovery of multi-walled carbon nanotubes (MWCNTs) [1]
nd single walled carbon nanotubes (SWCNTs) [2,3] has generated
onsiderable interest due to their extraordinary physical, chem-
cal, structural, mechanical and electronic properties [4–6]. They
re being considered for a variety of potential applications, includ-
ng hydrogen storage, chemical sensors, one-dimensional quantum

ires, field emitters in display technology, nanoprobes in scan-
ing and atomic force microscopies, electrodes for rechargeable
atteries, resistors and interconnects. Depending on their chirality,
iameter and functionalization, carbon nanotubes (CNTs) exhibit
etallic, semi-metallic or semi-conducting properties [7–9].
CNTs without intentional doping behave as p-type semicon-

uctors. The origin of the p-type character has been subject to a
umber of interpretations, including interaction with atmospheric
xygen [10] or metal electrodes [11] or due to impurities and defects
ntroduced during synthesis or processing [12]. In the presence

f oxygen, the p-type behavior has been proposed to arise from
emoval of electrons from the CNT by chemisorbed oxygen, thereby
reating hole carriers [10].

∗ Corresponding author. Tel.: +1 614 292 4532; fax: +1 614 6885402.
E-mail address: dutta.1@osu.edu (P.K. Dutta).

1 Current address: Form Factor, Inc., 7005 Southfront Road, Livermore, CA 94551,
nited States.
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er the temperature range of 600–700 C, but not very suitable for sensing
rily because of the drift in the background.

© 2008 Elsevier B.V. All rights reserved.

CNTs possess remarkable adsorptive capacity due to their
ncreased surface area and hence the interest in these materials
or gas and vapor detection [13]. For instance, interactions with
H3, NO2 or O2 and aromatic compounds have been shown to
lter the electrical behavior of CNTs [10,13–18]. Vibrational spectro-
copic studies on the interaction of NH3 and NO2 with SWCNTs were
onsistent with gas adsorption in interstitial channels in nanotube
undles [14].

There is considerable interest in development of high tempera-
ure CO sensors for optimization of combustion processes. Because
f the thermal stability of MWCNTs, we explore here the use of such
aterials for high temperature sensing. The change in resistance

f a thick film of acid-treated MWCNTs in the range of ambient
o 700 ◦C is examined. At 700 ◦C, the material was irreversibly
ransformed into a high-temperature semiconductor, while heat
reatment at 600 ◦C still maintained the metallic properties of the
ubes. The resistance change with CO is best described by p-type
emiconducting electronic properties. MWCNT heated to 600 ◦C
xhibited resistance changes with CO between 200 and 500 ◦C
nd those heated to 700 ◦C showed sensitivity to oxygen and CO
etween 600 and 700 ◦C.

. Experimental
.1. Material preparation and characterization

Multi-walled CNTs (95+ % purity, OD = 40–70 nm, ID = 5–40 nm,
ength = 0.5–2 �m) were obtained from Aldrich. The as-received

http://www.sciencedirect.com/science/journal/09254005
mailto:dutta.1@osu.edu
dx.doi.org/10.1016/j.snb.2008.06.005
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is 0.63 for the as-received samples and 0.97 for the MWCNT-700.
J.C. Obirai et al. / Sensors and

WCNTs were heated in concentrated nitric acid under reflux for
h and washed with distilled water. The acid-free NTs were dried
t 80 ◦C overnight and used for the resistance measurements.

.2. Characterization

SEM micrographs were taken on a FEI Phillips XL 30 ESEM FEG.
EM micrographs were taken on a HR-TEM, FEI TecnaiTM-20. The
rid used for the TEM has carbon and Cu as received from sup-
lier (PELCO® Support Films of Formvar, 200 mesh copper with
ltra thin carbon). Raman spectra were recorded on a RenishawTM

nVia Raman Microscope using 514.5 nm argon ion laser and 50×
bjective.

.3. Electrical measurements

The acid-treated MWCNTs were screen-printed on
5 mm × 10 mm planar interdigitated electrodes on alumina
ubstrates (fabricated by Case Western Reserve University Elec-
ronics Design Laboratory, Cleveland, OH, USA). This device was
hen placed in an oven and heated from ambient to 700 ◦C and
he resistance was monitored. In another set of experiments, the
creen-printed MWCNT was heated to 600 ◦C for 3–4 h in a N2
tmosphere, and then its resistance change with CO at tempera-
ures of 100–600 ◦C was monitored. In a third set of experiments,
he device was thermally annealed at 700 ◦C for 4 h in N2 and
hen its resistance change with CO between 500 and 800 ◦C was
xamined. Acid-treated MWCNTs were also heated as a powder at
00 ◦C in nitrogen atmosphere for 10 h and then screen-printed
n the alumina substrate and the resistance of the device in the
resence of CO between 500 and 800 ◦C was examined. Both the
00 ◦C heat-treated materials exhibited similar resistance changes
ith CO.

The screen-printing ink was prepared as follows. About 50 ml
bsolute ethanol was mixed with 7.5 g V-801 glue and 2.5 g RV-
07 solvent (Heraeus Circuit Materials Division, Conshohocken,
A, USA). Following this, 5 ml of the thoroughly mixed liquid was
elivered to a vial containing 0.5 g dry MWCNT powder. The vial
as sonicated to suspend the particles uniformly in the vehicle.

thanol was evaporated from the samples in a vacuum oven at
oom temperature or with mild heating. The resulting paste was
creen printed on alumina substrates with interdigitated gold elec-
rodes. Screen specifications were selected to give a film thickness
f ∼0.1 mm. Press parameters were adjusted to give a uniformly
mooth thick film with sharp edges and no obvious voids. After
rying at 110 ◦C for 30 min, two Au wires were attached to the inter-
igitated wires and then placed in a quartz tube (4 cm diameter
nd 40 cm length). The electrical measurements were made with a
P multimeter data acquisition system interfaced with BenchLink

oftware.
CO gas concentrations of 250, 500 and 750 ppm in a carrier gas

2 were used. The N2 source was a 99.998% cylinder obtained from
raxair. Resistance was also measured in varying oxygen levels: 0%,
%, 5% and 10% balanced with the N2 carrier gas. For each temper-
ture regime, the device was allowed to equilibrate for 12 h before
O gas was introduced. The net gas flow was set at 100 cm3 min−1

or all experiments.

. Results
The MWCNT was subjected to acid treatment to disperse the
bers and introduce defects into the tubes [19]. Fig. 1 shows the
hange in resistance of acid-treated MWCNT from 100 to 700 ◦C
n steps of 100 ◦C, each temperature being maintained for a 12-

I
D
p
t
i

ig. 1. Resistance versus time profile of material obtained from acid-treated MWC-
Ts that had been previously heat-treated at 500 ◦C for 4 h before exposure to various

emperature regimes.

interval. The device showed high electrical conductivity until
00 ◦C. However, at 600 ◦C, there was a steep rise in the baseline
esistance, as depicted in the region labeled “a” in Fig. 1. The parts
abeled “a” “c” and “e” are the baseline resistances of the material
t 600 ◦C. It can be seen that resistances at “c” and “e” are signif-
cantly higher than the resistance in region “a”. Regions “c” and
e” were generated after the material had been heated to 700 ◦C
region “b”, insert in Fig. 1), suggesting that the material after expo-
ure to 700 ◦C is clearly altered from the material in region “a”. Note
hat when the temperature was decreased to 500 ◦C (region d), the
aseline resistance increased even further towards 100 M�. A fur-
her decrease in temperature resulted in a signal beyond the range
f the multimeter. Thus, two materials were distinguished in this
tudy, MWCNT-600, which was heated to 600 ◦C and MWCNT-700,
hich was heated to 700 ◦C and form the focus of the experi-
ents.

.1. Materials characterization

Fig. 2(a and b) shows the SEM images of the CNTs before and after
cid treatment. The images indicate that the surface morphologies
re similar except for a decrease in entanglement of the tubes in
he acid-treated MWCNTs [19]. For the MWCNT-600, the electron

icroscopy images were similar to Fig. 2b, indicating no major mor-
hological changes. For MWCNT-700, tubes as well as fragments
f CNTs are seen, as depicted in the TEM images shown in Fig. 3.
he elemental analysis showed that the MWCNT-700 contains car-
on, nickel and oxygen (Fig. 3c). The nickel particles can be seen as
andomly dispersed dark spots. The Cu arises from the TEM grid.

The Raman spectra of the as-received and MWCNT-700 are
hown in Fig. 4. The “G” peak at 1580 cm−1 is a high-frequency
2g first-order mode that is characteristic of crystalline graphite.
ontribution from a disorder-induced “D” peak can be seen around
350 cm−1 for the as-received MWCNTs. The D band is attributed
o the presence of defects such as pentagons and heptagons in
raphite or amorphous carbon. This disorder-induced peak is
bserved to increase as a result of heat treatment. The D/G ratio
t has been shown that defects introduced in CNTs increase the
/G band intensity ratio [20]. Also, an intense band related to two-
honon scattering (D*-band) at 2705 cm−1 and a weak signal of
hree-phonon scattering (G*-band) around 2932 cm−1 can be seen
n the spectra.
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Fig. 3. (a and b) TEM images of materials obtained from MWCNT-700. (c) X-ray
fluorescence of MWCNT-700.
ig. 2. Electron micrographs of as-received (a) and acid-treated (b) MWCNTs before
eat treatment.

.2. Resistance measurements with CO (100–600 ◦C)

The resistance of the MWCNT-600 films was measured between
00 and 600 ◦C while changing CO concentration from 0 to 500 ppm
O in a background of N2. Fig. 5a shows that the material is non-
esponsive to CO at 100 ◦C. Fig. 5b shows a response in the presence
f CO gas at 200 ◦C. A p-type semiconductor response to CO is
bserved, i.e., an increase in resistance in the presence of a reduc-
ng gas. In Fig. 5(c–e), the responses toward CO gas at 300, 400
nd 500 ◦C, respectively are shown, with the response at 400 ◦C
eing the highest. Fig. 6 shows the response to repetitive cycles of
00 ppm CO at 400 ◦C. In the insert of Fig. 6, the data was obtained
rom the same sample after a 7-day heat treatment at 400 ◦C. In all
f these measurements, a drift in the background towards higher
esistances is observed with time. The data shown in Fig. 6 sug-
ests that though the background increased from ∼100 � to 30 M�
fter a 7-day heat treatment at 400 ◦C, the sensitivity to CO is still
aintained. No response was observed at 600 ◦C (data not shown).

.3. Resistance measurement with CO (500–800 ◦C)

Fig. 7(a–c) shows the resistance-time profile of MWCNT-700 at
00–800 ◦C for varying concentrations of CO gas in different oxy-
en partial pressures and in the presence of nitrogen. The sensors

how p-type behavior for both O2 and CO. The sensor response to
O at 600 and 700 ◦C increases with decreasing levels of O2 in the
ackground gas, the highest sensitivity as well as background sta-
ility being observed at 600 ◦C. The response and recovery time is Fig. 4. Raman spectra of MWCNTs in as-received state and MWCNT-700.
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ig. 5. Resistance versus time response of MWCNT-600 in the presence of CO at (a)
= 250; ii = 500.

f the order of a minute and is limited by the time response of the
ensing setup. Fig. 7c shows that no response is observed at 800 ◦C.
owever, the response to CO does recover upon cooling to 700 ◦C

n 5% O2 (Fig. 7d).

. Discussion

There is a profound change in the electrical properties of
WCNTs upon heat treatment (Fig. 1). For samples heated to

00 ◦C, MWCNT’s have remained mostly unchanged, both in mor-
hology and its electrical properties as compared to the starting
aterial. Upon heating to 700 ◦C, irreversible changes take place.
WCNT-600 remains relatively conducting between 100 and
00 ◦C, whereas MWCNT-700 is an insulator in this temperature
ange, and exhibits semiconducting properties at temperatures
600 ◦C.

Much is known about the electrical properties of MWCNT’s, they
end to exhibit metallic properties at low temperatures, though as

o
[

w
(

C; (b) 200 ◦C; (c) 300 ◦C; (d) 400 ◦C; (e) 500 ◦C. ↑ = CO on and ↓ = CO off. [CO]/ppm:

ynthesized, they are a combination of metallic and semiconduc-
or forms [5,11]. SWNT’s in the form of buckypapers exhibited a
even order of magnitude increase in resistance around ∼400 ◦C
21]. Thus, heat treatment at 700 ◦C is leading to the loss of the

etallic form.
Previous studies have shown that oxidation of defect-free

raphite occurs at high temperatures [22], and if the graphite is
efective, oxidation occurs at 600–700 ◦C [23]. Air annealing of
NTs show that at ∼385 ◦C, amorphous carbon is oxidized and at
igher temperatures, defect density increases [24]. Defect forma-
ion can include loss of shells [22], creation of oxygenated surfaces,
ncluding carboxylates, hydroxyl and carbonyl groups [24], and
unctionalization can destroy the inherent electrical conductivity

f CNT [25]. Temperature induced polygonalization is also possible
24].

In this study, heating is carried out under a N2 atmosphere,
ith trace levels of oxygen. The Raman spectrum of MWCNT-700

Fig. 4b) shows increased intensity of the D band, indicating a higher
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ig. 6. Response to repetitive cycle of 500 ppm CO at 400 ◦C for MWCNT-600. Insert
s the device response after being maintained at 400 ◦C for 1 week.

ensity of defects. The carboxylated CNT’s will be decarboxylated at

hese temperatures and will lead to defects. Morphological changes
hat are brought upon by the 700 ◦C heat treatment include partial
oss of the tube structure as well as formation of particles with
raphitic rings (Fig. 3). Morphological studies have shown that oxi-
ation can lead to loss of the pentagon caps on the tube [26]. The

i
w
h
C
b

ig. 7. (a) Response of MWCNT-700 at 600 ◦C. [CO]/ppm: I = 250; ii = 500; iii = 750. (b) Re
f MWCNT-700 at 800 ◦C. (d) Device response to varying concentrations of CO at 700 ◦C in
tors B 134 (2008) 640–646

efective tubes we observe in Fig. 3 have been noted before upon
hermal treatment of B-doped CNT [27]. Upon oxidative anneal-
ng of CNTs, its increased sensitivity to different vapors has been
eported [28].

For MWCNT-600, the samples exhibit high conductivity and
n increase in resistance in the presence of CO. The CO response
ncreases with temperature between 100 and 500 ◦C, with opti-

al response at 400 ◦C, and no response at 600 ◦C. This response
o CO must arise from the semiconducting part of the MWCNT, and
he p-type behavior observed is consistent with previous studies.

olecules, such as ammonia, an electron donor are also reported
o cause an increase in resistance of SWNTs [12,14]. The p-type
ehavior of semiconducting MWCNT is proposed to arise from

nteraction with oxygen, with the defect sites acting as adsorption
enters [5,6,18]. Oxygen adsorption would decrease the resistance
f the MWCNT since it is an electron acceptor [16]. The change in
esistance with CO will arise from reaction with the chemisorbed
xygen. With increasing temperature, oxygen chemisorption will
ecrease, though reactivity of CO with chemisorbed oxygen will
ecrease. Thus, an optimum temperature of 400 ◦C is observed for

argest changes in resistance with CO (Figs. 5c and 6). Previous stud-

es on gas sensing by CNT has focused on temperatures <200 C, e.g.

ith NH3 sensing was observed between ambient and 180 ◦C, with
igher temperatures leading to lower sensitivities [5]. In this study,
O sensing falls off beyond 500 ◦C with the MWCNT-600. A rising
ackground drift is noted in these measurements and is possibly

sponse of MWCNT-700 at 700 ◦C. [CO]/ppm: i = 250; ii = 500; iii = 750. (c) Response
5% O2 after it was tested at 800 ◦C. [CO]/ppm: i = 250; ii = 500 and iii = 750.
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rising from loss of the metallic behavior with continued time of
eating. The insert in Fig. 6 shows that the material heated at 400 ◦C

or a week increases in background resistance by almost six orders
f magnitude (due to loss in metallic character) and yet still exhibits
esistance changes with CO.

MWCNT-700 exhibits markedly different resistance changes
ith CO. Measurable resistances were observed only at temper-

tures >600 ◦C, and baseline resistances were five to six orders
f magnitude higher than MWCNT-600. At both 600 and 700 ◦C,
WCNT-700 exhibited p-type behavior with both O2 and CO. No

esponse was observed at 800 ◦C, though the properties recovered
pon cooling to 700 ◦C. The mechanism for resistance changes with
he higher temperature heated samples is similar to its counter-
art at lower temperature, i.e. oxygen chemisorption on defects
nd reaction of CO with the chemisorbed oxygen. The defect sites
n SWCNT have been shown to increase charge transfer by 1000%
29]. The background drift at 600 ◦C is minimal and sensor response
nd sensitivity are clearly in the range to be of practical interest.

This study demonstrates that thermal treatment of MWCNTs has
he potential to generate CO sensors for high temperature applica-
ions, in particular at 600 ◦C. There are many low temperature CO
ensors, but high temperature sensors necessary for optimization
f combustion processes, especially under low oxygen levels are
ew and far between. Sensors that have been demonstrated to work
nder these conditions are TiO2 [30] and Ga2O3 [31] and this study
dds to that group in the form of thermally treated acid-modified
WCNT.

. Conclusion

The heating of MWCNT at 700 ◦C leads to semiconduting mate-
ials and loss of metallic behavior. As-received MWCNTs after
cid treatment contains a mixture of metallic and semiconducting
ubes, which survive thermal treatment up to 600 ◦C. The semi-
onducting part of this MWCNT exhibits p-type electrical behavior
nd in temperature range of 200–500 ◦C behaves as a CO sen-
or in a background of N2 gas, with optimum response at 400 ◦C.
owever, the drift in the background makes these sensors imprac-

ical. The material heated at 700 ◦C also exhibits p-type response,
ut CO sensing in N2 and O2 can be carried out between 600
nd 700 ◦C. The defect structure of the material heated to 700 ◦C
xhibits higher disorder, as measured by Raman spectroscopy. The
WCNT heated at 700 ◦C exhibits defective tube morphology, along
ith smaller fragments of graphitic material. Defects introduced

y chemical and thermal process create site for oxygen adsorption,
hich provides avenue for the interaction with CO and the resul-

ant change in the electrical signal of the MWCNTs thick film can
erve as the basis for a gas sensing device, with optimal behavior
t 600 ◦C.

cknowledgements

We acknowledge funding from NASA and DOE for this research.

eferences

[1] S. Iijima, Helical microtubules of graphitic carbon, Nature 354 (1991) 56–58.
[2] S. Iijima, T. Ichihashi, Single-shell carbon nanotubes of 1-nm diameter, Nature

363 (1993) 603–605.
[3] D.S. Bethune, C.H. Klang, M.S. de Vries, G. Gorman, R. Savoy, J. Vazquez, R. Beyers,

Cobalt-catalyzed growth of carbon nanotubes with single-atomic-layer walls,

Nature 363 (1993) 605–607.

[4] M.S. Dresselhaus, G. Dresselhaus, Ph. Avouris (Eds.), Carbon Nanotubes, Topics
Appl. Phys. 80 (2001).

[5] Y.H. Li, Y.M. Zhao, Y.Q. Zhu, J. Rodriguez, J.R. Morante, E. Mendoza, C.H.P. Poa,
S.R.P. Silva, Mechanical and NH3 sensing properties of long multi-walled carbon
nanotube ropes, Carbon 44 (2006) 1821–1825.

d

G
a
N
a

tors B 134 (2008) 640–646 645

[6] P. Avouris, J. Appenzeller, R. Martel, S.J. Wind, Carbon nanotube electronics,
Proc. IEEE 91 (2003) 1772–1784.

[7] P.L. McEuen, M.S. Fuhrer, H. Park, Single-walled carbon nanotube electronics,
IEEE Trans. Nanotechnol. 1 (2002) 78–85.

[8] R. Saito, M. Fujita, G. Dresselhaus, M.S. Dresselhaus, Electronic structure of chiral
graphene tubules, Appl. Phys. Lett. 60 (1992) 2204–2206.

[9] A. Hirsch, Functionalization of single-walled carbon nanotubes, Angew. Chem.
Int. Ed. 41 (2002) 1853–1859.

10] P.G. Collins, K. Bradley, M. Ishigami, A. Zettl, Extreme sensitivity of electronic
properties of carbon nanotubes, Science 287 (2000) 1801–1804.

11] S.J. Tans, A.R.M. Verschueren, C. Dekker, Room-temperature transistor based on
a single carbon nanotube, Nature 393 (1998) 49–52.

12] R. Martel, T. Schmidt, H.R. Shea, T. Hertel, Ph. Avouris, Single- and multi-
wall carbon nanotube field-effect transistors, Appl. Phys. Lett. 73 (1998)
2447–2449.

13] E.S. Snow, F.K. Perkins, J.A. Robinson, Chemical vapor detection using single-
walled carbon nanotubes, Chem. Soc. Rev. 35 (2006) 790–798.

14] J. Kong, N.R. Franklin, C. Zhou, M.G. Chapline, S. Peng, K. Cho, H. Dai, Nanotube
molecular wires as chemical sensors, Science 287 (2000) 622–625.

15] M. Terrones, Carbon nanotubes: synthesis and properties, electronic devices
and other emerging applications, Int. Mater. Rev. 49 (2004) 325–364.

16] O.K. Varghese, P.D. Kichambre, D. Gong, K.G. Ong, E.C. Dickey, C.A. Grimes, Gas
sensing characteristics of multi-walled carbon nanotubes, Sens. Actuators B:
Chem. 81 (2001) 32–41.

17] A. Star, T.-R. Han, J.-C.P. Gabriel, K. Bradley, G. Gruner, Interaction of aromatic
compounds with carbon nanotubes: correlation to the Hammett parameter
of the substituent and measured carbon nanotube FET response, Nano Lett. 3
(2003) 1421–1423.

18] J. Chung, K.-H. Lee, J. Lee, D. Troya, G.C. Schatz, Multi-walled carbon nanotubes
experiencing electrical breakdown as gas sensors, Nanotechnology 15 (2004)
1596–1602.

19] K. Esumi, M. Ishigami, A. Nakajima, K. Sawada, H. Honda, Chemical treatment
of carbon nanotubes, Carbon 34 (1996) 279–281.

20] A.C. Dillon, P.A. Parilla, J.L. Alleman, T. Gennett, K.M. Jones, M.J. Heben, System-
atic inclusion of defects in pure carbon single-wall nanotubes and their effect
on the Raman D-band, Chem. Phys. Lett. 401 (2005) 522–528.

21] S. Kulesza, P. Szroeder, J.K. Patyk, J. Szatkowski, M. Kozanecki, High-temperature
electrical transport properties of buckypapers composed of doped single-
walled carbon nanotubes, Carbon 44 (2006) 2178–2183.

22] P.G. Collins, M.S. Arnold, P. Avouris, Engineering carbon nanotubes and nan-
otube circuits using electrical breakdown, Science 292 (2001) 706–709.

23] J.R. Hahn, H. Kang, S.M. Lee, Y.H. Lee, Mechanistic study of defect-induced oxi-
dation of graphite, J. Phys. Chem. B 103 (1999) 9944–9951.

24] K. Behler, S. Osswald, H. Ye, S. Dimovski, Y. Gogotsi, Effect of thermal treatment
on the structure of multi-walled carbon nanotubes, J. Nanoparticle Res. 8 (2006)
615–625.

25] F. Buffa, G.A. Abraham, B.P. Grady, D. Resasco, Effect of nanotube function-
alization on the properties of single-walled carbon nanotube/polyurethane
composites, J. Polym. Sci.: Part B: Polym. Phys. 45 (2007) 490–501.

26] T.W. Ebbesen, P.M. Ajayan, H. Hiura, K. Tanigaki, Purification of carbon nan-
otubes, Nature 367 (1994) 519–1519.

27] Y.-J. Lee, H.-H. Kim, H. Hatori, Effects of substitutional B on oxidation of carbon
nanotubes in air and oxygen plasma, Carbon 42 (2004) 1053–1056.

28] L. Valentini, C. Cantalini, L. Lozzi, S. Picozzi, I. Armentano, J.M. Kenny, S. Santucci,
Effects of oxygen annealing on cross sensitivity of carbon nanotubes thin films
for gas sensing applications, Sens. Actuators B 100 (2004) 33–40.
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