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Abstract The electrical resistance of 24 different carbon
nanotube (CNT) thin film samples in blowing ambient air
and 10 different analyte vapor environments was measured.
The effects of the CNT growth method, different chemical
treatments, ball milling, sample preparation conditions and
Ar+-ion irradiation are compared. Significant differences in
the response signal curves as a function of time in the case of
the studied sensor/vapor combinations show the important
role of the defect structure and attached functional groups in
the chemical sensing properties of CNTs.

PACS 73.63.Fg · 85.35.Kt · 07.07.Df · 68.43.-h · 68.35.Dv

1 Introduction

Carbon nanotubes (CNTs) have attracted great attention due
to their extraordinary properties [1]. CNTs have tubular
structure with large surface-to-volume ratio [2], which pro-
vides plenty of sites for gas molecules to adsorb. The adsorp-
tion of gas molecules either donates or withdraws electrons
to or from the CNT, leading to changes in the CNT elec-
trical properties [3]. In the case of single-wall CNTs (SW-
CNTs), all the atoms are surface atoms and, in the case of
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multiwall CNTs (MWCNTs), the electrical conductance is
mainly determined by the surface atoms [4]. This means that
there is no need for diffusion, which would increase the re-
sponse time of the sensor. These factors enable CNTs to be
an ideal candidate for gas sensing materials. Another impor-
tant consequence of the pivotal role of the surface is that the
electronic properties of CNTs can be effectively tuned by
functionalization [5]. The strong carbon–carbon bonding on
the hexagonal network of their side wall makes ideal CNTs
relatively inert. However, the change of the local reactiv-
ity around structural defects present in real CNT structures
makes their interaction with ambient chemical species more
probable. Defects, including bends and tube ends, are con-
sidered as connecting sites of functional groups and adsorp-
tion sites of gas and vapor molecules [5–12].
Both single- and multiwall CNTs used in ‘single-tube’

devices modified their transport properties due to changes in
the ambient [13, 14]. Nevertheless, the single-tube technol-
ogy is complex and expensive and therefore cannot com-
pete with chemical sensors already on the market. Addi-
tionally, these devices have individual characteristics arising
from the particular chirality and the tube diameter; therefore,
the production of identical devices is extremely demand-
ing. CNT mats behave as random conductive networks; their
use as electronic and sensing material seems to be more
promising in applications [15]. For example, several groups
have reported chemical sensing properties of both SWCNT
[16–18] and MWCNT [19, 20] based multitube sensors.
Here we report the fabrication and comparative study

of chemical sensing elements made of random networks of
Chemical Vapour Deposition (CVD)-grown MWCNTs after
different treatments, which modify the degree and type of
functionalization and defect density. As a comparison, other
SWCNT and MWCNT materials grown by an electric arc
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Fig. 1 Characteristic TEM
images of four selected carbon
nanotube materials:
(a) G1–CCVD-grown MWCNT,
(b) G2–CCVD-grown
MWCNT, mixed in 3:1 H2SO4:
HNO3, SOCl2 and DAP,
(c) G19–CCVD-grown
MWCNT ball milled in Cl2,
(d) G12–SWCNT arc-grown in
He

method were also studied. We aimed at using simple prepa-
ration and quick measuring methods to enable the testing of
the response of several different sensors on numerous gases
and vapors. The starting CNT material (see Transmission
Electron Microscopy (TEM) image in Fig. 1a) was on one
hand annealed in high-purity nitrogen at high pressure and
temperature in order to remove the functional groups and
heal the structural defects. High-temperature annealing was
proven to remove the defect sites of raw MWCNTs by Bom
et al. [21]. The partial defect healing effect of annealing in
nitrogen at as low as 450◦C was proven by scanning tunnel-
ing microscopy [22]. On the other hand, conventional wet
chemical and mechanochemical functionalization methods
as well as Ar+-ion irradiation were applied to reach a higher
density of defects [22] and different functional groups on the
CNT surfaces.

2 Experimental

The list of the investigated CNT materials and their prepara-
tion methods are presented briefly in Table 1. TEM images
of four typical samples are shown in Fig. 1. CNTs used for
gas sensing experiments were produced by catalytic CVD
(CCVD) [23] (materials of G01–G11, G15–G20 and G22–
G24) and electric arc discharge [24–26] (materials of G12–
G14 and G21). The material of G14 was used in as-prepared
form, while all the other materials were purified after pro-
duction. The materials of G12 and G13 were refluxed in 3M
HNO3 for 45 h. The CCVD MWCNTs were synthesized by
catalytic decomposition of acetylene on alumina-supported
Co/Fe catalyst and then purified in two steps. First, the alu-
mina support was dissolved by refluxing in sodium hydrox-
ide solution. In the next step, the metal traces were dissolved
by stirring the carbon sample in concentrated hydrochloric

acid. The two steps were repeated twice in order to remove
all catalyst traces. Finally, the MWCNTs were washed with
distilled water until a neutral pH was reached. Sample G01
was prepared from the as-purified product and this was the
starting material of the wet chemical and mechanochem-
ical functionalization procedures, too. The wet chemical
functionalization method consisted of two or three steps
[27, 28]. The first step was an acidic treatment in HNO3 or
in HNO3/H2SO4 mixture in order to form –COOH groups
on the nanotube surface. In the next step, these carboxylic
groups were transformed to –COCl groups by mixing the
nanotubes in SOCl2. Some of the samples were mixed in di-
aminopropane (DAP) as a third step (TEM image: Fig. 1b).
The mechanochemical method [29, 30] was ball milling in
reactive (NH3, Cl2, COCl2, SHCH3) atmospheres or in air.
A typical TEM image of the CNT material ball milled in
Cl2 atmosphere can be seen in Fig. 1c, showing agglomer-
ates of broken MWCNTs connected presumably by func-
tional groups. The sample denoted by G11 was treated in
the mixture of H2SO4 and KMnO4 for 4 h after ball milling
in order to remove the possible impurities from the mill and
the amorphous carbon produced during milling [31]. G24
was annealed in pure N2 gas at 1000◦C temperature and 107
Pa pressure. The starting nanotube materials were ultrason-
ically treated in ethanol with a power of 350 W for 1 min,
except for sample G15 which was processed for 6 min (in
this case the nanotubes were connected to each other during
functionalization [28]).
Random networks of nanotubes were formed by filter-

ing the suspensions through polycarbonate membrane fil-
ters with 400-nm hole size. We formed circular dots from
the nanotube layers with about 1.5-mm diameter with ap-
proximately uniform layer thickness (Fig. 2). The nanotube
amount in the layers was about 0.6 μg/mm2. In the case
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Table 1 Preparation conditions of the CNT materials and sensing elements

Sample ID Description Ref.

G01 CCVD MWCNT, purified: NaOH and HCl [23]

G02 Same as G01 and 3:1 H2SO4: HNO3, SOCl2 and DAP [28]

G03 Same as G01 and HNO3 and SOCl2 [27]

G04 Same as G01 and HNO3, SOCl2 and DAP [27]

G05 Same as G01 and 3:1 H2SO4: HNO3 and DAP [27]

G06 Same as G01 and ball milled in NH3,1 day [29]

G07 Same as G01 and ball milled in Cl2,1 day [29]

G08 Same as G01 and ball milled in COCl2,1 day [29]

G09 Same as G01 and ball milled in SHCH3,1 day [29]

G10 Same as G01 and ball milled in air, 1 day [29]

G11 Same as G10 and H2SO4 and KMnO4
G12 Arc SWCNT grown in He, purified: HNO3 [24]

G13 Arc MWCNT grown in He, purified: HNO3 [25]

G14 Arc MWCNT grown under water [26]

G15 Same as G01 and H2SO4: HNO3, SOCl2, DAP, ultrasonication 6 min [28]

G16 Same as G01 and ball milled in NH3,4 days [29]

G17 Same as G01 and ball milled in NH3,2 days [29]

G18 Same as G04, thinner layer [27]

G19 Same as G07, thinner layer [29]

G20 Same as G08, thinner layer [29]

G21 Same as G13, thinner layer [25]

G22 Same as G01 and ball milled in NH3,14 h [30]

G23 Same as G01 and ball milled in H2S, 14 h [30]

G24 Same as G01 and annealed: 1000 ◦C, 1 h, 100 bar N2

of samples G18–G21, we used thinner layers of 0.06 μg
CNTs/mm2 in order to obtain higher resistance and better
signal to noise ratio. Sensor elements were prepared by con-
tacting the nanotube layer dots by gold evaporation (Fig. 2).
The middle of each dot was masked during gold deposition,
resulting in an uncovered zone with approximately 1 mm2

active area in between two gold covered stripes.
The chemical sensing properties of the samples were

characterized by comparing the electrical resistance mea-
sured between the two gold stripes of each sensor exposed
to air and to different gases and vapors. A special measuring
electronics consisting of a current generator and a voltage
amplifier were built, and the output was connected to a Na-
tional Instruments PCI-6024E data acquisition card. Eight
parallel channels were measured. Depending on the resis-
tance of each sensor, the measuring current was chosen to
be 1, 10 or 100 μA in order to reach the best possible volt-
age reading resolution. The resistance was found to be inde-
pendent of the measuring current; the current–voltage curve
was linear in the −1 to +1 mA range. The resistances of
the sensors varied between 100 � and 10 M�. The resis-
tance values were calculated from the fixed current and mea-
sured voltage values, using a sampling frequency of 10 Hz.

The measurements were carried out at room temperature in
streaming air (to which gases or vapors were added) driven
by a membrane pump of 200 l/h capacity. The sensors were
placed in a glass tube, the pump was connected to the out-
put of the glass tube, while the air or air + vapor mixture
was introduced through a flexible inlet tube of small diame-
ter. The scheme of the measuring system is shown in Fig. 3.
All the bottles containing the liquids used as vapor sources
were of 1000 ml volume, 80 mm diameter and 30 mm neck
diameter. They contained 100 ml of the liquid chemical to
be tested and saturated vapor above the liquid. The measure-
ments started by pumping ambient air through the system for
40–60 s, then the inlet was inserted in the bottle for 60 s and
finally removed. The vapors of ethanol, acetone, toluene,
water, pentane, xylene, trichloroethylene (TCE), butyl ac-
etate, ammonia (0.25% solution in water) and chloroform
were used for testing. The saturation concentration and the
evaporation speed of these vapors are different; therefore,
the behavior of the same sensors in the presence of dif-
ferent compounds can not directly be compared. However,
the comparison of the responses of different sensors for the
same vapor is correct since the course of the ambient con-
centration change was the same in each case because of the
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Fig. 2 Optical micrograph of a typical sensor element

Fig. 3 Experimental setup of the measuring system

identical circumstances. The same set of sensors was used
for all analytes, and the measurements were repeated several
times. The sensors recovered within 5–10 min after expo-
sure to most analytes, except for ammonia, in which case the
recovery time exceeded one hour. We did not observe any
degradation of the sensors after about 100 measurements.
In order to investigate the effect of the defects on the sen-

sitivity and selectivity of the nanotubes, seven selected sam-
ples (see Table 3) were irradiated with Ar+ ions of 30 keV,
with a dose of 1013 ions/cm2. After irradiation, the sensing
properties of these sensors were characterized again in the
same way.

3 Results

As examples, Fig. 4 shows the electrical responses, i.e. the
relative resistances of samples G24, G01, G02 and G19, as
a function of time when exposed to a mixture of air and va-
pors of ethanol, acetone, TCE and water. The relative re-

sistance is calculated by dividing the actual resistance by
the initial value measured in streaming ambient air. The first
60 s, when ambient air was flowed through the measuring
tube, shows only slow changes in most cases. It is followed
by an abrupt change of the signal when the tested vapor ar-
rives. The response time of the system is only a few sec-
onds, as shown in Fig. 4. This is practically the time needed
for changing the ambient of the sensors; therefore, the re-
action time of the sensors itself might even be shorter. The
maxima of the relative resistance changes for all the tested
sensor/vapor combinations are given in rounded percentages
in Table 2. Zero means that the changes were below 0.5%.
Nearly all the sensors are sensitive to all vapors but to a dif-
ferent degree. Some correlation of the overall signal strength
with the vapor pressure of the compounds can be observed,
but it is modified by specific interactions between vapors
and sensors. The relative resistance curves when the sen-
sors are exposed to acetone start with a peak followed by
a quick decrease. This overshoot can be attributed to intro-
ducing saturated gas mixture first, while the acetone concen-
tration decreases during the continuous flow. In the case of
ethanol, TCE and all the organic solvents not shown here
in detail, characteristics similar to the case of acetone can
be observed; however, the changes in the resistance can be
different. The measurements presented in the different seg-
ments of Fig. 4 were simultaneously recorded; therefore, the
concentration of each vapor sensed by the different sensors
can be regarded as identical. A 5-min regeneration time was
left between two measurements; in some cases a slow de-
crease in the resistance can be observed in the first minute
due to the incomplete desorption of the previous vapors. As
for water, we found the majority of the sensors insensible.
While there is no visible correlation between the sensitivity
of the sensors for water and the organic solvents examined
here, ammonia shows similar behavior to water. The first
four sensors in the order of sensitivity for ammonia are the
same for water (G12, G16, G02 and G11, respectively, see
Table 2). The shape of the curves in the case of water also
shows a different tendency, in contrast to the sharp peak at
the beginning of the period when organic vapors are present.
A quick increase and a quick decrease of the signal can be
observed after the appearance and vanishing of the excess
water vapor in the system, respectively. In between these, a
plateau (see e.g. Fig. 4d) or a slower increase of the signal
(Fig. 5d) is typical. Ammonia again behaves like water (not
shown here), except that the amplitudes are typically much
larger.
Comparing the overall sensitivity of the different sensors

based on Table 2, we find that the least sensitive sensor is
made of sample G24, the one annealed at elevated temper-
ature and high pressure in pure N2 atmosphere. The sensi-
tivity of sensor G01 made of the raw, not intentionally func-
tionalized CCVD grown MWCNT sample is higher than the
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Fig. 4 Relative resistances of sensors G24 (!), G01 ("), G02 (2) and G19 (P) in streaming ethanol (a), acetone (b), TCE (c) and water (d)
vapors, compared to ambient air. The analytes were pumped through the measuring system from 1 to 2 min

previously mentioned one but smaller than in the case of
the functionalized sensors. The sensitivity of the other sen-
sors shows a varied picture when exposed to the mentioned
vapors; we can find individual differences in the sensitivi-
ties. All the catalytic CVDMWCNT samples ball milled for
one day (G06–G11, G19 and G20) give good overall sen-
sitivity, even if processed in non-reactive atmosphere like
G10. However, comparing the responses of G11 to G10, we
can see an enhanced sensitivity especially for acetone, wa-
ter, pentane, ammonia and TCE. These two samples were
ball milled in the same way in air, but, after it, G11 was sub-
jected to selective oxidation in the solution of sulfuric acid
and potassium permanganate.
Another comparison can be made based on the ball

milling duration: two samples, G22 and G23, ball milled
only for 14 h in NH3 and H2, respectively, showed rather
similar behavior but definitely weaker sensitivity than all

the other ball milled samples. Longer milling up to a cer-
tain time can enhance sensitivity, depending on the studied
vapor. Especially, in the set of G22, G06, G17 and G16, ball
milled in ammonia ambient for 14 h, 1, 2 and 4 days, re-
spectively, the sensitivity for water, TCE and ammonia grew
monotonically with increasing milling time. For the other
compounds, maximum sensitivity was achieved at shorter
milling times.
Based on their overall sensing behavior, the samples

functionalized using wet chemistry (G02, G04, G05, G15
and G18) do not differ significantly from ball milled sam-
ples. However, the samples treated first in the more reactive
oxidizing agent [27], a mixture of nitric and sulfuric acids
(G02, G05 and G15) and not only in nitric acid (G04 and
G18), show usually higher sensitivities.
Three of the sensors (G12, G13 and G14) were made of

different arc-grown nanotube materials. None of these mate-
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Table 2 Maximum values of the relative resistance changes for all the measured sensor/vapor combinations in percentage

Sample ID Ethanol Acetone Toluene Water Pentane Xylene Trichlor- Butyl Ammonia Chloroform

ethylene acetate 0.25%

G01 2 3 0 0 4 0 1 0 3 1

G02 10 10 1 3 8 1 5 1 23 2

G03 2 0 0 0 3 0 0 0 0 2

G04 3 3 1 0 5 1 2 0 4 1

G05 5 10 1 1 17 1 4 1 5 2

G06 8 14 2 0 14 1 4 1 1 3

G07 7 17 2 0 15 1 4 1 0 4

G08 10 10 0 0 13 0 4 0 8 5

G09 6 15 4 0 5 2 5 1 2 7

G10 5 7 1 0 7 1 3 1 4 3

G11 6 11 1 3 16 0 7 1 16 1

G12 6 9 1 9 1 1 7 2 160 1

G13 11 12 4 0 12 3 7 1 6 9

G14 11 38 4 0 5 2 13 3 8 14

G15 10 17 1 2 6 1 6 1 10 3

G16 9 9 1 7 7 1 7 1 28 1

G17 10 13 1 2 7 1 5 1 8 3

G18 5 8 2 0 5 1 3 1 3 3

G19 6 26 7 0 6 3 9 2 1 12

G20 9 18 3 0 8 1 5 1 5 4

G21 11 22 2 1 10 2 6 2 5 5

G22 2 4 2 0 2 1 3 1 1 4

G23 2 4 2 0 2 1 2 1 1 4

G24 0 1 0 0 1 0 1 0 1 0

rials were purposely functionalized, but G12 and G13 were
purified by an acidic treatment in nitric acid [25]. The over-
all picture of the sensitivity of the two arc-grown MWCNT
samples is similar, and they do not substantially differ from
the CCVD samples, though sensor G14 shows the highest
sensitivity for acetone, TCE, butyl acetate and chloroform
and one of the best for ethanol and xylene. G12, the only
sensor made of SWCNTs, shows a somewhat different be-
havior; it gives an extremely high signal for ammonia, more
than five times larger than any of the others. Besides, it is the
most sensitive for water, but this sensitivity is not as protrud-
ing as in the case of ammonia. Another characteristic feature
of G12 is that in contrast to these, it has as low response for
pentane as the least sensitive sensor, G24.
Not only the nanotube material preparation, but also the

sensor preparation parameters, can affect the sensitivity. The
duration of ultrasonication was different, one minute and six
minutes in the cases of G02 and G15, respectively. Compar-
ing their sensitivities, no general tendency can be observed,
though remarkable differences are present: increase in case
of acetone and decrease in case of ammonia. The effect of
the nanotube layer thickness was studied in the case of four

different CNT materials, using one-tenth of the usually ap-
plied amount of material for layer preparation in the case of
the thinner layers. The sensor pairs with thicker and thin-
ner layers were G04–G18, G07–G19, G08–G20 and G13–
G21, respectively. Comparing their responses for the differ-
ent vapors, a common trend can only be found in the case
of acetone, showing increased sensitivity of the thinner lay-
ers; otherwise, the difference in layer thickness either has
no significant effect or changes with opposite senses can be
observed.
The relative changes of the resistances due to Ar+ irra-

diation as well as the maximum values of the relative resis-
tance changes of the raw and irradiated sensors are shown
in Table 3. The resistances measured in air increased by
less than 20% for G01, G09 and G24, while they decreased
by less than 20% for G02 and G19, respectively. A more
significant resistance decrease was detected for G14 made
of arc-grown MWCNTs. The resistance increased dramati-
cally, two and a half times, in the case of sensor G12 made
of SWCNTs. Comparing the resistance changes for the mea-
sured 70 sensor/vapor combinations, we can conclude that
in most cases the sensitivity of the detectors decreased as
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Table 3 The relative resistance changes caused by irradiation and comparison of the maximum values of the relative resistance changes of the
irradiated (irr) and raw samples in percentage

Sample (Rir − Rraw)/ Ethanol Acetone Toluene Water Pentane Xylene Trichlor- Butyl Ammonia Chloro-

ID Rraw (%) ethylene acetate 0.25% form

irr raw irr raw irr raw irr raw irr raw irr raw irr raw irr raw irr raw irr raw

G01 17 1 2 2 3 0 0 0 0 0 4 0 0 0 1 0 0 1 3 0 1

G02 −16 4 10 5 10 0 1 1 3 0 8 0 1 0 5 0 1 10 23 1 2

G09 17 2 6 20 15 0 4 0 0 6 5 0 2 2 5 0 1 0 2 2 7

G12 253 1 6 3 9 0 1 6 9 −1 1 −2 1 0 7 −2 2 170 160 0 1

G14 −37 6 11 44 38 1 4 0 0 3 5 0 2 6 13 0 3 5 8 6 14

G19 −19 4 6 9 26 0 7 0 0 1 6 0 3 1 9 0 2 0 1 1 12

G24 19 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 1 1 0 0

an effect of irradiation. There are only four exceptions from
this rule: G09 and G14 are more sensitive to acetone, G12
to ammonia and G09 to pentane after irradiation, but the
change in all the four cases is only moderate while in some
of the other cases the sensitivity decreased from a remark-
able value down to zero, see e.g. G19 for toluene, G02 for
pentane and G12 for TCE. Irradiation was most destructive
for the sensing of toluene and xylene; almost all the sensors
became insensible. In the case of sensor G12 made of arc-
grown SWCNTs, irradiation induced a reversed functioning
in the presence of pentane, xylene and butyl acetate: the sen-
sor resistance decreased in the presence of these vapors.
Time-dependent behavior of the raw and irradiated sen-

sors in a few typical cases (G01 and G14 for acetone, G02
for ethanol and G12 for water) is presented in Fig. 5. As
can be seen, not only the amplitude of the signals but the
shape of the curves has been changed because of the irra-
diation. Typically, the curves of the irradiated sensors show
slower changes: the peaks are more rounded and the sig-
nals decrease much more slowly after the vapor feedstock
is turned off. Anyway, the different behavior of the sensors
with a starting peak in the case of organic solvents and with
a plateau or slow increase in the medial period in the case of
water and ammonia was preserved.

4 Discussion

The resistance changes of semiconducting CNTs are ex-
plained by the charge transfer between the nanotube and the
adsorbed molecules [13, 32]. However, the case of metallic
CNTs is much less discussed, especially if different func-
tional groups are attached to their surfaces. Although the
precise mechanism is not known, we may suppose that the
change of the conductivity of the CNTs is due to increased
scattering due to weakly adsorbed molecules on the CNT
surface, or at the CNT–CNT junctions, as was suggested

by Esen et al. [16]. The varied picture of sensing behav-
ior of differently treated sensor materials in the case of the
applied gases/vapors is the consequence of the specific and
collective adsorption/desorption and electronic properties of
each nanotube–defect site(s)–attached functional group(s)–
adsorbed molecule(s) system present in the sensors. The role
of the different defects as adsorption sites has already been
discussed in a few specific cases [5, 8–10, 12, 13], but much
more work is still needed for a comprehensive description
of the topic. In air, a part of the adsorption sites can be occu-
pied [6]; therefore, besides the compound to be sensed, the
effect of the species present in the air must also be taken into
consideration. This makes the understanding of the sensing
mechanism in most of the practical cases even more compli-
cated. However, the differences in the response including the
time dependence of the signal offer a possibility for selective
gas sensing. Though none of the sensors can individually be
applied as an exclusively selective sensor for any of the in-
vestigated chemicals, the ‘fingerprint’ of a vapor, i.e. the re-
sponse of a set of selected sensors, can be characteristic for
a gas or vapor. For the demonstration of this, we have built
a vapor recognition device made of sensors G09, G12, G14
and G19 developed for the identification of water, ethanol,
acetone, chloroform and TCE. After a teaching process, in
which the resistance change of each mentioned sensor as a
function of time is recorded for all the five mentioned va-
pors, the device is able to identify one of the mentioned five
if the measurement conditions are the same as during teach-
ing. The identification is based simply on the comparison
of the response of the unknown vapor with the previously
recorded ones and the choice of the best fitting one; see de-
tails in [33].
In the case of our sensors made of functionalized cat-

alytic CVD MWCNT samples, the correlation of the overall
sensitivity with the duration or strength of the applied defect
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Fig. 5 Comparison of relative resistances of raw and irradiated
(Ar+ ions, 30 keV, 1013 ions/cm2) sensors in the case of four se-
lected sensor/vapor combinations: (a) G01/acetone, (b) G14/acetone,

(c) G02/ethanol, (d) G12/water. The start and the end of the analyte
vapor pumping through the sensing system are denoted by arrows

generating processes, i.e. the ball milling and chemical ox-
idation, can clearly be seen. In case of the G10/G11 sensor
pair, the enhanced sensitivity of G11 can be explained by the
additional oxidation of the defected regions caused by the
purification in H2SO4/KMnO3 mixture solution. A similar
treatment was used by Hiura et al. for the removal of amor-
phous carbon and the opening of carbon nanotubes [31].
On the other hand, sensor G24 shows a smaller effect

than sensor G01 made of raw MWCNT material. The pres-
ence of functional groups attached to the surface of sim-
ilar, purified nanotubes was demonstrated by Ötvös et al.
[34]. Annealing in pure N2 atmosphere can partially heal
the structural defects [22] and remove functional groups an-
chored to these defects. All these facts are in accordance
with the picture that functional groups can act as active sites
in the sensing mechanism. We can suppose that the larger

the number of functional groups (up to a certain value), the
stronger the effect of gas/vapor molecules on the conduc-
tivity of the CNTs. Arc-grown carbon nanotubes are known
to contain much fewer structural defects than CVD-grown
ones. Considering the good overall sensitivity of the sensors
G12, G13 and G14, we could assume at first sight that the
above-mentioned correlation of the sensitivity with the de-
fect density is not valid in case of our arc-grown MWCNT
and SWCNT samples. However, though it was not investi-
gated here in detail, the presence of a significant number of
functional groups can be assumed due to the acidic purifica-
tion in the case of the starting material of G12 and G13 and
the special, reactive growth ambient of G14. Besides, arc-
grown MWCNTs are much shorter than CVD-grown ones,
so the density of tube ends in these samples is higher. Tube
ends can be considered as defect sites of the perfect hexago-
nal network, they are more reactive than the tube walls [35],
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so functional groups can be linked here with higher proba-
bility.
The effects of the irradiation treatment can be compared

to ball milling: though defects are generated in both cases,
irradiation decreased the sensitivity in most cases, while ball
milling even in non-reactive air ambient caused significant
improvement. It is expected that irradiation induced partial
destruction of the bonds in the outer graphitic layer causes
the significant increase of the resistance of the sensors, as
happens in the case of G12, the sensor made of SWCNTs. In
the case of the other, MWCNT-made sensors, however, only
moderate changes, including both increase and decrease of
the resistance, were observed. This can be the consequence
of another, competing effect: the formation of bonds be-
tween the layers of MWCNTs. (The structural effects of
such irradiation on CNTs were investigated in detail else-
where [22].) In perfect MWCNTs, mostly the outermost
wall is responsible for the conduction [4]. Covalent bond-
ing between the layers can cause the increase of the con-
tribution of inner walls in the electrical transport. This can
compensate the effect of higher defect density on the con-
ductivity. On the other hand, if a higher part of the current
is not directly affected by the surface conditions, the drop
of the sensor sensitivity can be expected, as we indeed ob-
served in most of the cases. In the case of SWCNTs, such a
plausible explanation cannot be found, but the effect of the
structural changes implied by the significant increase of the
resistance seems to be more destructive; the resulting elec-
tronic structure is much less similar to the graphitic one. An-
other difference in the defect generation process conditions
possibly relevant in respect to chemical sensing is that ion
irradiation has been carried out in vacuum. The lack of for-
eign molecules made possible the relaxation of irradiation-
caused dangling bonds mostly by C–C connections. The at-
tachment of foreign atoms or functional groups is much less
probable than during growth, ball milling or wet chemical
treatment, including purification.

5 Conclusion

As the outer wall of the carbon nanotube plays a dominant
role in the electrical transport along the axis [4], the influ-
ence of the ambient on its electrical properties offers the pos-
sibility of chemical sensing. In our work, the modification
of electrical conduction was used as the detection principle
in random networks of carbon nanotubes made mostly of
differently treated CVD-grown MWCNTs. A sensor made
of arc-grown SWCNTs and two others made of arc-grown
MWCNTs were also investigated. The response of 24 differ-
ent sensors to 10 vapors was studied. CNT networks exhib-
ited less than 10-s response times to all vapors applied. The
average sensitivity of the sensors was found to be increasing

with the number of attached functional groups while the in-
dividual sensitivity of the different sensors showed a varied
picture depending on the preparation conditions. Ar+-ion
irradiation caused in most cases the decrease of the sensi-
tivity in contrast to other defect generation methods such
as acidic oxidation and ball milling. The sensors were not
exclusively selective to only one investigated chemical, but
the differences in the individual sensitivities and in the time-
dependent response curves give opportunity to the recogni-
tion of various chemicals using properly selected sets of dif-
ferent sensors.
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