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In this paper, a portable electronic nose (E-nose) based on hybrid carbon nanotube-SnO, gas sensors is
described. The hybrid gas sensors were fabricated using electron beam (E-beam) evaporation by means
of powder mixing. The instrument employs feature extraction techniques including integral and primary
derivative, which lead to higher classification performance as compared to the classical features (AR and

AR/[Rp). It was shown that doping of carbon nanotube (CNT) improves the sensitivity of hybrid gas sensors,
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while quantity of CNT has a direct effect on the selectivity to volatile organic compounds, i.e., methanol
(MeOH) and ethanol (EtOH). The real-world applications of this E-nose were also demonstrated. Based
on the proposed methods, this instrument can monitor and classify 1vol% of MeOH contamination in

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, electronic nose (E-nose) has become a powerful
tool to evaluate the aroma compounds during the quality con-
trol process of foods and beverages [1-3]. Besides, E-noses have
also been employed for public safety [4], environment protection
[5,6], disease diagnostics [7], etc. E-nose is composed of an array
of gas sensors made from various materials that display distinct
gas-sensing behaviors of which differentiation can be combined
and interpreted via pattern recognition techniques [8]. Among the
available sensing materials, metal oxide semiconductors (MOS),
such as SnO, and WOs, have been the most popular due to their
high sensitivity to a rich set of volatile compounds.

Doping has long been used as a traditional mean to obtain new
MOS gas sensors that exhibit gas-sensing properties differentiated
from the original ones. Recently, much interest has been focused
on carbon nanotube (CNT) as potential dopant, due to its special
electronic properties and high specific surface area that can boost
catalytic reactions occurring at the metal oxide surface. The hybrid
CNT-SnO,, gas sensors prepared by different techniques have been
reported to have excellent responses to NO, [9,10], CO [10], NH3
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[11],H; [12],CHOH [13] and indoor air pollutants [14]. Among such
techniques, co-evaporation of SnO,/CNT is a relatively new concept
to form hybrid CNT-SnO, gas sensors [15,16]. It offers exten-
sive possibilities for controlling the film structure and morphology
with high deposition rates, low contamination, high reliability and
high productivity. However, there have been very few reports on
CNT-SnO, gas sensors prepared by this technique, and this sensor
system has not been applied for E-nose applications.

In this work, we report on an E-nose based on hybridized
CNT-SnO, gas sensors prepared by electron beam (E-beam) evapo-
ration, which is inexpensive, fast, portable, reliable and suitable for
use for the detection and classification of both solid and liquid sam-
ples. In addition, feature extraction techniques including integral
and primary derivative are proposed for improving classification
performance by principal component analysis (PCA). This E-nose
was tested in a real-world application, i.e., for detecting methanol
(MeOH) contaminant in whiskeys. This system will be a useful tool
for quality assurance of whiskey produced by village industries.

2. Experimental
2.1. Fabrication of gas sensors

The gas sensors were fabricated by E-beam evaporation. Top and
cross-sectional views of sensor structure are shown in Fig. 1a and
b, respectively. First, Cr/Au interdigitated electrodes on alumina
substrates were prepared. Prior to deposition of the electrodes,
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Fig. 1. Structure of the gas sensor; (a) top view of interdigitated electrode, (b) cross-
sectional view.

the substrates were cleaned by oxygen-ion bombardment under
a vacuum pressure of ~10~ Torr in order to improve the adhesion
of the film to the substrates. Cr and Au layers were then succes-
sively E-beam evaporated over the alumina substrates through
electroplated-Ni shadow masks. These shadow masks were fabri-
cated by means of standard photolithography and electroplating of
Ni. The masks were employed by attaching them to the substrates
using strong magnets. The resulted thickness of Cr and Au layers
were ~50nm and ~200 nm, respectively. The width, spacing, and
length of the interdigitated electrodes are approximately 100 pum,
100 wm, and 1 mm, respectively.

Multi-walled CNT powder was synthesized by thermal chemi-
cal vapor deposition (CVD) in a lab-made horizontal tube furnace.
Iron catalyst powder was loaded in the tube furnace and heated
up until the growth temperature of 700°C was reached. The sys-
tem was then maintained under the hydrogen gas flow of 1.51/min
at the atmospheric pressure. Next, acetylene gas was introduced
into the system for 2 h for CNT synthesis. The flow ratio between
acetylene and hydrogen was approximately 1:4. The remaining cat-
alysts were removed from CNTs by chemical oxidation in 4 M nitric
acid at room temperature for 4 h. Then, CNTs were rinsed with DI

Fig. 2. Typical TEM images of multi-walled CNT (a) before and (b) after purification.

water and dehydrated at 150 °C for 2 h [17]. Transmission electron
microscope (TEM) images of the CNT before and after chemical oxi-
dation treatments are shown in Fig. 2a and b, respectively. It is
evident that the iron catalysts were effectively removed and the
number of CNT walls was reduced.CNT-SnO, mixed powders were
prepared with 0.5 wt% and 1 wt% concentrations by mixing 15 g of
SnO, powder with 0.075 g and 0.15 g of CNT powders, respectively.
The mixed powders were thoroughly mixed by grinding in a mor-
tar for 30 min. The pure SnO; and mixed powders were compressed
into cylindrical pellets in a hard steel mold by a hydraulic compres-
sor at a pressure of 15 tons. Next, the compressed SnO, and mixed
CNT-SnO, materials (0.5wt% and 1wt% CNTs) were loaded in E-
beam chamber and evaporated over the interdigitated electrodes
through an electroplated shadow mask with square window pat-
tern that aligned to the interdigitated area at an operating vacuum
of ~10~> Torr. The evaporation condition was based on the previous
studies by Wisitsoraat et al. [15,16]. The film thickness of sensing
materials is ~300 nm as measured in situ by quartz crystal monitor.
The evaporated film was then annealed at 500 °C for 3 h. Finally, a
NiCr (Ni 80% and Cr 20%) layer was also E-beam evaporated over the
backside of substrate to perform as a heating unit. The NiCr heater
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Fig. 3. Photograph of the fabricated sensor.

can perform heating up to 350 °C. A photograph of fabricated sensor
is shown in Fig. 3.

2.2. Portable E-nose system

An E-nose has been developed in a briefcase form factor
(19.5cm x 29.5 cm x 10 cm). Fig. 4 shows a schematic diagram indi-
cating the key components of the portable E-nose system. The clean
air produced from a pump carries aroma molecules of sample into a
sensor chamber at flow rate 2 1/min. Four electrical solenoid valves

were used to avoid mixing of gas from the reference and the sample.
It is necessary for this type of measurement to switch between a
reference and a sample glass in order to reduce the humidity effects
[18,19].

The sensor array consisting of three gas sensors: SnO,, 0.5 wt%
CNT-Sn0O; and 1wt% CNT-SnO, was symmetrically embedded at
the bottom of a Teflon chamber. A simple linear circuit, called as
voltage divider, was employed for measuring the resistance of each
gas sensor. The load resistance is 20 k€2 4 1% while the resistance of
each gas sensor lies within the range 20-40 kS2. The voltage input
is fixed at 5V. The data were collected every second by a note-
book computer using a data acquisition card (NI-DAQ 6008) under
LabVIEW software for subsequent analyses.

2.3. PCA and feature extraction techniques

PCA was used for pattern recognition and classification of
samples measured by the portable E-nose. PCA is a statistical
technique that allows an easy visualization of all correlated infor-
mation [20]. In principles, PCA process contains five steps as
follows:

i. Get data from matrix, Xp;.n. The row M represents different
repetition of the experiment and the column N represents the
number of independent sensors.

ii. Normalize the data matrix, Norm(Xy;«n), by the mean subtrac-
tion. The mean of each N column is calculated and subtracted
from the data set. Hence, the new data set produces the mean
equal to zero.

iii. Calculate the covariance matrix, Cov(Xp.n ), and calculate eigen-
vectors and eigenvalues of the covariance matrix. The calculated
eigenvectors must be unit eigenvectors.

iv. Rearrange the eigenvectors and eigenvalues. The eigenvec-
tors are ordered by eigenvalues from highest to lowest,

—
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Fig. 4. Schematic diagram of the portable E-nose system.
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Fig. 5. SEM images of sensing films; (a) undoped SnO film, (b) 0.5 wt% CNT-SnO, film and (c) 1 wt% CNT-SnO; film. The yellow circles in (b) and (c) indicate CNT fragments,
(d) typical cross-sectional SEM image of CNT-SnO; film and (e) typical HRTEM image of CNT-SnO, film.

v. Obtain the PCA result by matrix multiplication and transpose,

((Cov(XnN))max— min ® NOTM(Xp N))T. The obtained new data
set with orthogonal linear transformation has been plotted in
two or three dimensions containing the most relevant of the
data set.

However, preprocessing or feature extraction from the acquired
sensor signal prior to the use of PCA is very necessary to get better
separation. Two features: integral and primary derivative, having
specific physical meanings were proposed as the following formu-
lation:

b
Integral : Itz/ Vourdt @)
a

Primary derivative : Dy = d‘;"tuf )

where Vy,r represents a sensor signal.
In real calculation, the integral and primary derivative of V¢
are obtained from the elements of yl’. and y?, respectively, using the

following relations:

1
1
V=g > (X 4x +xyp)de 3)
j=0
D 1
yi = ﬁ(xiﬂ —Xi_1) (4)
wherei=0, 1, 2,...,n—1and n is the number of samples.

In addition, signal integral refers to the accumulative total of
the reaction degree-changing while primary derivative of signal
represents the reaction rate [21,22].

3. Results and discussion
3.1. Characterization of gas-sensing films

Fig. 5a—c illustrates morphology of the sensing films by scan-
ning electron microscopy (SEM), showing the presence of metal
oxide grains. Spherical SnO, particles are clearly observed in the
undoped tin oxide film (see Fig. 5a). In the CNT-doped SnO, films,
such spherical particles are smoothed out and smaller SnO, grain
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sizes are observed. In addition, the CNTs are well embedded and
randomly arranged inside the SnO,, film as circled in Fig. 5b and c.
It can be seen that although the distributions of CNTs in the films
are quite random, the densities of the observed CNTs are propor-
tional to the concentration of CNTs in the initial mixed powders.
Therefore, the amount of CNTs in the film can be well controlled by
varying the percentage of CNTs in the initial mixed powder.

Typical cross-sectional SEM image of CNT-doped SnO, film is
shownin Fig. 5d. It indicates that the film thickness is about 270 nm,
slightly lower than the expected value of 300 nm. The small dis-
crepancy should be due to some calibration inaccuracies of quartz
crystal monitor. The detailed structure of CNT-SnO, composite was
characterized by high-resolution TEM (HRTEM). The samples were
prepared by E-beam evaporation of SnO,/CNT onto carbon coated
copper TEM grid, which was done at the same time as coating
on interdigitated electrodes. A typical HRTEM image of CNT-SnO,
composite is shown in Fig. 5e. From the HRTEM image, it can
be identified that a single multi-walled CNT fragment is indeed
embedded in the nanocrystalline SnO, layer. The diameter of CNTs
and the crystal size of SnO, were estimated to be in the range
of ~20-40nm and 3-10 nm, respectively. Comparing to the TEM
image of pure CNT (Fig. 2b), the nanotube walls cannot be resolved
due to the presence of SnO, nanocrystalline thin film surrounding
the surface of CNT.

A plausible mechanism for CNT-SnO, co-evaporation can be
drawn as follows. When SnO, was evaporated at temperature of
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Fig. 6. Sensor responses of undoped SnO; sensor, 0.5wt% CNT-SnO, sensor and
1 wt% CNT-SnO, sensor to different concentrations of (a) EtOH and (b) MeOH.

~1500°C in a vacuum of ~10~> Torr, CNTs fragments, which are
small and very light, were carried into the vapor by surrounding
Sn0O, molecules. It should be noted that CNTs themselves were not
decomposed during evaporation because this temperature is well
below CNTs’ sublimation point (>3000°C) in a high vacuum condi-
tion. Thus, these results prove our new concept that CNTs can be
co-evaporated with SnO, material with no significant decomposi-
tion at the evaporation temperature of ~1500 °C. In addition, CNTs
can endure treatment of high-energy electron beams (~7.67 kV) in
ahigh vacuum of 10> Torr. When CNT molecular fragments arrived
at the substrate that was held at 130°C, SnO, vapor was condensed
and coated around them. As the substrate was cooled down, CNTs
remained in the lattice of SnO, due to physicochemical binding
between SnO, and CNTs. This result is evident as seen in the TEM
and SEM images. The fact that there should be physical binding
between SnO, and CNTs can also be inferred from other reports
that demonstrate SnO, coating around CNTs [9-14].

3.2. Sensor responses

The produced sensors were placed in a desiccator that served as
a gas sensitivity test chamber. The total volume of the chamber is
22.35 1. Gas response (S) is calculated as follows:

Rgas
5= Rair (5)

where R,;; and Rgas are the resistances of the sensor in air and in
the presence of desired gas, respectively.

The undoped SnO, sensor, 0.5 wt% CNT-SnO; sensor and 1 wt%
CNT-SnO, sensor show response to ethanol (EtOH) and methanol
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Fig. 7. (a) Raw responses (b) primary derivative and integral signals of gas sensors
measured using portable E-nose.
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(MeOH) as shown in Fig. 6a and b, respectively. It should be noted
that the selected film thickness of 300 nm is an optimized value
for electrical conductivity and sensitivity. It was found from our
study that sensors with thickness of less than 200 nm and more
than 400 nm will have too low and too high electrical conductiv-
ity, respectively. In addition, the gas-sensing response is increased
as thickness increases from 50nm to 200nm and the response
becomes quite independent of thickness as the thickness increases
from 200 nm to 400 nm and begins to slowly decrease as the thick-
ness increases further. In addition, a variation of less than 30% was
found among ten tested sensors and the sensors have a long term
drift of less than 20% over 6 months of operation. Thus, the fabri-
cated sensors have reasonably good reproducibility and stability.
From Fig. 6, it can be seen that these materials behave as n-type
semiconductors since their resistance decreases in the presence of
a deoxidizing gas, whereas MWCNT-SnO, film prepared by spin-
coating technique behave as p-type semiconductors [11]. Under
the operating temperature range ~250-300°C, CNT doping can
improve the response of gas sensor on EtOH and MeOH compared
with the pure SnO, sensor. The response of native SnO, sensor is
lower than 2% while CNT-doped SnO, sensors give the response
higher than 65% at concentration 1000 ppm under such tempera-
ture range. The amount of CNT doping exhibits different change in
response to EtOH and MeOH vapors. Hence, the 0.5 wt% and 1 wt% of
CNTs show highest response toward MeOH and EtOH, respectively.
These results confirm that varying of CNT concentration can be used

to tune sensitivity and selectivity of SnO, sensor to a desired gas. In
this case, the modified gas sensors can be employed to target MeOH
vapor in the MeOH/EtOH mixture. Nevertheless, if CNT amount
exceed, the gas sensitivity will be reduced because the CNTs begin
to connect together and result in shorter resistance path [15].

3.3. Sensing mechanism of CNT-SnO, gas sensors

From the gas-sensing data, small percentage of CNT doping sig-
nificantly enhances the sensing of MeOH and EtOH. The results
are consistent with other reports based on CNT-SnO, compos-
ites [9-15]. In these reports, various explanations for gas-sensing
enhancement by CNTs have been proposed, for examples, ampli-
fication effect of the PN junction structure between n-SnO, and
p-SWCNT [9], the oriented growth of SnO, along the CNTs during
heat treatment and its consequent enhancement of the local elec-
tric field favorable for the gas-sensing reaction [14] and increased
surface area due to the formation of CNT protrusions [15]. The PN
junction structure between SnO, and SWCNT is not applied in the
present case because MWCNTSs are used.

In this work, we propose that the observed enhancement effect
is attributed to the nanochannels formed by MWCNTs embedded
in SnO,. The formation of the nanochannels in SnO, surface can
increase the diffusion of the gas molecules into the metal oxide
surface as well as enhance local electric field at CNT-SnO,, interface.
This can considerably enhance dehydrogenation reactions of MeOH
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Fig. 8. PCA results using feature extraction from (a) AR, (b) AR/Ry and (c) integral and (d) primary derivative.
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and EtOH as described by [23]:
2CH30H + 03 — 2CH30 + Hy0 + e~ (6)
2CH3CH,0H + O — 2CH3CHO + H,0 + e~ (7)

Since the effect of CNTs on gas sensing is primarily on the sur-
face, the gas-sensing response is not significantly dependent on
the thickness when the thickness is sufficiently large. This is in
accordance with our observations. Increasing surface area due to
CNTs intrusion and observed smaller grain size due to CNTs dop-
ing can partly contribute to enhancing gas reaction. However, the
contribution from these effects is relatively small because CNT con-
centration is so low that the specific surface area is only slightly
affected by CNTs inclusion.

3.4. Electronic nose with PCA analysis

Since the fabricated sensors show different response to EtOH
and MeOH, the E-nose based on such sensors can be applied to
monitor MeOH contaminant in whiskey. Typical E-nose response
to a whiskey is displayed in Fig. 7a while the integral and primary
derivative of the response are shown in Fig. 7b. Because pure SnO,
sensor gives a tiny response, the signal obtained from the pure SnO,
sensor was neglected in further analysis.

From each sensor response curve, four different features were
extracted for each sample. The first feature extraction is the con-
ductance change, defined as AR=Rgas —Rg. The second feature
extractionis the relative response (AR/Ry). The third feature extrac-
tion is the integral. This feature was extracted by calculation of
difference accumulative total reaction in the presence of sample
gas, i.e., 12 — I11 (see Fig. 7b). The last one is the primary derivative.
The maximum amplitude in the same interval was employed, i.e.,
Dg and D (see Fig. 7b). Each data set extracted from each proposed
feature in the form of Xsg,> is introduced into the PCA process.
PCA results of the data sets extracted by the proposed methods;
AR, AR/Ry, integral and primary derivative are shown in Fig. 8a-d,
respectively.

The PCA results show that the feature extraction based on AR
cannot classify the contamination of MeOH in whiskey due to the
drift effect of sensor signal depending on temperature variation in
the long time measurement. The classical relative response (AR/Rg)
seems to give a better result than AR but many samples disperse
in the same region and pure whiskey results locate rather close to
whiskey having 1 vol% of MeOH contamination while MeOH con-
tent exceeding 2% (v/v) would harm the consumer [24]. In such
case, the resolution power is not enough to guarantee the contam-
ination of MeOH in whiskey. For feature extraction using both the
integral and primary derivative data treatments, PCA results show
a perfect classification between pure whiskey and whiskey having
MeOH contamination. Moreover, the primary derivative can clus-
ter all level of MeOH contaminations (1vol%, 5vol%, 10vol% and
20vol%) in the whiskey as shown in Fig. 8d. These results indicate
that the proposed feature extractions, integral and primary deriva-
tive, provide good capabilities in the recognition and discrimination
of MeOH contamination. These may be alternative ways to replace
the common methods (AR and AR/Ry) which are widely used in
PCA analysis.

From our PCA results together with feature extraction tech-
nique, it can be seen that although the sensors are structurally
similar, they can have sufficiently distinct response such that it can
be used to discriminate different kind of similar odors. However, it
should be noted that features extracted from response behaviors
can be dependent on some measuring details such as chamber size,
gas flow rate, and sensor position in the sensor chamber. Conse-
quently, the feature extraction result can be considerably different
for different E-nose systems. Nevertheless, it should not be a prob-

lem for E-nose applications because this can be well controlled for
each E-nose system and any E-nose system must always be trained
under a fixed condition.

4. Conclusions

We have reported the design, implementation and an exam-
ple application of portable E-nose based on CNT-SnO, gas sensors
including new feature extraction methods for improvement of data
classification. The doping of CNTs could enhance the sensitivity of
Sn0, sensor while their concentration plays an important role in
selectivity to volatile organic compounds such as EtOH and MeOH.
The PCAresults indicate that the newly proposed feature extraction
including integral and primary derivative leads to higher classi-
fication performance as compared to the standard features (AR
and AR/Ry). The portable E-nose based on only two nanostruc-
ture sensors combined with proposed feature extraction methods
shows clearly the classification of MeOH contamination mixed in
the whiskey at higher concentrations than 1% by volume. It is hoped
that such E-nose will be a useful tool for the whiskey industry and
for quick screening of village-made whiskeys that are usually found
of the MeOH contaminant.
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