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consists of four electrically controlled solenoid valves, sample and reference glass containers, plastic
pipes, and mass flow controller. Noteworthy, it is necessary for this type of measurement to switch
between the reference and the sample glass containers. Four electrically controlled solenoid valves
were used to avoid mixing of the gas from the reference and the sample. The gas either from the
reference or sample containers was set to flow into the sensor chamber at a flow rate of 150 ml/min.
For the measurement circuit, data acquisition was realized by a USB DAQ device (NI USB-6008)
from National Instruments where each sensor voltage was measured with a dedicated channel of the
DAQ device. The measurement software was written under LabVIEW package. The voltage divider
method was employed for measuring the resistance of each sensor. The DAQ device was configured to
acquire 2,000 samples at a time with a sampling rate of 2,000 samples per second for each channel.
This generates an array of data that spans one second. To obtain noise reduction and higher precision,
these 2,000 samples were then averaged to obtain only one value per second per channel. The resulting
values were then recorded in a file for subsequent analyses.

In our study, only simple features, i.e., the maximum and minimum resistances as obtained from
switching between the reference and sample, were extracted and used for analyses, as shown in
Figure 2a. The maximum and minimum resistances were the averaged values of their 10 neighboring
data points. Since there is a gradual change in the reference and sample resistances over time, it is
necessary to correct such baseline shift as time proceeds (See Figure 2b).

Figure 2. (a) Typical raw data from a sensor and the max/min feature extraction on each
curve. (b) Correction method of baseline shift as time proceeds.
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From Figure 2, index r denotes the reference, while index s denotes the sample. Index rx is defined
as a baseline-corrected reference value. The variable (n) represents the running number of
measurement loop (switching between the reference and sample). A linear interpolation is used as a
baseline connecting between two reference points [Ry(n) and Ry(n + 1)]. The corrected reference point
[Rix(n)] is calculated by projecting the sample point onto the baseline. As a result, the baseline-
corrected difference between the sample and reference resistances is calculated via the following
formula:

AR(n) =R (n) - R, (n) (1)

R.(n+D—-R,(n)

Where R, (n) = 5

+R.(n) )

For later data analysis and to compare data of different types of sensors, it is better to calculate the
percentage change of resistance:

%R(n):%(s;(n)xloo (3)

Figure 3. Schematic diagram of humidity control using hardware-based method.
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2.2. Humidity Control

As discussed in the introduction, most chemical gas sensors are sensitive to humidity. Therefore, if
two identical samples with a different humidity are measured, the results can be different. In our work,
we propose two methods as solutions to this problem. The first is a hardware-based method, where the
sample was handled so as to have almost the same humidity as the background. Under such condition,
the humidity signals will be equivalent for the sample and the reference, thereby only signals from the
odors of interest result. To produce a constant humidity background, the carrier gas was directed to
flow through a liquid water container that is immersed in a temperature-controlled heat bath (see
Figure 3). The temperature of the heat bath can be adjusted until the generated humidity reaches the
desired value. It is intuitive to anticipate that the native humidity would be lower than the higher
generated humidity. We have done an experiment to investigate whether the generated humidity could
overcome the native humidity of the samples. A humidity sensor was installed inside the sensor
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chamber. The temperature of the heat bath was adjusted until the reference humidity reached a desired
value of 25%, 50% and 75%, respectively. Then, the humidity difference between the reference and
the sample was compared and discussed (Section 3.1).

The second solution to the humidity problem is a software-based approach. A mathematical model
describing the resistance of each gas sensor at different humidity level can be calibrated to subtract the
humidity signal from the total signal. Although each aforementioned approach can be used
independently, we have employed both schemes concurrently to achieve maximum accuracy. In
addition, it should be noted that these humidity corrections could be applied in other E-nose systems or
in the field conditions. Samples other than the human body odor can also be used with this algorithm.
However, varying humidity (10-90%) should be tested before a measurement of a desired sample.

2.3. Human Body Odor Collection

Human body odors from armpits were collected from two male volunteers. The experiment was
performed for five days with a sample collection of the armpit odors in the morning right after waking
up (the volunteers typically wake up around 7-8 am) and in the afternoon (8 hours later). Cotton pads
were used to transfer the odors from the armpits to the E-nose. A cotton pad must be in direct contact
with the armpit for 10 minutes and stored in a special sample glass bottles with a screw-on closure.
Once the morning samples were collected, the glass bottles were transferred to laboratory for E-nose
measurement. To minimize the odor change due to bacteria, the samples, transferred via a heat-
protection container, were measured within 30—50 minutes after sample collection. For the afternoon
samples, E-nose measurement can be done immediately after odor sampling.

During the experiment period, the volunteers were requested to go about their ordinary life and
activities: for example, they took a shower twice a day (before going to bed and after waking up
following the morning sample collection). To avoid fluctuation in odor samples, they were not allowed
to have sex and/or consume alcohol. To study the effects from deodorant, the volunteers were
requested to use deodorant, after taking shower in the morning, but only on the right arm.

Table 2. The concentration of the isovaleric acid levels that correspond to subjective
impression by using human nose.

Level _ Conce_ntrai_:ion of aqueous _Subject?ve
isovaleric acid solution (mM) impression
0 0 No odor
! 0.12 Slight
2 0.48 Definite
3 1.99 Moderate
4 7.88 Strong
S 32.33 Very strong
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2.4. Evaluation of Sensor Response to Body Odor Strength

There are more refined and less subjective ways to measure odor strength in direct way. For
instance, the concept of dilution-to-threshold principle can be used quite accurately to reduce
uncertainties associated with subjective impressions [30-32]. In the cosmetic industry, human
olfaction has been commonly employed to evaluate the odor strength of armpit for the development of
deodorants. The armpit odor comprises a complex set of chemicals. Previously, isovaleric acid and
volatile steroids (such as androstenone, androstadienone and androstenol) were thought to be the major
contributors to armpit odor. However, armpit odor having more distinct and pungent oder involves the
presence of other volatile compounds as well [33—35]. To simplify the odor strength of armpit, only a
single component such as isovaleric acid can be used for training the sensory panel [36] and
representing the sweaty primary odor [37,38] that contributes mainly to the armpit malodor.
Hooper et al [36,39] assigned the concentrations of isovaleric acid levels on a scale 0 to 5
corresponding to subjective impression by using human nose, as shown in Table 2. Their test was
carried out by a team of three female assessors of ages ranging from 20 to 40 years. They were
selected for olfactory evaluation on the basis that each person is able to rank correctly the odor levels
of the series of aqueous isovaleric acid solution listed in Table 2. The scale 0 to 5 has been usually
used to represent the intensity of the armpit smell in the cosmetic industry. The judges are trained to
memorize this scale and classify the odor strength of the samples. In this work, we evaluated the
performance of E-nose in classification of body odor strength using isovaleric acid solutions prepared
according to the intensity scale. A cosmetic face-cleaning pad with 0.15 mL of aqueous isovaleric
solution was placed into a glass container for measurement.

3. Results and Discussion
3.1. Humidity Control

To investigate the sensor response to humidity, the relative humidity [%RH] was varied from 30%
to 80%. Resistances arisen from humidity of TGS 813, TGS 825, and TGS 2602 sensors are displayed
in Figure 4a,b,c, respectively. The graphs for the behaviors of TGS 822 and TSG880 (not shown in
this paper) are similar to TGS 813. Mathematical models for the sensors’ response to humidity can be
fitted via the following formulations:

Exponential equation of TGS 813:

—[%RH ]
Rs,; = 86682.00exp (W +55063.48 )

Exponential equation of TGS 822:

—[%RH ]
Rs,,, = 24931.58exp (ﬁ +9054.41 5)

Exponential equation of TGS 880:
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RSy, = 90496.88exp (mj +55135.22
36.33

Polynomial equation of TGS 2602:

RS, = 6958.22+129.172[%RH - 0.9788[%RH |’

Polynomial equation of TGS 825:

RS,y = 5646.63+103.26[%RH | —1.34[%RH |’

Figure 4. Resistance of sensors (a) TGS 813, (b) TGS 825 and (c) TGS 2602 versus

relative humidity.
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Figure 4. Cont.
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These mathematical models were included in the data acquisition and analysis codes, thus allowing
the response of sensors to humidity of the samples to be corrected on the fly. However, to achieve the
maximum accuracy, hardware correction as shown in Figure 3 is co-employed. It was expected that, if
the generated background humidity dominates the humidity of the sample, the effect arising from the
humidity difference between the reference and the sample would be minimized. We have tested this
assumption by measuring the armpit odor sample of a volunteer. Various humidity references, e.g.,
25%, 50% and 70%, were generated and flowed through the sample. Table 3 shows absolute average
percentage changes of resistances of each sensor and their standard deviations (or standard error) upon
varying humidity background. Each average percentage changes of resistance presented in Table 3 was
obtained by averaging data from three repeated measurements, in which each measurement performs
switching between the reference and sample for five cycles (in total 15 datasets of each sensor were
averaged). It was found that the change of the resistance between the reference (pure cotton pad) and
the sample (cotton pad + sweat + armpit odor) and its error value become smaller when the
background humidity was increased from 25% to 75%. The variation in each measurement, as implied
by the standard error, was also reduced from +£51% with low humidity background to +£7% with higher
humidity background, indicating that fluctuation in the dynamic measurement was also reduced. The
decreasing error indicates less fluctuation of the sensor response arising from the humidity in sweat. At
a lower relative humidity, the sweat in the cotton pad can evaporate much easier and contributes in a
large part for the difference of resistances between the reference and the sample. At a higher relative
humidity, the generated humidity weighs off the native humidity of the sample, thereby reducing the
humidity difference between the reference and the sample. As shown on the right-most column of
Table 3, the humidity difference between the reference and the sample decrease from 2.8% to only
0.29% when the generated humidity at 25% was replaced by higher relative humidity at 75%.
However, saturated humidity (100%) is not recommended because it will suppress evaporation of odor
molecules, which deteriorates the measurement.
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The hardware-based method helps to reduce the effect arising from the humidity reference between
the reference and the sample. It can be said that the sensor signals consist in a large part of the
contribution from the odors of interest. Thus, relative humidity at 75% was applied in all experiments
for measuring the human body odors in this paper.

Table 3. The absolute average percentage change of resistance of each sensor upon
varying humidity generated by hardware correction.

Bffkg.r ound  rGsg13  TGSE2s  TGS2602  TGS8sD  Tasszz  umidity
umidity sensor

250, 3.948 2211 3.727 4.765 5.529 2.823

(£55%)  (#38%)  (£38%)  (#37%)  (43%)  (£51%)

so% 0.526 0.104 0.264 0.702 2.150 0.550

E16%)  (223%)  (227%)  (#25%)  (225%)  (£20%)

Ts0, 0.158 0.057 0.581 0.160 0.185 0.293

(£4%) (=8%) (4%) (=5%) (7%) (7%)

3.2. Evaluation of Sensor Response to Body Odor Strength

The response of each sensor to the isovaleric acid prepared according the intensity levels 1 to 5 is
displayed in Figure 5. It can be seen that all sensors can discriminate intensity level 3, 4 and 5, but fail
to distinguish between levels 0, 1 and 2. TGS2602 exhibits the highest response to the isovaleric acid.
Since the intensity level of isovaleric acid has an exponential relation with the concentration (as seen
in Table 2), the sensor response may be mathematically adjusted in order to understand the
relationship between the sensor response with the intensity level, using the logarithmic function:

Y =In(1-%R;) 9)

Figure 5. (a) Sensor response to isovaleric acid at different intensity level. (b) Logarithmic
plot of the sensor response.
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As shown Figure 5b, the logarithm of sensor response is linear with the odor strength for the
intensity levels 3—5. The intensity threshold to isovaleric acid for all sensors is the intensity level 3.
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It implies that our E-nose may be limited to classify odor strength of persons who have at least definite
armpit smell. Therefore, we have chosen two volunteers who have moderate armpit odors for

E-nose measurement.
3.3. Detection and Classification of Human Body Odor

Armpit odors of two volunteer persons were measured by an E-nose during five days using a
combined hardware/software humidity correction. Figure 6a,b exhibits the average of sensor response
over 5 days as measured on the left (denoted by L) and right (denoted by R) armpits.

Figure 6. The sensor response with error bar of (a) person A and (b) person B in the
morning and the afternoon. L and R denote the left and right armpits, respectively.
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From Figure 6, it was found that TGS822 and TGS2602 have a high response to human body odor,
in agreement with previous tests with isovaleric acid. Odor analysis of each person gives an interesting
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pattern. In the morning, both volunteers have only weak armpit odor, while the odor strength increases
markedly in the afternoon. It can be seen from all sensors that the left and right arms of a person yield
almost equivalent signals in the morning, since no deodorant was allowed before sample collection. In
contrast, the afternoon results of the left and right arms deviate distinctly. The deodorant-free left
armpit expresses noticeably higher signal strength. The difference of signal strength between morning
and afternoon of each armpit was tested using a paired t-test with a significance level of 95%
confidence (P = 0.05). Both person A and person B have a similar pattern in the difference of signal
strength between morning and afternoon. For the person A, the mean difference of left armpit and right
armpit between morning and afternoon are 1.500% change of resistance (P = 0.036) and 0.700%
change of resistance (P = 0.250), respectively. In case of person B, the mean difference of left armpit
and right armpit between morning and afternoon are 1.365% change of resistance (P = 0.004) and
0.775% change of resistance (P = 0.054), respectively. The paired t-test shows that the signal strength
of deodorant-free left armpit (P < 0.05) have statistically significant difference between morning and
afternoon at the level of 95% confidence. In contrast, the changes of deodorant right armpit between
morning and afternoon (P > 0.05) did not reach the level of statistical significance. In general,
deodorants suppress the armpit smell by reducing bacterial activity. Hence, an interesting question
arises, “‘can deodorant blind human identification by an E-nose ?”

To allow an identification of human odors from two persons, we have adopted a pattern analysis
based on principle component analysis (PCA). Only the data from the afternoon measurement was
introduced into PCA. PCA is a popular statistical technique usually used to visualize in two or three
uncorrelated dimensions transformed from all correlated information. In principles, PCA process
contains five following steps:

(1) Get data from matrix, Xuxn. The row M represents different repetition of the experiment and the
column N represents the number of independent sensors. In our case, M equals to 20 and N equals to 5.

(2) Normalize the data matrix, Norm(Xuxn), by the mean subtraction. The mean of each N column
is calculated and subtracted from the data set. Hence, the new data set has a zero value of mean.

(3) Calculate the covariance matrix, Cov(Xuxn), and calculate eigenvectors and eigenvalues of the
covariance matrix. The calculated eigenvectors must be unit eigenvectors.

(4) Rearrange the eigenvectors and eigenvalues. The eigenvectors are ordered by eigenvalues from
highest to lowest, (Cov(X,,.,))

(5) Obtain the PCA result by matrix multiplication and transpose, ((m)maﬁmm ® Norm(X ;. ))T .
The obtained new dataset with orthogonal linear transformation are usually plotted in two or three
dimensions containing the most relevant of the data set.

The PCA result is shown in Figure 7. The first principal component (PC1) explains 74.0% of the
total variance and the second principal component (PC2) contributes 21.7% of the variation. The PCA
result obviously distinguishes person A from person B. It indicates that each person has a specific odor
pattern, even though these people have a similar life style. After both persons arrived at the laboratory,
they have spent most of the time under the same humidity and temperature. The afternoon sample
collection took place almost at the same time and the samples were subjected to measurement
immediately. Therefore, the afternoon measurement should be more reliable than the morning one in
which the odor change from bacteria could occur. The use of deodorant may not change the odor
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fingerprint, though it undoubtedly reducing the strength of a key chemical such as isovaleric acid that
exerts strongly on perception of body’s smell. In Figure 7, each data point is plotted from day 1 to
day 5. It can be seen that the odor of both armpits change everyday but PCA can still group the data of
each person together. Therefore, E-nose can be a prospective candidate for identification or
authentication of a person like other biometrical technologies [40].

Figure 7. The 2D-PCA of armpit odors from two persons as measured in the afternoon
during 5 days.
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4. Conclusions

In this paper, the detection and classification of human body odor by E-nose measurement have
been demonstrated. We have proposed a scheme to minimize the humidity effect that is usually a
serious problem for the detection of human body odor. This scheme employs a humidity generator
(hardware) for creating smooth background humidity that can dominate the humidity of samples, as
well as mathematical models (software) for humidity response of all sensors that can be used to
eliminate signals from the humidity in a real-time fashion. The E-nose in conjunction with PCA
method was shown to differentiate the body odors of two persons with similar life style and activities.
In addition, we have found that deodorant does not effect the relative identification of these two
persons. In order to extend the discrimination of human body odors beyond two persons, a number of
improvements are required such as increasing sensor types that response to a variety of volatile
molecules. It is hoped that the preliminary results presented in this paper will open the door to the field

of human body odor biometrics.
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In this paper, a portable electronic nose (E-nose) based on hybrid carbon nanotube-Sn0O, 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 WOj3, 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

* Corresponding author at: Department of Physics and Center of Nanoscience and
Nanotechnology, Faculty of Science, Mahidol University, Bangkok 10400, Thailand.
Tel.: +66 866037395; fax: +66 22015843.

E-mail address: sctkc@mahidol.ac.th (T. Kerdcharoen).

0925-4005/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2010.03.072

[11],H3 [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 pm,
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 (0.5 wt% 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 ~10~3 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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.\ 0.5 mm
’
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 1 wt% 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 k2. 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:

—-

. Get data from matrix, Xy;.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.

Calculate the covariance matrix, Cov(Xpy «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,
e

(Cou(XMxN))max—min-

iil.

=

|l| Air In

Pump
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T Array

Flow - Electrical — Q | | L

—>
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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,

((CovlX N maxmin © Norm(XMxN))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 : It:/ Vouedt (1)
a

Primary derivative : Dy = d‘;‘;“f 2)

where Vy,; represents a sensor signal.
In real calculation, the integral and primary derivative of Vy,;
are obtained from the elements of yf and ylp, respectively, using the

following relations:

i
1
yi= 6Z(xj_1 +4x; + Xj,1)dt (3)
j=0
D 1
Vi = 5gpKir1 —%i1) (4)
wherei=0,1, 2,...,n—1 and 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
shown in 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 ~20-40 nm 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.
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~1500°C in a vacuum of ~10~ Torr, CNTs fragments, which are
small and very light, were carried into the vapor by surrounding
SnO, 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,ir and Rg,s 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 50 nm 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
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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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and EtOH as described by [23]:
2CH30H + O — 2CH30 + H,0 + 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 —Rp. The second feature
extractionis the relative response (AR/Rg). 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., [13 — I11 (see Fig. 7b). The last one is the primary derivative.
The maximum amplitude in the same interval was employed, i.e.,
Dy 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/Ry)
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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Abstract: In this work we have fabricated hydrogen gas sensors based on undoped
and 1 wt% multi-walled carbon nanotube (MWCNT)-doped tungsten oxide (WOs3) thin
films by means of the powder mixing and electron beam (E-beam) evaporation technique.
Hydrogen sensing properties of the thin films have been investigated at different operating
temperatures and gas concentrations ranging from 100 ppm to 50,000 ppm. The results
indicate that the MWCNT-doped WO; thin film exhibits high sensitivity and selectivity to
hydrogen. Thus, MWCNT doping based on E-beam co-evaporation was shown to be an
effective means of preparing hydrogen gas sensors with enhanced sensing and reduced
operating temperatures. Creation of nanochannels and formation of p-n heterojunctions
were proposed as the sensing mechanism underlying the enhanced hydrogen sensitivity of
this hybridized gas sensor. To our best knowledge, this is the first report on
a MWCNT-doped WO; hydrogen sensor prepared by the E-beam method.

Keywords: WOs; hydrogen sensor; nanochannels; E-beam evaporation; carbon nanotube
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1. Introduction

Hydrogen (H») is one of the most useful gases, being used in many chemical processes and various
industries including aerospace, medical, petrochemical, transportation, and energy [1-3]. In recent
years, H, has attracted a great deal of attention as a potential clean energy source for the next
generation of automobiles and household appliances due to its perfectly clean combustion without any
release of pollutants or greenhouse gases [4]. However, this low molecular weighted gas can easily
leak out and may cause fires or explosions when its concentration in air is between 4% and 75% by
volume [5]. Moreover, H; is a colorless, odorless and tasteless gas that cannot be detected by human
senses. Therefore, it is very essential to develop the effective H, gas sensors for monitoring of H»
leaks.

Tungsten Oxide (WOs3) is one of the most widely studied gas-sensing materials due to its fast, high
sensitivity response toward NOy [6-9], H,S [10-13], C;HsOH [13,14] CO [15], NH; [15-19] and
O3 [20]. In case of H; detection, it is well known that H, molecules are not activated on the smooth
WOj; surface of single crystals [21]. Addition of some noble metals such as Pt, Pd, or Au [22-26] to
WO; usually improves the sensitivity and selectivity to H, gas. These metal doped WOs5 films can be
prepared by several methods, including screen printing [22], sputtering [23,24] and sol-gel
process [25,26].

In the present work, multi-walled carbon nanotube (MWCNT)-doped WOj; thin films fabricated by
an electron beam (E-beam) evaporation process and their application for H, gas sensing are reported
for the first time. The E-beam process offers extensive possibilities for controlling film structure and
morphology with desired properties such as dense coating, high thermal efficiency, low contamination,
high reliability and high productivity. MWCNTSs were selected for doping because of their larger
effective surface area, with many sites available to adsorb gas molecules, and their hollow geometry
that may be helpful to enhance the sensitivity and reduce the operating temperature. Furthermore,
MWCNTs were reported to be sensitive to H,, with good recovery times [27].

2. Experimental
2.1. Preparation of Materials

Commercial WO; powder was obtained from Merck and used without further purification.
MWCNTs were grown by the thermal chemical vapor deposition (CVD) process. The catalyst layer of
aluminium oxide (10 nm) and stainless steel (5 nm) was deposited on the silicon (100) substrates
(Semiconductor Wafer Inc.) using reactive sputtering apparatus. The synthesis of MWCNTs was
performed under a flow of acetylene/hydrogen at a ratio of 3.6:1 at 700 °C for 3 min. To obtain high-
purity MWCNTs, the water-assisted selective etching technique [28] was applied after each CNT’s
growth stage. Water vapor (300 ppm) was introduced into the system by bubbling argon gas through
liquid water at room temperature for 3 min. The sequence of acetylene/hydrogen and water vapor
flows was repeated for five cycles. Based on the scanning electron microscopic (SEM) image, as
shown in Figure 1, the diameter and length of the MWCNTs are ~35 nm and ~26 um, respectively.
The electrical conductivity of MWCNTSs was ~75 S/cm, as measured by a four-point probe method at
room temperature. In addition, high-resolution transmission electron microscopic (HR-TEM) imaging,
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as shown in Figure 2, confirms that CNTs are multi-walled, with the width and number of walls
being ~4.6 nm and 14, respectively. Thus, the spacing between two graphitic layers is ~0.33 nm, which
is in good agreement with theoretical and experimental values.

Figure 1. SEM images of the produced MWCNTSs grown by the CVD process.

Figure 2. High resolution TEM image of the produced MWCNT grown by the CVD process.

"‘l*". 3 ke, '

2.2. Fabrication of MWCNTs-doped WOj3 Thin Film

MWCNT-doped WOs thin film was fabricated by the E-beam evaporation technique onto Cr/Au
interdigitated electrodes on an alumina substrate [29]. The target was prepared by mixing 99 wt% of
WO; powder with 1 wt% of MWCNT powder using a grinder in a mortar for 30 min and then
pelletizing with a hydraulic compressor. Deposition was performed at a pressure of 5 x 10~® Torr in the
evaporation chamber. The substrate was rotated and kept at 130 °C during the deposition in order to
obtain a homogeneous thin film. The deposition rate was 2 A/sec and the final film thickness
was 150 nm, as controlled by a quartz crystal monitor. After E-beam evaporation, the film was
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annealed at 500 °C for 3 h in air to stabilize the crystalline structure. In addition, an undoped WOj3 thin
film was also fabricated using the same conditions for comparison.

2.3. Measurement of Gas Sensing

To evaluate the gas sensing properties of the thus prepared thin films, MWCNT-doped WOs3 and
undoped WO; gas sensors were placed inside a stainless steel chamber and the resistance measured
using a 8846A Fluke multimeter with 6.5 digit resolution. The gas sensing measurements were made
within a dynamic flow system with control of sensor operating temperatures (200400 °C) under
variable gas concentrations (100-50,000 ppm). Hydrogen (H;), ethanol (C,HsOH), methane (CHs,),
acetylene (C,H;), and ethylene (C,H4) were used to test the sensing properties and selectivity of the thin
films. The sample gas flow time and the clean air reference flow time were fixed at 5 min and 15 min,
respectively. It should be noted that these switching interval was selected so that the resistance change
is at least 90% of the saturated value. The sensor resistances were sampled and recorded every second
using LabVIEW with a USB DAQ device for subsequent analyses.

3. Results and Discussion
3.1. Characterization of Thin Films

Surface morphology, particle size and crystalline structure of the films were characterized by SEM
and TEM. Figure 3 shows the SEM surface morphology of MWCNT-doped WOj; thin film deposited
on an alumina substrate. It was seen that the film coated on the rough alumina substrate has
approximate grain sizes ranging from 40 to 80 nm.

Figure 3. SEM image of MWCNT-doped WOs thin films on alumina substrate.

The nanometer grain size together with the roughness of the alumina substrate can enhance the gas
sensitivity of thin films [30,31] because more gas adsorption sites are available due to the increased
surface area and porosity. With the SEM resolution, CNT structure cannot be observed on the thin film
surface. Therefore, TEM characterization was used to confirm CNT inclusion into the WO;5 film. It
should be noted that copper TEM grid samples were loaded inside the evaporation chamber for sample
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deposition at the same time as coating on the Cr/Au interdigitated electrodes. TEM observation clearly
shows CNT inclusion into the nanocrystalline WOs, while the electron diffraction pattern exhibits
polycrystalline phase in the film, as shown in Figure 4a,b, respectively.

Figure 4. (a) High-resolution TEM image and (b) corresponding selected area diffraction
pattern of MWCNT-doped WOj; thin film.

(a) (b)

The film morphology obtained in our study is in accordance with observations on nanocrystalline
WO; films grown by other methods [32,33]. Doping of CNT does not change the phase or surface
morphology of the film, but it may help form nanochannels in WOs films, leading to the enhancement
of the sensitivity and reduction of the operating temperature.

3.2. Sensing Properties of Thin Films

The sensor response (S) of the thin films is defined as the percentage of resistance change:

0/) — Ro -R
S(A)—( R jXIOO (1)
where Ry and R are the resistance of the thin films in pure air and test gas, respectively. Figure 5
shows the response of the undoped WO; and MWCNT-doped WOs; thin films to 1,000 ppm H; at
varying operating temperatures. It can be seen that the response of the films increases as the operating
temperature increases up to 350 °C, and then decreases. The gas-sensing response increases with
temperature in the 200-350 °C range because thermal energy helps the reactions involved overcome
their respective activation energy barriers [34,35]. However, if the operating temperature becomes too
high (i.e., >350 °C), the adsorbed oxygen species at the sensing sites on the film surface will be
diminished and less available to react with H, molecules [36], thereby limiting the film’s response.
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Figure 5. Sensing response to H, (1,000 ppm) at different operating temperatures.
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At any operating temperature, the sensor response of the MWCNT-doped WOj; thin film is higher
than that of the undoped WOj thin film. Specifically, at the optimum operating temperature (350 °C),
MWCNT-doped WO; thin film yields a 26.9 % higher response than the undoped one. The doped
sensor prepared in this work also shows higher response than the WO; films prepared by the sol—gel
process [25].

Figure 6. Sensing response of the undoped WO; and MWCNT-doped WOj thin films to
high H; concentrations (5,000-50,000 ppm) at the operating temperature of 250 °C.
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One major advantage of MWCNT-doped WOs thin film is that the sensor can be operated at a lower
operating temperature (250 °C), especially if this sensor is used to measure the H, gas at higher
concentrations (5,000-50,000 ppm). As shown in Figure 6, at such a concentration range, there are
sufficient numbers of H, molecules available to react with the surface oxygen adsorption sites. It is
also well-known that MWCNTSs contribute to the reduction of sensor resistance of metal oxides [37]
and the activation energy between the WOj; surface and H, gas. The details of the sensing mechanisms
of MWCNT-doped WOs thin films will be discussed in the next section.



Sensors 2010, 10 7711

To demonstrate the selectivity of the MWCNT-doped WOs thin film, its sensing response (at the
operating temperature of 350 °C) to various gas vapors, namely H,, C;HsOH, CH,4, and C,H,, was
measured and plotted (Figure 7). It can be seen that MWCNT-doped WOs; thin film exhibits a strong
response to H,, and much weaker responses to C;HsOH, CHy4, and C,H,. In particular, this thin film
was found to be insensitive to C,Hy at the optimum operating temperature of 350 °C. It is therefore
concluded that the MWCNT-doped WOs thin film exhibits high selectivity to Ha.

Figure 7. Sensing response of MWCNT-doped WO; thin film at the operating temperature
of 350 °C to various concentrations of different gas vapors.
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3.3. Sensing Mechanism of MWCNTs-doped WO3 Thin Film

It is well known that WO; is an n-type semiconductor while CNT is a p-type semiconductor.
MWCNT-doped WO; thin film can be either p-type or n-type semiconductors depending on the
quantity of MWCNTs and the operating temperature [38]. In this work, the produced MWCNTs-doped
WOs; thin film behaves as an n-type semiconductor since the electrical conductivity of the film
increases when reducing gases, i.e., H,, are absorbed by its surface. Doping of MWCNTs into the WO;
matrix can introduce nanochannels and form p-n heterojunctions in the thin film. These nanochannels
play an important role for gas diffusion. The gas molecules can easily transport into the gas-sensing
layers leading to increasing sensitivity [39,40]. In addition, MWCNT-doped WOs; thin film p-n
heterojunctions could be formed at the interface between WO; and the MWCNTs [38,41]. When H;
gas 1s exposed to MWCNT-doped WOs; thin film, the widths of the depletion layers at the p-n
heterojunctions can be modulated. The potential barriers at the interfaces or inside the WO3; may be
changed. This change of the depletion layer in the p—n heterojunctions of MWCNT-doped WO3 thin
film may explain the enhanced response of the film at low operating temperatures. Various oxygen
species chemisorbed at the thin film surface such as 0%, Oy, and O are available for catalytic
reactions with Hy, thus depending on the temperature at the metal oxide surface [42]. At the operating
temperature range of 200—400 °C, O™ is commonly chemisorbed. Consequently, the chemical reaction
underlying the H, gas sensing in this study is given by [43]:

H,+0,,>H,0+e" )
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The adsorbed O on the thin film surface reacts with the H, gas yielding H,O and releasing electrons
which contribute to the current increase through the thin film that causes the electrical conductivity
to increase.

4. Conclusions

MWCNT-doped WO; thin film was successfully prepared by the E-beam evaporation technique.
The 1 wt% MWCNT-doped WO;3 thin film exhibits n-type semiconductor behavior of the
polycrystalline phase. Doping with MWCNTs does not significantly change any phase or surface
morphology of the film, but it introduces nanochannels and form p-n heterojunctions in the WO;
matrix. The MWCNT-doped WO; thin film exhibits high selectivity and sensitivity to H, over a
relatively wide range of concentrations (100-50,000 ppm). Moreover, it can operate at a relatively low
temperature. This should be useful for developing high performance H, gas sensors. To our best
knowledge, this is the first report on MWCNT-doped WO; hydrogen sensors prepared by
the E-beam method.
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An electronic nose (e-nose) system based on polymer/carboxylic-functionalized single-walled car-
bon nanotubes (SWNT-COOH) was developed for sensing various volatile amines. The SWNT-
COOH dispersed in the matrix of different polymers; namely, polyvinyl chloride (PVC), cumene
terminated polystyrene-co-maleic anhydride (cumene-PSMA), poly(styrenecomaleic acid) partial
isobutyl/methyl mixed ester (PSE), and polyvinylpyrrolidon (PVP), were deposited on interdigitated
gold electrodes to make the gas sensors. The response of these sensors to volatile amines was
studied by both static and dynamic flow measurements. It was found that all sensors exhibited
behaviors corresponding to Plateau—Bretano—Stevens law (R? = 0.81 to 0.99) as the response to
volatile amines. Real-world application was demonstrated by applying this e-nose to monitor the
odor of sun-dried snakeskin gourami that was pre-processed by salting-preservation. This elec-
tronic nose can discriminate sun-dried fish odors with different stored days using a simple pattern
recognition based on the principal component analysis (PCA).

Keywords: Electronic Nose, Volatile Amine, CNT/Polymer Gas Sensor, Fish Freshness
Monitoring.

1. INTRODUCTION in order to identify or discriminate specific odors. Gas
sensors based on carbon nanotubes (CNT)/polymer com-
posites measure the electrical response under room tem-

perature. The nanocomposited CNT with various polymers

Volatile amines are presented with strong and character-
istic odor, mostly realized as unpleasant and toxic, i.e.,

the smell of ammonia, dried fish, putrid flesh and urine,
etc. Amines are produced by decomposition of amino
acids in biological processes. Therefore, amine sensor
can be used to assess the freshness of protein-containing
foods'™ as well as contaminated environment® related to
biological wastes. Spoiling fish typically generates several
kinds of amines such as ammonia, trimethylamine (TMA),
dimethylamine (DMA) (these volatile compounds are also
known as Total Volatile Basic Nitrogen (TVB-N))!~? and
histamine (biogenic amines).”!°

Nowadays electronic nose has become a well-known
technology for quality assessment of foods or drinks.''™'?
Electronic nose (e-nose) is fast, portable, low-cost and reli-
able. In principles, an e-nose consists of an array of gas
sensors working cooperatively to detect a wide range of
gases. The sensor response patterns are then recognized

*Author to whom correspondence should be addressed.
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have been demonstrated to detect selective gases at low
concentrations.

In this work, we have developed a new electronic
nose system for amine detection based on an array of
polymer/CNT nanocomposite gas sensors. In general, the
underlying mechanism of polymer/carbon nanotube gas
sensors is based on percolation of analytic gases into
the polymer matrix leading to a drop in electrical con-
ductance caused by volumetric increase in the materi-
als. In principles, the polymers used in this type of gas
sensors are non-conducting. Therefore, carbon nanotubes
are mixed into the polymer matrix to act as conducting
channel. Diffusion of the analytic gases into the polymer
increases the separation between the conducting channels,
thus decreasing the conductivity of the materials. Based
on the above-mentioned sensing principles, there are two
major factors that control the sensitivity of this type of sen-
sors; swelling capability of polymer and electron-donating

doi:10.1166/jnn.2011.4020 1

3710114V HOHV3S3H



RESEARCH ARTICLE

An Electronic Nose for Amine Detection Based on Polymer/SWNT-COOH Nanocomposite

Lorwongtragool et al.

capability of analytic gases into carbon nanotubes. Identi-
fication of amine molecules is performed by presenting a
variety of polymeric matrices with non-specific chemical
interactions in the sensor array combined with a simple
pattern recognize algorithm such as principal component
analysis (PCA).

In the case of optoelectronic nose, clear differences
of a wide range of toxic industrial chemicals (TICs)"
and volatile amines'> at very low concentrations (below
the a.k.a. permissible exposure limits or PEL) have been
demonstrated. Although an optoelectronic nose provides
more powerful gas identification, the detection capability
is limited at only low concentration. Thus, the presence of
the analytic gases at higher concentration can lead to non-
reproducibility. In the case of polymer/CNT composites, it
has been shown that a wider range of amine concentrations
can be detected. Therefore, applications of this electronic
nose can be realized in the food and agriculture sectors
where amine gases are presented at higher concentrations,
i.e., in the chicken and pig farms and in the example as
provided in this paper.

The objectives of this study are to developed amine
sensors based on CNT/polymer composites for an e-nose
and to apply this e-nose for the evaluation of dried
fish spoilage. Traditional dried snakeskin gourami (called
“Salid fish” in Thailand), preserved by 1-2 days exposure
to sunlight following salting fermentation was investigated
on their putrid odor as often observed if the dried fish was
not frozen or cooked within a period of time.

2. EXPERIMENTAL DETAILS
2.1. Sensor Fabrication

The carboxylicfunctionalized single-walled carbon nano-
tube (SWNT-COOH) was used for producing the com-
posites because it can be easily dispersed in solvents or
polymer matrix due to its polarity.'®'7 Higher degree of
mixing as present in the functionalized CNT/polymer sen-
sors leads to increasing response and reversibility beyond
the pristine CNT/polymer composites.!®!® The purified
SWNT-COOH (90 wt%) with 1-2 nm in diameter and
0.5-2.0 um in length obtained from Cheap Tube Inc
(www.cheaptubesinc.com) was dispersed in the polymer
solutions of (i) PVC, (ii) cumene-PSMA, (iii) PSE and
(iv) PVP (structures shown in Fig. 1). Each polymer
was dissolved completely in 1 ml of the proper solvent
(tetrahydrofuran, acetone, acetone and water, respectively).
By optimizing the resulted device resistances to a kilo-
ohms range, SWNT-COOH loading about 10-30 wt% with
respect to the polymer content was blended into poly-
mer solution and placed in the ultrasonic bath for 15
min to obtain uniform composite. Nanocomposite materi-
als were deposited onto interdigitated electrodes by spin-
coating and heated at 150 °C for 1 h to remove the

2

PVC Cumene-PSMA

H H HsG CH
= 5
a H

n

PSE PVP

CH;CH CHCH &
I
Ro—C ﬁn-on N o
e M
x Y
n

R=H or CH; or —CH;?HCH,
Fig. 1. Structures of polyvinyl chloride (PVC), cumene termi-
nated polystyrene-co-maleic anhydride (cumene-PSMA), poly(styrene-
co-maleic acid) partial isobutyl/methyl mixed ester (PSE), and
polyvinylpyrrolidon (PVP).

CH;

residual solvent and impurities. The interdigitated elec-
trodes were fabricated by E-beam evaporation of Cr/Au
over alumina substrates through electroplated-Ni shadow
masks. The thickness of Cr and Au layers are ~50 nm and
~200 nm, respectively. The width, spacing, and length of
the IDE are approximately 100 um, 100 wm, and 1 mm,
respectively.

2.2. Measurement Setup

Gas sensing properties were investigated under static and
dynamic flow measurement as illustrated in Figure 2. Both
systems were measured at room temperature. To monitor
sensor resistances under the static condition, single volatile
amine was used each time to vary the concentrations in a
2000-cc chamber between 50—1000 ppm. Dimethylamine,
dipropylamine, pyridine, and ammonium hydroxide were
used as the vapor samples. Resistance of each sensor ele-
ment was recorded for 1 min to obtain initial baseline and
5 min after injecting the sample.

Dynamic measurement was performed with real world
samples to demonstrate that e-nose equipped with these
sensors can determine the fish fressness based on
amine detection. A simple e-nose was constructed using
schematic diagram as shown in Figure 2. Sensor data were
acquired through a USB DAQ device (NI USB-6008) from
National Instruments. Nitrogen gas was used as reference
and carrier gas to carry volatile species from the fish sam-
ple to reach to the sensor chamber. Solenoid valves were
controlled to switch between reference gas and sample
odors. An e-nose measurement consists of 4 reference-
sample cycles, where the nitrogen gas was flowed directly
through the sensor chamber for 7 min to obtain base-
line and switched to flow through the sample container

J. Nanosci. Nanotechnol. 11, 1-6, 2011
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Fig. 2. Schematic diagram of the experimental setups for detecting
volatile amines in the static system (top) and the dynamic flow system
(below).

for another 1 min. The flow rate was controlled at 2.5
liters/min. The experiment was repeated for 3 times for
each fish sample.

2.3. Sample Preparation

Sun-dried snakeskin gourami (7richopodus pectoralis)
were obtained from a local market as photographed in
Figure 3. The fishes were sliced to remove the bones and
cut into small pieces, then kept in glass bottles at room
temperature. For e-nose measurement, only 5 g of the
stored fishes were used. Odor measurements by e-nose
were performed for four consecutive days.

2.4. Data Analysis

The minima and maxima values on the resistance curves
obtained by switching between the reference and sample
odors were extracted and used as the feature for data analy-
sis. To avoid baseline inconsistency, the percentage change
in resistance was used as detailed elsewhere.”” In case of

Fig. 3. Sun-dried snakeskin gourami from Bangnamphung floating mar-
ket, Samutprakan province, Thailand.

J. Nanosci. Nanotechnol. 11, 1-6, 2011

single component odor of amines, a power function known
as the Plateau—Bretano—Stevens law?'? can be adopted to
model the sensitivity.

F=kI" (1)

Where F is sensor responses to particular stimuli, [ is
odorant concentration, k and n are parameters.

For complex odors, i.e., the dried fishes, principle com-
ponent analysis (PCA) was used to evaluate the recognized
pattern in order to discriminate the freshness of the dried
fish.

3. RESULTS AND DISCUSSION

Figure 4 shows the fabricated gas sensors. Under the
ambient condition, the resistances of these sensors are
5 kQ-35 kQ.

Figure 5 plots the average percent change in resis-
tance of the four sensors as exposed to dimethylamine
dipropylamine, pyridine, and ammonium hydroxide under
the static condition. It was found that the sensor response
increases with the rising amine concentration. The power
law in Eq. (1) was used to model this behavior and
the results can then be simplified as given in Table L
The R-square (R?) values of all sensors exceed the value
of 0.81, which demonstrates that the Plateau—Bretano—
Stevens law can be valid for all elements, especially
for PVC/SWNT-COOH sensor response to dimethylamine
(R?>=10.99). All sensors correspond to the exponent n < 1;
therefore, the exponent is compressive and the sensor
response increases slowly as the concentration increases.??

According to the results, it was shown that PSE/SWNT-
COOH composite gas sensor yields the highest response
to amine volatile compounds. The underlying mechanism
of this type of sensors requires that the analytic gas must
diffuse into the polymer matrix via some types of molec-
ular interactions. In most cases, the analytic gases inter-
act weakly with the polymer through physi-sorption (i.e.,
dipole—dipole or van der Waals interactions). Specifically,
the molecular structure of PSE allows stronger interactions
(such as chemi-sorption) with amine compounds through
the ester and carboxylic groups, as shown in Figure 1.
The strength of these interactions depends on the basicity
of the amine compounds (dipropylamine (pKb = 3.09) >
dimethylamine (pKb = 3.29) > ammonia (pKb = 4.75) >
pyridine (pKb = 8.75)). Because dipropylamine presents

PVP

Fig. 4. Polymer/SWNT-COOH composites spin-coated on interdigi-
tated electrodes: PVC, cumene-PSMA, PSE and PVP (left to right).
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Fig. 5. The average of percent change in resistance of each sensor in static condition when exposed to dimethylamine, dipropylamine, pyridine, and

ammonium hydroxide at the concentrations of 50-1000 ppm.

the highest basicity among other amines, it seems at first
glance that this compound should exhibit highest sens-
ing response with PSE. However, these secondary amines
(dipropylamine and dimethyl amine) as well as pyridine
have much lower mobility than ammonia to diffuse into

Table I. Parameters of power law models, Eq. (1) in each sensor ele-
ment corresponding to amine measurements.

Parameters

Sensor Amine compound k n R?
PVC/SWNT-COOH Dimethylamine 0.01 0.59 0.99
Dipropylamine 0.09 0.37 0.90
Pyridine 0.03 0.38 0.92
Ammonium hydroxide  0.01 0.61 0.96
Cumene-PSMA/ Dimethylamine 0.27 0.28 0.95
SWNT-COOH Dipropylamine 0.47 0.21 0.97
Pyridine 0.05 0.44 0.82
Ammonium hydroxide  0.18 0.39 0.94
PSE/SWNT-COOH Dimethylamine 0.39 0.37 0.96
Dipropylamine 0.43 0.35 0.95
Pyridine 0.15 0.39 0.96
Ammonium hydroxide  0.38 0.49 0.98
PVP/SWNT-COOH Dimethylamine 2.06 0.09 0.81
Dipropylamine 1.00 0.23 0.93
Pyridine 0.18 0.40 0.88

Ammonium hydroxide  0.32 0.37 0.94

the polymer matrix. As a result, the sensitivity of PSE
to the amines is ranked as ammonia > dipropylamine >
dimethylamine > pyridine), which is an outcome of the
counterbalance between basicity and mobility of the
volatile amines.

Different capability of each polymer to swell the amine
vapors leads to different sensitivity to each gas. Another
factor that effects on the sensitivity is electron-donating
properties of amine species to carbon nanotubes. Thus,
the results indicate that the SWNT-COOH based on these
polymers is a p-type semiconductor. In principles, e-nose
should be made from an array of gas sensors that have
different selective gases. By measuring a complex odor
such as the sundried snakeskin gourami, pattern recogni-
tion is required to understand the data obtained from the
measurement. Figure 6 shows the response of each sen-
sor to the odor of the fish samples. A reversible behavior
was observed in all sensors. A major obstacle for poly-
mer composite gas sensors is well recognized as their poor
stability. The efficiency of such sensors often decreases
after repetitive usages. Moreover, thick sensing film may
confine adsorbed volatile molecules within the polymer
matrix. Therefore, optimization of the flow rate and mea-
surement time must be optimized in order to maintain the
consistency of the extracted features.?

J. Nanosci. Nanotechnol. 11, 1-6, 2011
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Fig. 6. The typical resistance changes with time of four sensors to sun-
dried fish odor.

Figure 7 plots the sensor responses to the fish sample at
different storage days (1-4 days). The increasing response
from the Ist to 4th day indicates increasing amine vapors
in the sample during that period. The principal compo-
nent analysis of these data was performed and plotted in
Figure 8. The PCA results show 80.67% and 16.73% of
variance within the first and second components (PC1 and
PC2) which implies that visualization of these data on 2D
plot is highly relevant and e-nose made of these 4 sensors
is sufficient to discriminate these samples. Data analysis
by PCA can identify 4 groups of data based on their stor-
age time (1 to 4 days).
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Fig. 7. The average of percent change in resistance of each sensor to
volatile of the sun-dried snakeskin gourami between 1 to 4 days.
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Fig. 8. The score plot of PCA for the sun-dried snakeskin gourami
between 1 to 4 days.

4. CONCLUSION

In this paper, we have demonstrated that the electronic
nose based on polymer/SWNT-COOH composite can iden-
tify the states of sun-dried snakeskin gourami by using a
simple pattern recognition based on the principal compo-
nent analysis (PCA). Volatile amines generated during the
spoilage in many kinds of fish were shown in literatures to
contain amine species known as Total Volatile Basic Nitro-
gen (TVB-N). Analytical examination of four single amine
components with concentration range 50-1000 ppm indi-
cates that the sensor response obeys the Plateau—Bretano—
Stevens power law (R? > 0.81). The sensor based on
PSE/SWNT-COOH film showed the best response. All
sensors exhibit the behavior of p-type semiconductor. It
is suggested that the sensor response is determined by
two factors; the swelling capability of the polymer matrix
and the electron-donating capability of amine to carbon
nanotube.
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Artificial nose has recently become an emerging instrument for quality assurance in the food
industry. These paper present the optical gas sensors based on Magnesium-5,10,15,20-tetra
phenyl-porphyrin (MgTPP) and Zinc-5,10,15,20-tetra phenyl-porphyrin (ZnTPP) thin films and their
application as an artificial nose. Based on the measurement of optical absorbance response using
a general UV-Vis spectroscopy, this artificial nose was tested to discriminate various volatile organic
compounds (VOCs) and Thai beverages. Atomic force microscopy (AFM) and X-rays diffraction
(XRD) were used to confirm the polycrystalline structure of the sensing materials. Density functional
theory (DFT) calculations reveal that MgTPP interacts more strongly with the VOCs than ZnTPP,
especially with methanol. The classification results of VOCs and Thai beverage vapors using the
principal component analysis indicate that both MgTPP and ZnTPP-based artificial noses can be
an efficient tool for quality assurance of alcoholic beverages.

Keywords: Gas Sensor, Porphyrin-Based Sensor, Optical Sensor.

1. INTRODUCTION

Metal porphyrins (MP) are organic semiconductor materi-
als able to adsorb gas molecule at the central metal atom or
on the conjugated J-electron circumference.! The electrical
and optical properties of MP are strongly induced by elec-
tron donors and acceptors.2 As a result, MP has become
a versatile material for gas sensor because many trans-
ducing techniques are allowed such as electrical,® optical
and mass transduction.* In particular, the MP-based optical
sensors provide many advantages over metal oxide-based
sensors. Optical transducing is a rather convenient mea-
surement method which may be operated at room tem-
perature. Optical absorption spectra also yield much more
informative and specific results with regards to chemi-
cal types than chemoresistive sensors. Only a single type
of MP materials can be applied to make a device that
can behave as an array of sensors.> We have previously
shown that MgTPP and ZnTPP thin films can detect var-
ious volatile organic compounds (VOCs) based on UV-
Vis spectroscopy.’ In this paper, we demonstrate the

*Author to whom correspondence should be addressed.

J. Nanosci. Nanotechnol. 2011, Vol. 11, No. xx

1533-4880/2011/11/001/006

potentials of these sensor materials for an artificial nose
system aimed at the beverage industry.

In this work, the spin-coating technique was employed
to fabricate MgTPP and ZnTPP thin films, followed by
X-ray diffraction (XRD) and atomic force microscopy
to investigate the microstructure of the films. An artifi-
cial nose based on optical absorption change was con-
structed by housing the films in a flow chamber installed
in between the light source and the detector probe of a
UV-Vis spectrophotometer. The sensing properties were
tested with various VOCs, namely, alcohols, acetone (5%
aq.), acetic acid (5% aq.), methyl benzoate (5% agq.), and
commercial alcoholic beverages. Theoretical calculations
based on the density functional theory (DFT) were used to
provide the understanding of VOCs-sensor interactions.?-*

A pattern recognition technique based on the principal
component analysis (PCA) has been demonstrated to clas-
sify many odors, such as alcohols, octane, toluene, and
methylethylketon in the artificial noses.!®!! In addition,
PCA was successfully used in colorimetric sensor array to
describe the soft drinks'? and portable E-nose based on
CNT-SnO, gas sensors to describe the contamination of
methanol in whisky."® To demonstrate the discrimination

doi:10.1166/jnn.2011.4048 1
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power of the MgTPP and ZnTPP thin films and the cor-
responding electronic nose, PCA has been employed to
explore the data distribution and classify the samples.

2. MATERIALS AND METHODS
2.1. Experimental Details

MgTPP and ZnTPP were obtained from Sigma-Aldrich
and Silpakorn University (synthesized by Dr. Radchada
Buntem), respectively. MgTPP and ZnTPP were dis-
solved in chloroform at concentration of 0.017 M and
0.007 M, respectively. The solutions were subsequently
spin-coated onto glass substrates at 1000 rpm for 30 sec-
onds. A previous work has shown that improvements in
the MgTPP gas sensing properties could be achieved by
thermal annealing.!! Therefore, MgTPP spin-coated thin
films were placed in a furnace under the argon atmosphere,
heated at the rate of 5 °C per minute to reach 280 °C
and then allowed to cool down for 3 hours. The optical
absorption spectra of thin films were recorded at the nor-
mal incidence in the range of 300-800 nm by the Jenway
UV-Vis Spectrophotometer.

The gas sensing capability of the metal-tetra phenyl-
porphyrin films have been investigated under the dynamic
gas flow through a home built stainless steel chamber,
equipped with quartz windows for optical measurements.
Nitrogen (99.9%) gas was used as the reference and carrier
gas to conduct headspace vapor from the sample bottle.
The sample bottle was immersed in a heat bath controlled
at 25 °C. The gas flow was switched between the reference
and the vapor sample every 10 minutes. The measurements
of each VOC consist of 5 alternating cycles between the
reference and the sample. The experiment was repeated for
at least another two times on each VOC.

2.2. Computational Method

DFT method was applied to investigate the interactions
energy between VOCs and the sensing materials. The
initial structures were constructed based on PM3 semi-
empirical technique. Then the geometries were optimized
using DFT calculations at the B3LYP/6-31G* level in the
GAUSSIAN 03 program suite.!* The interaction energies
between the VOCs and the sensing molecules were calcu-
lated by varying the distance between the oxygen atom of
each VOC molecules and the central metal of the sensing
molecules. The interaction energies of MP with one and
two molecules of VOC were compared. The interaction
energy between the sensing material and gas molecule was
calculated by Eq. (1):

Ey = [EMP+VOC - (EMP + Evoc)] (1)

where E;, is the interaction energy between a sensing
molecule and a VOC molecule. Eyp, yoc denotes the total

2

energy of the interacting pair. Ey;, and Eyge represent
the total energies of the sensing and the VOC molecules,
respectively.

3. RESULTS AND DISCUSSION

3.1. Optical Measurements and Sensing
Characteristics

The absorption spectra of the MgTPP films were signified
by the intense B band and Q band, as shown in Figure 1.
MgTPP exhibits the B band peak at 438 nm and the Q
band peaks at 570 and 610 nm. After thermal anneal-
ing, the B band intensity became lowered. In the case of
ZnTPP, the B band peak at 436 nm and the Q band peaks
at 555 and 600 nm are observed and the total absorbance
also decreased after thermal annealing. The annealing pro-
cess should therefore produce similar structural changes in
both MgTPP and ZnTPP films, which has been explained
to be a result of thermally-induced crystallization.'> How-
ever, our previous study'' found that the annealing pro-
cess the annealed MgTPP films yielded higher responses
to methanol vapor than the as spin-coated films, whereas
the spin-coated ZnTPP films presented stronger methanol
response than the treated films. So in this work, we com-
pared the gas sensing properties between annealed MgTPP
films and as spin-coated ZnTPP films.

The absorption spectra of each-narnhszring can he related

to an energy gap between the [ChaNge to :
lar orbital (HOMO) and the lo{@absorption change

lar orbital [(J_.Q_M.Ol_[n_a_n.tesauﬁalm of an inferacting gas
molecule, add round bracket cted, which leads to
changes in the optical apsorbance. The sensing\response to
VOCs is based on the me&asurgment of absorptionchange
duringthe gas exposure (|A — A,], where A and A, are the

absorption spectra of the sample and reference gas. Hence,
the absorption spectra were divided into six regions based
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Fig. 1. Optical absorption spectra of the MgTPP and ZnTPP thin films.
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on the response to methanol because the sensing films
show highest response to this gas. Therefore, the absorp-
tion change within each spectral region indicates sensitiv-
ity to each VOC relative to the methanol. For MgTPP, the
spectral regions are R1: 300-370, R2: 370-410, R3: 410—
490, R4: 490-555, R5: 555-610 and R6: 610-800 nm. For
ZnTPP, the spectral regions are R1: 300-360, R2: 360-
425, R3: 425-460, R4: 460-550, R5: 550-615 and R6:
615-800 nm. The delocalized m-electron system near the
central metal atom in porphyrins is an important reason
for VOC detection. The interaction of porphyrin and VOC
affects the 7—7* interaction and the absorption spectra
variation came from an increasing density in the electronic
levels available for 7—7* transitions.!” The gas sensing
responses (S) were calculated from Eq. (2):

§= AA/ABase (2)

where AA is difference of the integrated area within a
specific range of absorption spectra between the sample
(A) and reference (A,) and Ag,. is the total integrated
area of absorption spectra before flowing gas.

Figure 2 shows the average gas sensing of MgTPP and
ZnTPP film to 10 mol% of alcohol vapor in nitrogen
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=
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Average gas sensing
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-
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:

Regions

Fig. 2. The average gas sensing and DFM images in top views of

MgTPP annealed film and ZnTPP spin coated film.
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gas. Both MgTPP and ZnTPP films express more sensing
response to methanol than other alcohols. It can be seen
that MgTPP is more selective to methanol comparing to
ZnTPP. Thus, ZnTPP expresses higher response to ethanol
and isopropyl alcohol than MgTPP. In Figure 2, the treated
MgTPP films showed the molecular crystallization and the
increasing of the grain size. The average roughness for
MgTPP spin-coated film was about 2.83 nm. After ther-
mal treatments, the MgTPP grain size can be approximated
from the roughness to be 41.7 nm and the grain sizes of the
treated MgTPP films is larger than ZnTPP spin coated film,
showing the average roughness about 15 nm. The thickness
of MgTPP and ZnTPP films are approximately 200 and
170 nm, respectively. Furthermore, in Figure 3, the as spin-
coated ZnTPP film shows stronger responses than MgTPP
in Region 2 for all VOCs. The strongest response for both
porphyrin sensors corresponds to the Soret band which is
located at 438 and 436 nm, indicating the m—7* transi-
tion between bonding and anti-bonding molecular orbital
in porphyrin compound.?

The structure of porphyrins powder and film were inves-
tigated by XRD (Cu Kea radiation, A = 1.5418 nm) as
shown in Figure 4. The intensity peaks at 26 equal to 11°
and 13° for all films are the effect of the glass slide sub-
strate. For MgTPP, the diffraction peak of the annealed
film occurs at 18.7°, which is absent in the non-annealed
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Fig. 3. The typical dynamic responses of VOCs and Thai beverages
vapor of MgTPP treated film in Region 1 (solid line) and ZnTPP in
Region 2 (dotted line).
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Fig. 4. The XRD patterns of MgTPP and ZnTPP compounds.

film. This peak corresponds to an interplanar distance (d)
of 4.73 nm. This peak is also related to the main peak of
MgTPP powder located at 18.3°. For ZnTPP, there is the
diffraction peaks of both spin coated and annealed films.
The diffraction peaks of spin coated film are observed at
7.2° and 18.5° and the diffraction peaks of annealed film

shift to 7.3° and 18.6°, which corresponds to an interplanar
distance (d) of 12.07 and 4.76 nm, respectively. In addi-
tion, the absorption spectra shifts of annealed MgTPP and
ZnTPP films in Figure 1 were explained by an increase in
diffraction peak intensities after thermal annealing.

3.2. Principal Component Analysis (PCA)

The PCA data sets were calculated from the average
AA/Ag, values of the six wavelength regions (Region 1
to Region 6). Based on this methodin Figure 5, both sen-
sors separated the result from the mixed VOCs solution in
water such as methyl benzoate, acetone and acetic acid.
But some overlap data plot between acetone and methyl
benzoate area for MgTPP is caused by the low gas sens-
ing responses of MgTPP (see in Fig. 3). So we can con-

firm thatjchange to : a single type of
fficiency sensor=More-

organic y\Moreover
0 separate three types

ove, ZnTrrTau more CIIICICIICY
of alcohol beverages namely, whisky (40%), wine (12.5%)
and beer (6.4%).

3.3. DFT Calculations

DFT was used to predict and explain the gas-sensing char-
acteristic of the organic compound. The lowest interaction
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Fig. 5. PCA score plots related to the response of the array optical sensor corresponding to MgTPP and ZnTPP thin film.
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delete:atomic site

Table I. The interaction energies per 1 VOC molecule; AE,, (kcal/mol) at the optimized distance; D (A), change in epergy ‘gapvgTrr="—205zTV

and ZnTPP =291 eV); AE, (eV), and the change in NBO charge: for MgTPP at magnesium (1.70153 a.u.), nitrog
at zinc (1.61282 a.u.), nitrogen (—0.71875 a.u.); for VOCs at oxygen atomic site (methanol; O —0.741 a.u., ethanoly

(—0.73441 a.u.); for ZnTPP
—0.759 a.u. and isopropanol;

0 —0.753 a.u., acetone; O —0.540 a.u., acetic acid; O —0.591 a.u. and methyl benzoate; O — 0.599 a.u.) atemie-site:

VOC 1 molecule

Delta NBO charge of

VOC 2 molecules VOC 1 molecule

Interaction of D AE,, AE, D AE, AE, Metal (6] N

MgTPP with
Methanol 2.375 -9.92 0.105 2.25 —10.29 0.097 +0.001 —0.045 +0.024
Ethanol 2.50 —8.37 0.098 2.50 —7.99 0.098 +0.002 —0.041 +0.022
Isopropanol 2.25 —7.83 0.102 2.50 —7.74 0.098 +0.003 —0.040 +0.023
Acetone 2.375 —7.61 0.117 2.25 —7.41 0.097 +0.001 —0.065 —+0.028
Acetic acid (at —O bond) 2.375 -7.91 0.099 2.25 —7.25 0.097 +0.004 —0.060 +0.026
Methyl benzoate (at —O bond) 2.375 —7.59 0.099 2.375 —7.62 0.097 +0.006 —0.062 —+0.027

ZnTPP with
Methanol 2.375 —5.79 0.121 2.375 —5.66 0.101 +0.036 —0.046 +0.010
Ethanol 2.50 —5.66 0.104 2.625 —4.95 0.102 +0.031 —0.035 +0.007
Isopropanol 2.50 —5.97 0.103 2.625 —9.87 0.102 +0.031 —0.039 +0.010
Acetone 2.50 —4.08 0.109 2.625 —3.38 0.102 +0.034 —0.047 +0.010
Acetic acid (at —O bond) 2.50 —3.89 0.114 2.50 —3.60 0.101 +0.034 —0.048 +0.011
Methyl benzoate (at —O bond) 2.50 —4.11 0.102 2.625 -3.99 0.101 +0.037 —0.056 +0.011

energies from calculation method indicated that MPs
present the stable structure with VOCs molecule in the
optimized site. The interaction energies and the change
in HOMO-LUMO energy gap of MTPP with one VOC
molecule and two VOC molecules in Table I indicate
that MTPP have the high interaction energies and the
higher change in energy gap when it interacts with 1 VOC
molecule. Both optical gas sensors indicated the strongest
interactions with methanol, about —9.92 kcal/mol and
—5.79 kcal/mol for MgTPP and ZnTPP, respectively, as
shown Table I. This computational result agrees with
the experiment results which measured alcohol sensing
at the same molar concentration (in Fig. 2). Amongst
ethanol, methanol and iso-propanol, both the MgTPP and
ZnTPP films exhibit the strongest optochemical responses
to methanol. This seems to be in accordance with the
trends in the interaction energies and the NBO charge
transfer. The interaction of porphyrin film with VOC gas
is determined by the metal atom site via the interaction of
the 7 electrons and the free electrons of the metal atom
in porphyrin with the electrons of a gas molecule.’ There-
fore, electron transfer from the metal atom in porphyrin
to an oxygen atom of the VOC molecule occurs when
MgTPP/ZnTPP are in contact with the VOC molecule.
The interaction energy at this site depends on the chemi-
cal properties of the central metal atom, such as electro-
negativity and spin state.

Overall, the DFT calculations show a clear difference
of the molecular interaction nature with VOC between
MgTPP and ZnTPP. The annealed MgTPP shows higher
responses to methanol than the as spin-coated ZnTPP
films in both experimental and computational results.
In addition, the annealed MgTPP film with a micro-
crystalline structure, as evident from the AFM and XRD
results, produces higher methanol response than the as

J. Nanosci. Nanotechnol. 11, 1-6, 2011

spin-coated MgTPP films, whereas the opposite trend has
been observed for ZnTPP. In general, strong gas-sensing
response is to be expected from films with smaller grain
sizes because of a higher surface area. The result of
the MgTPP films seems initially to contradict the com-
mon sense. However, since the interactions of porphyrin
and VOC molecules should occur via the charge transfer
process. On one porphyrin semiconductive micro-crystal,
one interacting VOC molecule can induce optical absorp-
tion change to the whole crystal, which may lead to the
enhanced sensitivity. Meanwhile, for the ZnTPP, the as
spin-coated films exhibit a better sensitivity. This may be
possibly explained by structural changes induced by sol-
vent vapor, which has been observed in the case of zinc
phthalocyanine.'

4. Conclusion

MgTPP and ZnTPP spin coated thin films have been fab-
ricated as optical gas sensors and applied to classify many
types of VOCs under an artificial nose setup. The sensing
response of the porphyrin molecules to vapor molecules
was monitored by changes in the optical absorbance.
MgTPP and ZnTPP thin films presented strong sensing
signals with methanol and Thai whisky, respectively. In
addition, the computational results were compared with
experiment results, which confirm that, amongst methanol,
ethanol and iso-propanol, MgTPP yields the highest inter-
action energy with methanol at the same concentration of
alcohol vapor. XRD confirms that crystallization enhanced
by thermal annealing of the MgTPP film helps improve the
sensing response. Based on the PCA pattern recognition
technique, both MgTPP and ZnTPP films can be success-
fully applied to discriminate three types of alcohols and
Thai beverages.
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