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Abstract

For room temperature-toxic-gas sensing and gasfisggamproving, two system chips
with two different sensor configurations of a mwuhiled carbon nanotube (MWCNT) -
assisted polymer gas sensor array of eight senypas twere successfully developed and
compared their performance. One chip employed MW<EMTpolyvinylpyrrolidone (PVP)
polymer composite sensors and another chip polgadrdn-nanotubes stacked sensors.
Gases tested include three simulants of chemicafavea agents, Six toxic industrial
compound gas and four commercial liquors, i.e.uditlg dichloromethane, acetonitrile,
dimethyl- methyl =~ phosphonate, carbon tetrachlordidoroform, tetrahydrofuran,
toluene, xylene, methyl-ethyl ketone, Japanese, $@kenen sorghum, medicinal liquor, and
Scotch whisky, respectively.

The chip with composite sensors used a mixture Wf{GNTs + PVP polymer as sensing
material. The chip with stacked sensors employedisg materials of MWCNTs as the base
layer and one of the eight polymer types as theldger materials. MWCNT powders were
scratched from Si wafer, which were prepared byntila& chemical vapor deposition on

MgO/FeCo/Si substrate with,8, + H, as source gases, where FeCo acts as catalyst.



Morphology and bonding structure of the as-depddi®/CNTs were characterized by SEM,
TEM and Raman spectroscopy to identify their mietgdtoperties. The eight polymer types
were selected according to their linear salvatioergy relationship, and physical absorption
bonding property differences with respect to ddfdr gases in the group for greater gas
specificity improvement. Both chips were preparadso (001) wafer by solution drop casting
method to simplify the process. The principle ek gensing is basically to measure the
different degrees of resistivity changes of théneggnsor types upon contact with a target gas.
The sensing responses of eight sensor types orpavelne recorded as a function of time to
form a so-called “sensor radar plot”. These dataewsen analyzed by two different
mathematical analysis methods, including princgahponent analysis (PCA) on a personal
computer or laptop, and k-nearest neighbor (k-Nld$sification algorithm.on an electronic
nose system:

By comparing the chip with the composite sensong of the advantages of the chip
with the stacked sensors having a polymer overlapeve the MWCNT layer is to protect
the MWCNT from direct interaction with the gas togrove sensor life and sensitivity. The
results also indicate that the specificity for afi¢he three analyte groupss can be determined
by its specific radar plot pattern at room tempeeafor each testing run, using the chip with
the stacked sensors made of eight different selguib/mer types. The pattern analyses of the
radar plots can be simplified through PCA and k-BitNalyses. By extrapolation and careful
process monitoring, the maximum sensitivity of fppm among the eight different sensor
types is likely. The results also show that a limetationship between the resistance response
and analyte concentration is clearly evident foesth toxic gases. The gas sensing

mechanisms are discussed in the text.

Keywords: Carbon nanostructures; Gas-sensing devices; Semsohanism.
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Chapter 1

Introduction

Carbon nanostructured materials have attractedidemable research attentions
in the past few decades due to their unique phlyprcgerties, such as high specific
surface area, good corrosion resistance, tailonabte size, and excellent electronic
conductivity. These. properties make carbon nanc&ired materials suitable for
applications as electrodes or as supports for reléet catalysts. For gas sensing
applications, CNT-derived. high-sensitivity gas seasfor various gases and nerve
agents, such as ammonia, ethanol vapor, NGO, CH, and  dimethyl
methylphosphonate (DMMP) have been repofted?: 2003 Snow et al. 2005; Someya et 030

In_recent years, the various E-Nose (electronienaystem§amet et al: 1993, Craven et al.

1996; Gardner 2004; Gardner and Bartlett 1994; deeaet al. 2003:) designing in an effort to
microminiaturize the size, were developed to cutmldhe prices, to offer higher gas
sensitivity and higher gas specificity. The sensmgterials used for chemical
resistors could be divided into two major typesorganic semiconductor§ore! 2
Schierbaum 1995; Meixner et al: 1995 4 organic polym yGardner and Bartlett 1995; Lonergan et al. 1996e6
etal 193) The sensing material is essentially to triggeysital reactions with the
adsorptive analytes and then to change its resystor dielectric constant. The
concentration of the analytes can be determined thee amount of property variation.
The sensing polymer materials were generally fabed in the form of thin films,
which might provide the following advantag8geman et al- 1998: Ryan and Lewis 2001; Sevetrxl
2000) |n addition to be readily coupled to microstruetisensdf@detner et al 2001 ¢hq

thin film sensors can enhance the gas adsorptidndasorption abilities to improve

the gas sensitivity and the quick repeating uspeetively.
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In this study, MWCNTs and conducting polymers, whised in the chips, were
selected according to their linear salvation engegtionship (LSER) and physical
absorption bonding propertid&™ et al- 2005 Wang etal. 2010rhage nolymer/CNTs stacked
sensors are simple to operate and the sensingdfilatity can be easily controlled
through the solution drop casting process. By usimgwell-controlled gas sensing
experiments, the different sensing behaviors oMNECNT-assisted polymer stacked

sensors in the array can be determined:

By collating data, based on different resistancevatume variations of each
sensor in the gas sensing array under differenesgand concentrations, and
summarized the cases in-the response bar chadaled “the radar plots”, the
selected chemical gas sensing materials librarybeagstablished. In other words, the
gas specificity can be enhanced by selecting palysaesing materials with different
sensing responses to different gases to form diffepatterns of the radar plots. By
using the method of principle component analysiSA)Pon a PC, or the k-nearest
neighbor (k-NN) classification algorithm on the fainle system, the analyzing works
to determine the gas specificity and concentrattam be simplified, and the
feasibility has been demonstrated with electromisen(E-Nose) system. The analytes
include three simulants of chemical warfare agesixstoxic industrial compound gas,

four commercial liquors and methanol.



Chapter 2

Literature reviews

2.1 Carbon nanostructured materials

Carbon is_the fourth most abundant chemical inuhieerse (by mass). Due to
its unique ‘electron structure, it readily forms al@nt bonds with itself and other
elements. Thus carbon-is-chemically one of the ri@sible elements known to man,
as seen In the contrast between diamonds (the dtarmdaterial discovered) and
graphite (one of the softest materials). Carbon rfayn a variety of crystals,
amorphous and nanostructured materials with _exisedi#erent properties. Carbon
nanotubes (CNTs) and fullerenes are two of the natshctive nanostructured
materials due to .their unique electronic, mechaniaptical, and chemical
propertie€ " 199" Carbon nanostructured materials have been repartbroad
range of applications .in the fields of moleculaeattonic&V°!"™ 2992 sensing

material§¥a9 2%4) “nano- and micro electromechanic dew&ge" et a. 2000

field-emission display material§"® © 2 199 energy storadd™® © 2 1998 gnd

Composite materia(’goniruzzaman and Winey 2006)

2.1.1 Structure and property of Carbon nanotubes

CNTs, which are formed by rolling the graphene &hegere first discovered by
lijima in 1991"Ma 1991 |n early twentieth century, it becomes one of thest
exciting new materials in the field of nanoscieaoel nanotechnology. Various forms

of CNTs have been developed over the past few @scag different fabrication



approaches. There are different ways of classifinadf CNTs. Based on number of
graphene layers of tube waf! ¢ & 2007 Satoetal. 2004p 0y, are called single-, double-
or multi-walled CNTéBethune et al. 1993; lijima and Ichihashi 1993;i\&teal. 2003) In other words. a
single-walled carbon nanotube (SWCNT) can be desdras a layer of hexagonal
graphene sheet rolled into a seamless cylindetstindoimulti-walled carbon nanotube
(MWCNT) is formed with multiple graphene layers. TNalso could be classified by
(Amelinckx et al. 1994)

tube morphology (bamboo-like/hollow; or helix/stiai) , cap

morphology (closeloperj2™ @ 199 growth mode (tip-/base-growtfy°® e - 2006

Bower et al. 2000; Chen et.al. 2004; Chen et 202Choi et al. 2002; Choi et al. 2001; Dupuis 208%n et al. 1999; Gulino et
al. 2005; Hart et-al. 2006; Hsu et al. 2002; KualeR003; Lee et al. 1999; Lee et al. 2001; Let Rark 2000; Lee et al. 2004;

Lin et al. 2003b; Melechko et al. 2002; Murakamakt2000; R t al. 1998; Yap etial. 2006; Zhaal.20
in et al. 2003 elechko et al urakamakt2000; Ren et a ap et al. 200 é06)' or crystal

structures (zigzag/chiral/armchair, as shown in Zig)y©e and Sattler 1994; Saito etal. 1992)

Fig. 2- 1 Schematic drawings of (a) Chiral-type,Abmchair, and (c) Zigzag CNTs

(Lau and Hui 2002)

These three structural arrangements may be c¢kbsab non-chiral and chiral
structural types, depending on their rolling dit@2™ ® @ 209Fqr non-chiral
structure of SWCNTSs, the honey comb lattices ofrtheotube are parallel to the tube
axis, which can further be classified as armchaig.(2- 1b) and zigzag (Fig. 2- 1c)

arrangement§2° ¢ @ 1992 £or the armchair structure, two C-C bonds on sjtpo



sides of each hexagonal lattice are perpendicolarahotube axis, whereas for the
zZig-zag structure, the bonds are parallel to nd®axis. Unlike non-chiral structures,

the C-C bonds in chiral structures (Fig. 2- 1a)with an angle to the nanotube axis.
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Fig. 2-2 (a) The unrolled honeycomb lattice of aatabe and (b) (4, 2) SWCNT,
showing the translation vector&Fesseihaus etal. 20050)

Formation of CNT from a grapheme sheet was analynathematically by
Fig.2-2. When sites O and A, and B and B’ in Fig are connected, a portion of a
graphene sheet can thus be rolled seamlessly o d08BWCNT. Meanwhile, vectors
OA and OB are defined as the chiral vectayr, @hd-the translational vectordf the
nanotube. This rectangle portion, OAB'B, is therfikd as a unit cell of the
nanotube. Generally, a SWCNT is mathematically ifieeicby a chiral vector, £

(Fig. 2-28.), given by the foIIowing equatigﬁesselhaus et al. 2005b; Saito et al. 2904)
C, =na +na, = (n,m) (Eq. 2-1)

Where a and a are unit vectors of the two-dimensional (2D) hexa lattice, n and

m are integers. Meanwhile, chiral vector is oftesaibed by a pair of indices (n, m),



for example, with a chiral vector,G= (n, m) = (4, 2), the nanotube in Fig. 2-2 is

described as a (4, SWCNT.

The electrical properties of CNTs can either beaflietor semiconducting,
depending on their tube diameter and chirality. dabes with n-m = 0 are metallic
while all the others are semiconducting. In termhgne@chanical properties, CNTs
normally exhibit a Young's - modulus of 0.8~5.0 Tipd a tensile strength of 10~150
GPa owing to the presence of C-C bonds. They amngrthe strongest and stiffest
fibers known to date. Thermally, CNTs have a higkrinal stability both under
vacuum and air and an excellent thermal condugtast high as ca. 3500 W/ (m-K),

which is five times higher than copper at room terapure.

2.1.2 Synthesis methods of CNTs

(a) Arc-discharge method

CNTs were first synthesized by arc-discharge methsdeported by lijima and
co-workers in 1991MMma 199 Fig 2.3 show§a™ ¥%¥)the schematic drawing of the
arc-discharge system, in which two graphite rods @sed as anode and cathode

electrodes, respectively.
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Fig. 2-3 Schematic diagram of arc-discharge sy$t&eta 199

The discharge system is normally operated at ageltanging from 20 to 40 V
and a current from 40 to 100 Ampere under eitheoH&r gas pressure of ca. 10~500
Torr..-Carbon clusters emerging from the anodic Igtep rod ' via electron
bombardment may be deposited on the cathode suif&dese carbon products may
include amorphous carbon, fullerenes, carbon alustgbon nanotubes, and other
carbon structures. During the CNT production precemcing occurs when DC
voltage is applied between these two electrodesnBgrporating a desirable amount
of metallic catalysts, such as Fe, Co, Ni, and WCNTs are formed at the anode
(Bethune et al. 1993\, hjle MWCNTs can be fabricated by using pure gréphit both
electrodes. Therefore, post treatment is oftenireduo purify the nanostructures for
practical applications. In addition, the drawbadktlis method is its low yield in

CNTs.



(b) Laser ablation

Laser ablation was first reported by Guo and cokeoin 1995°° et 199) aq
illustrated in Fig. 2-4. An incident laser beamaplied to vaporize a graphite target
under helium or argon gas atmosphere at a presgus80 Torr. The products are
swept out by the flowing gas and eventually depdsdn the water cooled collector.
As such, it is also named as the laser vaporizatiethod. The graphite target used in
this scheme often contains a small amount of CoFlj or Y as catalyst, SWCNTs
grow very fast from atoms and molecules within éhésst few milliseconds, the

majority ‘of growth appears to occur from a feedstot mixed nanoparticles over

Euretzky et al. 2000)

seconds of annealingtint

Wiaber Cookad
Cu Collecior

Fig. 2-4 Schematic of the laser ablation systan 2199



(c) Chemical vapor deposition

Chemical vapor deposition (CVD) method has beenwkn®o be a mature
technique in thin film processing. A variety of fdifent films can be fabricated by
CVD method, covering from metals, semiconductormsalators. By using the CVD
method, arrays of CNTs can be produced throughmdposition of carbon-containing
gaseous species (such as4@fi|2°°2), C2H2(Wang etal. 2001’) C2H4(Cheung et al. 200,2)C6H6(Yang
et al. 2003) cybai et al. 199) otc ) on various substrates: containing transitioetal
catalysts. During the CVD process, it is essemiahtroduce some forms of energy to
decompose the precursor gases and to deposit dbgore product on the substrate
surface. The energy introduced may be thermal,awave, RF power, or other forms
of energy, thus, leading to different process nafoeshe production of CNTs. For
examples, microwave plasma enhanced CVD (MPE-CV) 2 29933 “electron
cyclotron resonance CVD (ECR-CVf5Y° 8- 203 inductively coupled plasma CVD
(ICP-CVD) (Pelzetetal 2002 pE plasma enhanced CVD (rf-PE-CWF© & @-200% pc
plasma enhanced CVD (dc-PE-C\fmannetal-2007b)harma| C\/-ee and Park 2000} ot
filament CVD (HF-CVD)\Yand et . 2009 otc - |n general, these CVD systems can be
roughly classified as thermal and plasma CVD orbtss of their working principles.
Typically, the former process includes a substfheating zone and CNTs are
grown while the precursor gases are flowing throthghcatalyst/substrate (shown in
Fig. 2- 5). The heat source of plasma CVD mainlgiag from the plasma, as
illustrated by a dc-PE-CVD system in Fig. 2- 6. Qamred with arc-discharge and
laser ablation methods, CVD enhanced by plasmabie mconomical (lower reaction
temperature) and the reaction process can alsoriieoted more easily. Moreover, it
Is superior compared to other methods in termshefgdurity, yield, and controlled
alignment of the CNT products. Recent advancemantasma enhanced CVD have

been focusing on the development and fabricatioredically aligned CNTSs.

9
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Fig. 2- 6 A dc-PE-CVD reactor for the fabricatiasfSCNTs and nanofiberf§"e" 2002
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2.2 Structure analyses and property measurements

The principles of typical microstructure examinatitechniques and Raman
spectroscopy property measurement commonly usedHaracterization of porous

and nano carbon materials are summarized below:

2.2.1 Scanning electron microscopy (SEM)

Generally, ascanning electron microscope (SEM) ais type of electron
microscope that produces images of a sample bynswaover it with a focused beam
of electrons. The electrons interact with electramshe sample, producing various
signals that can be detected and that contain m#bon about the sample's
surface topography and composition. The SEM appsret consists of an electron
gun, which serves to generate electron beamsithatns, are accelerated under high
voltage (0.4-40 keV). SEM can achieve resolutiontdoethan 1 nanometer. By
deflecting the incident beams with the focusinds;@ two-dimensional image can be

obtained by detecting the reflected secondary acéidrattered electrons.

All samples must also be of an appropriate sizét tim the specimen chamber
and are generally mounted rigidly on a specimemdérokalled a specimen stub.
Several models of SEM can examine any part of ach-i(15 cm) semiconductor
wafer, and some can tilt an object of that sizet50. The SEM was often being

employed to observe the growth behaviors of car@notubes on the substrates.
2.2.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a micopsctechnique where a

beam of electrons is transmitted through an ulira $pecimen, interacting with the

11



specimen as it passes through. An image is formenh fthe interaction of the
electrons transmitted through the specimen; theg@ma magnified and focused onto
an imaging device, such as the fluorescent sc@eo, be detected by a CCD camera
sensor. Transmission electron microscopy is thet nimgortant technique for
studying microstructure of materials in great defgypically, an electron beam with
accelerating voltage of 100-400 keV would illummat region of the specimen. The
transmitted and diffracted electrons are recombimgdhe objective lens to form a
diffraction pattern in the back focal plane of thets and a magnified image of the
sample in its image plane. A number of intermedi@tses are used.to project either
the image or the diffraction pattern onto a fluced screen for observation. The
screen is usually lifted and the image maypb@ated out on photographic film or

stored for recording purposes.

The methods for TEM sample preparation from carlkeposit can be
categorized into some main groups: (1) Ultrasonethmd, but this carbon nanotube
(CNT) preparation method disenables to determieegtbwth mode and may lead to
the structural damage and removal of catalysts fONTsPak € al2002) 5y gn
thinning technique, the cutting and ion thinningchieiques preserve the CNT
structure and enable unambiguous determinationhef €NT ends, as well as

evaluation of interfacial structure of CNTs —cagaly substratéa"d ¢t al 2001)

Some researchers also used this instrument to w@bslmamic effects before
and during catalyst-assisted CVD of CNFs and SWERTE™ etal- 2007 aAng they
also found data of various stages of SWCNT growtte TEM images also show the
catalyst crystals for which SWCNT nucleation hagpped early. A small-sized carbon
cap has emerged on top of each catalyst partitie.carbon network surrounding the
deactivated catalyst particle forces a strongestiag.

12



2.2.3 Raman spectroscopy

Raman spectroscopy is a spectroscopic techniqud tesestudy vibrational,
rotational, and other low-frequency modes of théemals in a system. Normally, a
monochromatic laser beam is used as the incidgmt $iource, upon irradiating on the
substrate, photons may be absorbed, scatteredotonteracting with the sample.
When the light is elastically scattered from amatr molecule, the scattered photons
have almost the same frequency with the incident@is. However, a small fraction
of the light may be scattered during excitatiorghsacattered photons would have a
frequency different from, and usually lower thahe tfrequency of the incident
photons. As such, the-energy difference betweenmbrochromatic light and the
Raman scattered light should be equal. to the energglved in changing the
molecule’s vibration staté@resselhaus et al. 2002; Dresselhaus et al. 2006 et al. 2003) T i energy
difference is called the Raman shifiypically several different Raman signals may

often be observed; each being associated withrérftesibration or rotational-motions

of molecules in the sample.

Typically, Raman spectroscopy is also a populahnriepie for determining the
diameter distribution, chirality, purity, and argtture of CNT&esselhaus etal. 2003rpq
most prominent Raman features in CNTs are the Irbdeéathing modes (RBMs), the
higher frequency D (disordered), G (graphite), & dsecond-order Raman scattering
from D-band variation) modes. The RBM mode is aficoration for the presence of
SWCNTs in a sample, since it is not present in lgtapThis mode is located between
75 and 300 cm from the excitation line, and is associated witle symmetric
movement of carbon atoms in the radial directione RBM frequency is inversely

proportional to the nanotube diameter with thetieheship:

13



wr (cm™) = 224 (cnt) /d; (nm) (Eq. 2-2)

Tube diameters between 0.8 and 1.3 nm give neddwntical results. Most
single-grating Raman spectrometers have cutoffugagies between 100 and 120
cm?, which restricts the range of tube diameters sméfian 2 to 2.5 nm. The IBand,
which normally locates at ca. 1300 ¢nis associated with carbons with the® sp
structures, such as functionalized and amorphat®oa, whereas the G band locates
at ca. 1600 citt is-normally assigned to carbons with thé spucture carbon, such as
graphite. The G'-band frequency is close to twheg of the D band and is found from
2500 to 2900 ci. The G' band is an intrinsic property of the nabetand graphite,

and present even in defect-free nanotubes for whielid band is completely absent.
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2.3 Gas sensing devices and their working principles

A sensor is a device that measures a physical igpartd converts it into a
signal which can be read by an observer or by amument. The sensor's sensitivity
indicates how much the sensor's output changes tigemeasured quantity changes.
The sensors sorted by type list in the follow: gtpustic (2) biological (3) chemical

(4) electric (5) magnetic (6) mechanical (7) odt(& radiation (9) thermal, efcef]

This research will focous on the chemical gas sesa will illustrate some of
these chemical gas sensors with carbon nanotubgkeasensing materials. The
chemical gas sensor contains two or three eledroalecasionally four, in contact
with an electrolyte. The gas diffuses into the senthrough the back of the porous
membrane to the working electrode where it is @ddior reduced. These sensors
features advantages such as compact, light wesgisty to be carried, cheap price,
robust and capable of real-time monitoring thubetomes the research subject for

institutes all over the world.

Among all gas sensors, the most representativésofehemiresistorg®arner and

Bartett 1993) The operating principle of chemiresistor is'based the variation of
resistance when a conductive polymer electrodexposed in chemical gases. The
polymer is coated on"the circuit board and it valisorb chemical gas and cause
swelling of polymer after exposure. This swellinfy pmlymer will then vary the
electrode resistance. The specific resistanceat@ami can be used as signal to
estimate the concentration of tested gas. The d&élyet fabrication of “chemiresistor”
is selection of polymer material. There are twoan&ypes: (1) Chemiresistor made
of ICP (Intrinsically Conducting Polymers), utilig the semiconductor property of

conductive polymer. For the past ten years, thpe tyf sensors was mostly applied to

15



the sensing of chemical and bio-chemical substan@sChemiresistor made of
composite material by mixing conductive substangits non-conductive polymers,
called LP (i.e. loaded polymers). The conductivbssances here are mainly carbon
black mixing with inorganic semiconductor or metabwder. The studies on
composite sensor array fabricated by mixing difiérpolymers with conductive

carbon black were broadly conducted by LW ®t3- 200030 the other&ellins etal

2000; Dekker 1999; Derycke et R0mero al. 2002; Rosenblatt et al. 20?6'. gas

specificity applica
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2.4 Carbon nanostructure-based gas sensing devices

Carbon nanotubes (CNTs) are molecular scale quamtines exhibiting many
unique properties for potential nano-devices apfitis (Chopra et al. 2002; Snow et al. 2003;
Snow etal. 2005; Someya etal. 2008y ne of the applications is to act as the gasirsgmsaterials
due to its high specific surface area to enhaneegtts sensitivity. They also possess
high thermal stability to increase possibility te Heployed in most environments.
Depending on the types of sensing signals, thegeeatecan be classified into four

types, including sensing gas ionization, capacéam@nd resistance and field effect

changes, as described- in the following sections.

2.4.1 Semiconducting CNTs FET Gas Sensors

As addressed in the previous section, SWCNTs cagitber semiconducting or
metallic. If two metal contacts are connected taheand of an individual
semiconducting SWCNT (S-SWCNT), the metal/S-SWCNatah device exhibits
p-type transistor characteristics. Therefore, tbgistance response of CNTs to gas
adsorption can be detected with field effect trstoss (FETs) by Kong et &f°"9¢t@!
2000 Figure 2-7 shows the conductance versus timeesuof the transistor upon
exposure to N@and NH at room temperature. A sharp increase in condaetai
the S-SWCNT FET by about three orders of magnitwees observed after
introducing 200 ppm of N@into the testing chamber (Figure 2-7(a)). The oesp
time was about 2-10 seconds, and the sensitihty i@tio between resistance after
and before gas exposure) was about 100 to 1000dtx@ to NH effectively shifts

the valence band of the nanotube away from the iF&wel, resulting in hole
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depletion and reduced conductance. For the, Mé@se, exposure of the initially
depleted sample to NQesulted in the nanotube Fermi level shifting efow the

valence band. This caused enriched hole carridfeinanotube and enhanced sample
conductance.
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Fig. 2- 7 Conductance change of the CNTs FET sessen exposed to (a) N@nd
(b) NH3 ga‘SeéKong et al. 2000)

2.4.2 CNTs-Based Resistor Gas Sensors

The resistance change of CNTs under gas exposurealsa be detected by
resistors with dc voltage. Valentiniet et(4le" etal- 2009qesigned a CNT serpentine
resistor for the detection of various gases incigdG,, CO, NH;, H,O, and GHsOH.

The sensor was fabricated by photolithography dejifPt IDEs on SN, substrate,
18



and then CNTs films were grown on the substrateisiig radiofrequency plasma
enhanced CVD (RF-PECVD) with Ni as the catalysgjurés 2-8 shows the as-grown

CNTs and a scheme of the sensor design.

Fig. 2-8 SEM image of prepatterned platinum comstatresistor geometry e etal

2004)

The sensor showed a good sensitivity to,N®©room temperature. However, at
165C, the sensor showed the best response as a trabebfeen the higher
resistance variations and the fast and reprodubiseline recovery. The dynamic gas
response of CNT films at an operating temperatfie6é °C and N@ concentrations
ranging from 10 to 100 ppb. From Fig. 2-9 the amgzesult is that the CNT film is
sensitive to N@ at concentrations as low as 10 ppb and that wihen NG
concentration is increased and decreased stepwitbésirange, the sensor response is
reproducible and stable. In order to explain th@ioled results, the chemical nature
of the NQ molecule has to be considered. Recent experimessalts refer to the
electrical conductance of an individual semiconshgcsingle-walled tube strongly

increasing upon N®gas exposure and that the N@ identified as an electron
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acceptor. A possible interpretation of the eleatrresponse of CNT films to N@as
could be the physical absorption of this molechl®, has an unpaired electron and is
known as a strong oxidizer. Upon Bl@dsorption, a charge transfer is likely to occur

from CNTs to NQ due to the electron—acceptor character of N©lecules.
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Fig. 2-9 Time-dependence change of the CNTS' r@st&t at an operating temperature
of 165 °C and N@concentrations ranging from 10 to 1005 etal. 2009

2.4.3 CNTs-Based capacitance Gas Sensors

Snow et al . demonstrated the use of SWCNTs as chpatdors for sensing of
both polar and non-polar gas molecules at room ¢eatpre "W e a- 2009 The
SWCNT-based chemicapacitors were fabricated by ®-gkown SWCNT network
on a 250 nm thick thermally grown silicon oxide amighly doped silicon substrate.
The capacitance was measured at 30 kHz and & biMs between the SWCNTs and
the heavily doped silicon substrate with 250 nnekii0,. Under the applied bias,

strong fringing electric fields radiate outward frathe SWCNTs surface and the

polarization of the adsorbates can be detectednasaiease in capacitance. This
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capacitance change was fast4 s response time), sensitive, completely revkxsib
and with low electrical noise. This approach ensldetection of a wide range of
analytes including less polar chemical vapors sasctimethyl formamide (DMF) and

DMMP (figure 2-10).
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Fig. 2-10 The measured relative capacitance chahgesWCNT chemicapacitor in
response to repeated 20 s pulses of dimethyl forde(®MF) at varying
concentration§" ¢t @ 2009)

2.4.4 Carbon Nanotubes Enhanced lonization Chamber for Ga Sensing

A miniaturized gas ionization sensor with aligne®&NT film as anode was
developed by Ashish Modi et al:in 2068% #2909 Figre 2-11 shows a diagram of
the sensor structure. It consists of MWCNT film depAl plate cathode and a 150
«m thick glass insulator between them. The verycaligned MWCNT film was
prepared by CVD on Si{Osubstrate with tip diameter in the range off230nm and
30 pum in length (Figure 2-11 (c)). This results in tleemation of a “corona” or
conduction filament of high ionized gas that sundsithe MWNT tips, and thereby

promotes the formation of a self-sustaining inecebde discharge at very low
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voltage. Compared with ionization chamber with rhet@de (without CNTSs), the
breakdown voltage of air was brought down drambyickom 960V to 346V.
Different gases including NHHCO,, N, O,, He, Ar, and air were tested and showed

distinct and precise breakdown voltage.

Liatricn
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Fig. 2-11 (a) Schematic diagram of the nanotubsaetevice; (b) diagram of actual

test set-up; () SEM micrograph of vertically akghMWCNT film used as the anode
(Modi et al. 2003)

The single-walled carbon nanotubes (SWCNTs), mwatied carbon nanotubes
(MWCNTSs) and randomly oriented nanotube networksdetecting chemical gases
and vapors have been a subject of active res&&ftH 2" 2°1% But slow response and
recovery is a challenge to be addressed for CN$sebgas sensors, which are caused
by the nature of nanotubes materials. However, whth increasing interests and
development of related technologies, CNTs-based sgasors have a promising
opportunity and will bring a giant change to therent life.
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2.5Carbon nanostructure-assisted gas sensing devices

Non-conductive polymers causing the bulk dissotutid gas into the film can
bring about changes of their physical propertiehie Tfeasibility of using
MWCNTs/Nylon-6 nanofiber materials for gas sensaigoom temperature has been
demonstrated by Neeta L. Lala et al. in 2809 °'2" 2°9 The nanofiber based device
has shown the significant reproducibility and respeeness to organic analytes,
especially to polar and non-polar molecules. FitRshows the comparative response
of MWCNTs/Nylon-6 nanofiber composite towards vasopolar organic analytes,
clearly indicates that the-nanofiber compositeesponding to the various type of

analytes used.
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Fig. 2-12 Response profile obtained for all anaydg MWCNT/Nylon-6 nanofibers

at room temperature: (a) trichloromethane, (b) TE)FEA, (d) ethanol, (e) acetone, (f)
DCM (Lala et al. 2009.)

Hargsoon Yoon et al. in 2006°°" © @ 200 measured the responses of

f-CNT/PMMA composite sensors for different gas camications by using
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conventional resistance measurement methods. Asvrsha figure 2-13, the
resistance of CNT/PMMA composite thin film rapidlyincreased with
dichloromethane vapor concentration. It is observledt the resistance of the
composite in figure increased with gas concentnatiod reached saturated values
within 10 min. The resistance increase is regaagedeing caused by the free volume
change of the PMMA polymer matrix. The volume chang determined by the
exposure time and concentration of dichloromethap®r. Because lateral expansion
of polymer is negligible compared to the verticaledtion, the volume change of
swollen polymer can be described as the increai@akness of the polymer matrix.
Due to the matrix swelling, the gap between thectaetal junctions and the

conducting carbon nanotubes increases and becordes w
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Fig. 2- 13 Response of CNT/PMMA composite thin féensor to different
dichloromethane vapor concentrati" ¢ 20%°)
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2.6 Introduction to olfaction

Smell is a primal sense for humans as well as dsinf@om an evolutionary
standpoint it is one of the most ancient of sen&msell (or Olfaction) allows
vertebrates and other organisms with olfactory pears to identify food, mates, and
predators.[ref] Accordingly, it provides both sealspleasure (the odor of flowers and
perfume) as well as warnings of danger (e.g., edaibod, chemical dangers). For
both humans and animals, it is one of the impomtaeans by which our environment
communicates with. Olfaction is a prime example thscovery of the gene family
encoding. vertebrate olfactory receptors (ORY} a4 A€l 19Vhag led to a relatively
detailed understanding of the molecular and negro#b bases for how organisms can
smell volatile compounds. Linda B. Buck and Richarel won the 2004 Nobel Prize
in Physiology or Medicine for their work on the @gyof “Odorant receptors and the

organization of the olfactory system”.

The olfactory area of two nasal passages in hunsaasmall area containing in
total approximately 50 million primary sensory rptme cells. The olfactory regions
be made of cilia down out of the olfactory epithaliinto a 60 microns thick layer of
mucous. This mucous layer is a lipid-rich secret@&inthe epithelium surface.
Therefore, they can interact with the olfactorye@ors and produce the signals that
our brain interprets as odor. Humans have severadred distinct genes that encode
olfactory receptor proteins and rodents have arease of 500 to 1000 separate genes,
that is, as much as 1% of the genome. This extyebrelad range of receptor types
permits the detection of odor sources comprisedumgbredictable mixtures of
molecular species, and even allows detection oflyneynthesized compounds with

unknown functions.

25



2.7 Artificial electronic nose system

An artificial electronic nose (E-Nose) system idiamimetic system for odor
detection, analysis, and recognition. Since it \fiest developed in 1983 dner and
Bartet 1994; Gardner 1987the E-Nose has been adapted in a wide range micagons,

such as environmental monitoriff§Py ¢ & 2000 Lamagna et al. 200854 nroduct quality

control (Balasubramanian et al. 2008; Capone et al. 2080igRahi et al. 200?) agricultural eV8.|UatiOl('P0mez

et al. 2006; Pathange et al. 2006l)he automotive industrgylorvan et-al. 2000; Park et al. 2009; Sobanskilet

2006) gr@bei et al. 2008; D'Amico et al. 2010; Linaét

, health management, and medical diagn8

2001; Pavlou et al. 2002)

Recent efforts have yielded a miniaturized and peasive chemical gas sensor
(Guerin et al. 2005; Tang et al. 2006; Yamagucld &ang 2004)With high reproducibility and a rapid
reaction rateResearch, including that from our own group workungler size and
price restraints, has produced a portable E-Nosedban a carbon black-polymer

composite sensor arr&y" et a 2005 Tang etal. 2010)gh 5\ in fig 2-14.
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Fig. 2-14 (a) Pictures for the E-Nose system redlizy using PDA as personal digital
apparatus (b) the identification of tested liquample when Hennessy and Johnny

Walker are used as test samfjtg et @ 2005
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Compared those of with carbon black, the electrazaiduction properties of
carbon nanotubes (CNTs) have drawn considerablereisf™@™ ©t @ 2009 gng
multiple-walled carbon nanotube (MWCNTSs)—polymemgmsite sensors show very
good performance with respect to sensitivity, resgotime, reproducibility, and

Iong-term stabilit)fA"g et al. 2007; Wu and Lin 200.6)

To improve sensor performance further, researchesge studied biological
olfaction as a reference. Mammalian olfactory réoepells distributed in the
olfactory epithelium contain a mucous covering fajiée surface of an olfactory cell
consists of tens of cilia, which extend into thecosi As gas molecules enter the nose,
they first dissolve in the-mucus before being cegaitby the cilia. The mucus filters
out dust and impurities that could otherwise danthgecilia. The receptor cells then
transmit neural signals to the cerebrum. This taweet structure inspired researchers
to investigate the use of artificial mucosa to eatrithis mechanism, and the use of
artificial mucosa as shown in Fig. 2-15, resultedifive-fold increase in sensitivity
(Gardnerand Covington 2007rha artificial mucosa approach uses GC columitis &0 mm
thick layer of Parylene C (polymonochloroparaxyhgeC) to emulate the . mucosa and

40 polymer-compasite sensors to emulate the cilia.
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Fig. 2-15 The artificialmucosa comprises multipleemical sensors distributed along
the length of a gas chromatograph chafffféfe" and Govington 2007)

This artificial mucosa is capable of generatinghbspatial and temporal signals
which, when combined, create a novel spatio-tempepaesentation of an odor. Such
a system not only offers improved odor discrimioatiover a sensor array-based
electronic nose, but also shorter analysis timas ttonventional gas chromatographic
techniques. Future work will be directed towards #nalysis of more challenging
odor discrimination problems (e.g. odor segmentatiand this will require the

development of mare advanced topologies and nalirgpatio-temporal signal

processing techniques.
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Chapter 3

Experimental details

3.1 Experimental flow chart

The flow chart for.the experiments in this worksisown in Fig. 3-1. In brief,
CNTs were prepared by thermal CVD withHz and H as source gases, FeCo as
catalyst and MgO as capping layer on catalyst lalee CNTs were then mixed with
sensing polymer materials-and -drop cast on Si waf@ct as gas sensor. The CNTs
were also used as the"base layer and followed dyy @aisting sensing polymer on the
top to act as gas sensor. The gas sensing chipergttt different sensors was then
installed on a gas testing stand for gas sensipgrerents and followed by data
analyses with one of two mathematical methods (RCXN), as will be described in
the following text. The .structures and propertieE as-grown CNTs were

characterized by SEM, TEM and Raman spectroscopy.
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3.2 Raw materials

The raw materials used in this work, including waétloy, oxide, gas, chemical,

and polymer materials are listed in Table 3-1.

Table 3-1 Raw materials, including chemicals, usetiis work

*Material (purpose)

Formula

Supplier

P-type (100) silicon wafer
(substrate)

99.9999%

Tekatarter Co.

Iron Cobalt
(catalyst for CNTs growth)

FeCo (99.99%)

Tekatarter Co.

Magnesium Oxide
(capping layer for CNT growth)

MgO (99.99%)

Summit-Tech. Ca.

Acetylene

(source gas for CNT growth) CoH: (purity 99.9995%) San Fu
Argon :
(carrier gas for CNT-growth) Al [Pty 99.998%) Sa
Hydrogen -
(source gas for CNT growth) H2 (purity,99.9995%) y 0l
Acetonitrile(ACN) (analyte) ( Anhygg?g,\lgg.S% ) Sigma-Aldrich
i CCly : :
Carbon tetrachloride (analyte) (Reagent grade, 99.9% Sigma-Aldrich
Chloroform(analyte) ( Anhygr'g%zgg% ) Sigma-Aldrich
Dichloromethane(DCM) CH.Cl, : U\IE
(analyte) (ACS reagentz99.5%) SlgmarAldrich
Dimethyl-methyl phosphonate CH3PO(OCH), Fluka
(DMMP)(analyte) (Purum >97.0% (GC))
Methyl-ethyl ketone (MEK) CoHsCOCHs . i .
(analyte and solvent) (ACS reagentz99.0%) Sigma-Aldrich
Tetrahydrofuran (THF) (analyte) ( Anhyd(r:éﬂg,cz)QQ.Q% ) Sigma-Aldrich
Toluene (analyte) ( Anh;c/:c?rl_(l)sucsﬁ%QB% ) Sigma-Aldrich
CoHa(CHa)2 o Al
Xylene (analyte) (ACS reagent=98.5%) Sigma-Aldrich
Acetone (CH5).CO iama-Aldri
(solvent for wafer cleaning) (HPLC,>99.9%) Sigma-Aldrich
Isopropanol ' (CHs3).,CHOH Aldrich
(solvent for wafer cleaning) (>99.7%)

Polymer (gas sensing)

shown in Table 3.2
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3.3 Thermal CVD system

In this work, thermal CVD system was used for sgsthing MWCNTSs, as
schematically shown in Fig. 3-2. It mainly consisfshree gas tanks (for,HC;Ho,
Ar, respectively), corresponding mass flow conadl (Matheson, Model 5850E),
mechanical pump, a quartz tube reaction chambethandlectrical heating circuit. In
the reaction tube chamber, a net of quartz woalsaathermocouple are installed to
act as specimen holder and temperature measurerespéctively. This arrangement
IS to ensure better gas distribution around thecisgens and temperature
monitoring. The effective sizes of quartz tube @35 mm in diameter and 120 cm in

length.

<

Thermo couples |

r N\
000000000
Tube furnace ]—|-
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Tank Gas Gas Mechanical
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.
e

Fig. 3-2 Schematic diagram of the thermal CVD gyste
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3.4 Preparation of MWCNTs by thermal CVD

MWCNTs (multi-walled carbon nanotubes) were synitext on Si wafer by
thermal CVD with GH; and B as source gases, Ar as carrier gas, FeCo as stataly
and MgO as capping layer for catalyst layer. Thev&er was cleaned first and 2 nm
FeCo film was then sputtered on the wafer with ércarrier gas and FeCo alloy as
target (six targets magnetron sputter, Chinese ednSemiconductor Equipment
Manufacturing, Inc.). The coated wafer was thenodapd with 0.5 nm MgO by the
same sputter using MgO as target. The double deglosubstrates were then
pretreated at 700 for 5 min by hydrogen plasma in the thermal CVDtegswith Ar
as carrier gas. Subsequently, MWCNTs were depositethe pretreated specimens
under GHy/H, = 10/10 scem/sccm flow ratio for 5 min. MWCNTSs pigvs were

finally scratched from the substrate.
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3.5 Structure and property characterization

The structures and properties of MWCNTs were chiaraed by the following

techniques.

3.5.1 Scanning electron microscopy (SEM)

Scanning electron microscopy is a very useful téml observing surface
morphology of specimen. SEM has secondary elect(@t) or backscattered
electrons (BSE) detectors passing the signal topoten and forming image. In this
study, scanning electron microscopy (SEM, JEOL J&1@0, point resolution 1.5 nm)
under 15 kV was employed to examine the cross@®itsecondary electron images

of the as-deposited specimens.

3.5:2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a powet@wl to investigate the
structural features and crystallographic defects nahostructures down to the
nanoscale, and is a critical technique to reveden® phenomena at atomic level
with extremely higher resolution ability. In thisudy, the structural of the carbon
nanostructured materials were carried out by acdHit&l-7100 operating at 100 kV
accelerating voltage produce high resolution (2 A) and high contiasages. The
TEM specimens were prepared by scratching nanastascdirectly from substrates,
then sonicating in ethanol and having few dropsaopper (Cu) grids coated with a

lacey film.
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3.5.3 Raman spectroscopy

Raman spectroscopy is known as a reliable charzatien tools for obtaining
the structural information of CNTs. In this studRaman spectroscopy (Jobin Yvon
LabRam HR with two laser excitation sources 514r6(R.41 eV) and 632.8 nm (1.96
eV)) was employed to identify the bonding strucsuoé as-deposited nanostructures.

The laser spot size was aboufu®. in diameter. To obtain better information, each

sample was examined ¢
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3.6 Preparation of MWCNT-polymer gas sensor-array chip

Figure 3-3 shows a stainless steel testing statidav&i (001) chip, consisting of
eight gas sensors, one humidity sensor, two terhperaensors, one heating device
and the corresponding 12 independent sensing ieldgads in a 2x6 arrangement to
facilitate measurement of the resistance resporiseach sensor. The humidity
sensors were reserved for future use. The chipdisngix 20 mm in size. Each

circular membrane sensor was limited to 2 mm iméier to minimize heat loss from

the silicon Substrat{&hang et al. 2004; Chang and Yuan 2009)

Fig. 3-3 Gas testing stand with a sensing chip

The eight polymer types were selected accordinteo linear salvation energy
relationship (LSER), and physical absorption bogdproperties. First, the LSER
theory is applying to enhance the device’s recogmitapability for different odors
(Grate et al. 1998; Grate et al. 1995 Liron etl&97) Tha | SER model has been widely used to
explain equilibrium partition coefficients in gasid chromatography (GLC),
thermogravimetrylAt2-Gerlitz et al. 2009 anq quartz crystal microbalance (QCM) and
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surface acoustic waylueard etal. 20105anging experiments? ©t 8- 209) |y this model,
each interaction term on the right of Eq. (3-1¢xpressed as product of two solvation
parameters (one for solute and one for solvent} tuzantify complementary
characteristics of vapor and polymer moleculesafgrarticular interaction process.

The LSER is described by the expression:

Log K,=c+rR+sn"+aza"+bsp"” +ILog L® ------- (Eq. 3-1)

where c, I, S, a, b and | characterize solubiliypgrties of the solvent (polymer),
andR ~ 7'~ Za" « T andLog L '° are the complementary solute (vapor) parameters
for specific solvation processes. These are usuelgrred to as salvation parameters.
The r and R measure abilities to interact with éispn forces; s and” measure
abilities to solvate with dipole interactions; aasares hydrogen bond basicity of the
polymer andza" measures hydrogen bond acidity of the vapor; bsorea hydrogen
bond-acidity of the/polymer argp” measures hydrogen bond basicity of the vapor;
| and Log L*®* measure combined effects of dispersion interacémm cavity
formation in hexadecane; and c is a regressiontaongepresenting residual effects
not covered by other terms. LSER equations coeethe log of the partition
coefficient of a vapor in a polymer with the vamaidvation parameters using a series
of LSER coefficients related to the polymer’s salithoproperties.

For example, applying LSER equation to estimate ghbation coefficient
between ethanol gas and various polymer membramek,considering parameters
such as dispersive interactions, dipole interastiomydrogen bond acidity, and
hydrogen bond basicity, the solvation coefficientsild be estimated as PMVEMA <

PEA < HPMC < PVBC. A smaller solvation coefficieabrresponds to a larger
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interaction between ethanol gas and polymer, rieguih a larger resistance variation.
Therefore, solvation coefficient provides a goodinegtion. However, carbon

nanotubes may change the physical characterisficthe film (glass transition

temperature, rigidity, and density), and possibhe tchemical characteristics.
Therefore, solvation energies may not be sufficientcomplete description of the
sensor—analyte interactigff"emann et al. 2001; Ryan et al. 1998)

When using carbon nanotube-polymer composites assgasors, to use the
sensors repetitively with-a short recovery time thteraction between the gas and
polymer membrane is usually reversible physicabgtigon bonding. There are five
kinds “of physical absorption bonding: (1) hydrodemd acidic (HBA), (2)
hydrogen-bond basic (HBB), (3) dipolar and hydregend basic (D-HBB), (4)
moderately dipolar and weakly H-bond basic or aci@viD-HB), and (5) weakly
dipolar with weak or no hydrogen-bond propertiesD(Aje"emann et al. 200; Ryan et al. 1998)

Consequently, eight polymer materials were selefdedhis work. These were
styrene/allyl alcohol copolymer (SAA) (WD), polywipyrrolidone (PVP) (HBB),
poly(vinylidene chloride-co-acrylonitrile) ~ (P(VDCM)), poly(methyl vinyl
ether-alt-maleic . acid) (PMVEMA), poly(alpha-methytene)(PMS) (WD),
hydroxypropyl- methyl cellulose (HPMC) (D-HBB), pdéthylene adipate) (PEA)
(HBA), and poly(vinyl benzyl chloride) (PVBC) (D-HB. The selected polymer

materials used in this work are listed in Table 3-1
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Table 3- 2 Sensing polymer materials selectedigwiork

Sensor :
number* Polymer / acronym Supplier
S1 Styrene Allyl Alcohol copolymer/SAA Arcos
S2 Polyvinylpyrrolidone/ PVP Arcos
Poly(vinylidene chloride-co-acrylonitrile}/
S3 P(VDC-AN) Arcos
Poly(methyl vinyl ether-alt-maleic acid)/
S4 PMVEMA Arcos
S5 hydroxypropyl methyl cellulose / HPMC Arcos
S6 Poly(alpha-methylstyrene)/ PMS Arcos
S7 Poly(ethylene adipate)/ PEA Arcos
S8 Poly(vinyl benzyl chloride)/ PVBC Arcos

*Sensor numbers of S1, S2 ... correspond to the s@asition numbers of 1, 2 ... in
Fig. 3-2, respectively.
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Process 1: PVP polymer+MWCNT composite film sensor

In this pr -\h (methyl ethyl ketone) i@
1 wt% PVP and 1 wt% M ne

v )n was maigady and ultrasonically

S prepared by mixing

stirred to maximize uniform dispersion. The dispdrg€omposite precursor solution
was then drop cast onto the desired spot of andigitated microelectrode (IME) on
chip using an HPLC syringe, and followed by airidgyand monitoring the sensor
resistance. The processes were repeated seveeal tintontrol the sensor resistance
within the range of 1 ® to 10 K2. The remaining solvent in the sensor was finally

removed to form composite membrane by coolingwa@ium oven for 24 hours.
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Process 2: polymer/MWCNT stacked film sensor

The stacked sensor was fabricated a two-step dgiing method. A
MWCNTs-modified electrode layer was prepared bypetasting a MEK solution
with 1 wt% MWCNTSs onto the desired spot of an idigitated microelectrode (IME)
on chip using an HPLC syringe. The MEK solvent viasally evaporated in air at
room temperature for two hr to yield the MWCNTSsiilOne of the eight different
polymer MEK solutions was then: repeatly depositad doop casting onto the
MWCNTSs layer, and the sensor resistance after easting step was monitored to
control its value within the range of 10Qkto 10 K. The drop cast sensor was
followed by a final drying step in vacuum for 24dremove the remaining solvent to

form a gas stacked sensor.
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3.7 Gas sensing experiment

Figure 3-5 shows the experimental setup used tractaize the volatile organic
compound (VOC)-sensing properties of the sensoicdsvThe test bench comprises
of the gas delivery system, sensor test chamber taed computer controlled
electrometer for sensor response acquisition. Tag delivery system includes
refrigerating air dryer, pressure regulators, méess controllers and required

electronics to control flow rate and concentratdesting gas.

Gas Standard D VENT
Generator é
\\ / - e //

Gas Dryer 100. 0 ||>
Mass flow
Controller
~ Y N\
(Mr pump( |
—@—@— Data Analyze

Fig. 3-5 Gas sensing experimental setup

To conduct the gas sensing experiments, the testargl with sensor array chip
was placed in a glass vessel. Analytes with knosnrcentrations were generated by a
Standard Gas Generator (made by KIN-TEK Laboragpriac.), where the gas
concentration was calibrated by measuring the wdags from the organic solvent
solution. The gas flow rate was controlled by abtated mass-flow controller (made

by Aalborg, Inc.) with air as the carrier gas. each test, the system stabilized after
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about 300 s. Analyte at a flow rate of 100 ml/miaswthen infused into the chamber
for 300 s (adsorption), followed by infusing dry &r another 300 s (desorption).
After each testing run, the chamber was purged waith air. Electrical resistance
outputs (AR/R %) from each sensor element were measured ghrauNational
Instrument data acquisition card (Interface carttDMQ 6009) with a self-written
Lab-VIEW program.

Gas concentration can be. manipulated through. thiewimg diffusion rate

equation:

DMwPA P
R=2216x10°| ———— | S .
( T jog[P j g

R : diffusion rate> ng/min

D : the diffusion coefficient when temperature is Tessure is P cnf/sec
Mw : Molecular weight

P total pressure torr Hg

A': diffusion tube cross section arean?’

T . temperature K

L : diffusion tube length cm

p : Partial pressure of solvent

This diffusion rate equation (Eq. 3-4) takes intnsideration of temperature and
pressure effects on gas volume. In other words, vibleme is normalized to

conditions of 25°C and 760 mm Hg (1013.2 MBar). Tifeusion rate is then used to
calculate the gas concentration of dynamic cafigev in the permeation tube by Eq.

3-5:
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C = (R*K) / R, (Eq. 3-5)

Where concentration C is expressed in ppm by voJuRnepresents the diffusion rate
in ng/min, Fc is the total flow rate of the gas taie in cc/min, and K is a constant

calculated by Eq. 3-6.

(Eq. 3-6)

e conditions
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3.8 Analysis of gas sensing response curve

The response of sensors to vapors is generallydedaas a first order time
response. The first step in odor analysis is tehfla reference gas (dry air) through
the sensor to obtain a baseline. The sensor isdkpased to the target gas, which
causes changes in its output signal until the seesehes steady-state. It is followed
by turning off the gas supply and flushing with @iy to obtain another baseline. The
testing process is repeated several times to obtaimesired sensing response data.
The typical sensing curve for one cycle is showifrign 3-6shaketal 2009 he time
periods -1, t and § in the figure are corresponding to testing timgdlibsshing with

dry air, testing gas and.dry.air, respectively. Ehe called the recovery time.

Sensor response Rmax
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Fig. 3- 6 Typical gas sensing response of a cheister sensdfshak et al. 2004)

The vertical axis of the sensing curve represesgstance, R, of sensor under

the presence of gas, wherg &d R,.x denote the baseline and maximum resistances
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of the sensor exposed to air and testing gas, cégply. The gas response can also be
recorded by ploting resistance change/R versus testing time curve, wh&rB/R =
(R - R)/Rp. The maximum value &f R/R on the curve is an index representing the

device sensitivity, as indicated in Eq. 3-7.

(AR/R Ymax = (Rmax - b /Rb (Eq. 3-7)
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Chapter 4
Results and Discussion — comparison between

PVP+CNT Composite and Stacked Sensors

4.1.Morphology and structure of MWCNT raw materials

Figure 4-1:shows: the cross sectional SEM image hef as-grown carbon
nanostructures on an MgO capping layer FeCalSiGubstrate by thermal CVD. It
indicates that the film._thickness or the lengthtled nanostructure is_about 4&n.
The scratched carbon-nanostructures powders frensubstrate were examined by
TEM, as shown in Fig.4-2 for a nanotube. It deptbe tube-like nanostructures with
tube thickness of 15 graphine layers.

The Raman spectrum of as-grown nanostructures as/ishn Fig. 4-3. Two
sharp peaks located at 1347 (D line) and 1573 (@nline) are significant. It depicts a
5 cm frequency downshift of the G line with respectl&B0 cni for high oriented
pyrolitic graphite (HOPG). It may be attributedsioarply curved and closed graphitic
structures of CNTS. Itpflg ratio is about 1.0, indicating a poor graphilizatiof the
tubes. In addition, the significant D-band signaynie partly attributed to existence
of amorphous carbon on the tube surface, as aBersim Fig. 4-2. As a conclusion,

the grown nanostructures are essentially MWCNTAh wigtallic properties.
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Fig. 4-2 TEM image of a scratched MWCNT tube
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Fig. 4-3 Raman spectrum of the as-grown MWCNTSs.

4.2 . Performance-of-composite and stacked MWCNT -

assisted sensors

Figures 4-4(a) and (b) show SEM surface morphoogé MWCNTs+PVP
composite and PVP/MWCNTs stacked sensors, respéctivhere are significant
numbers of MWCNTSs (tiny white lines) in Fig. 4-4(@nd not in Fig. 4-4(b). In other
words, the MWCNT layer of the stacked sensor of #ig(b) is covered by a layer of
polymer. ‘As a consequence, both of MWCNTs andmelyof composite sensors
can directly contact with the sensing gas. In @stironly polymer layer of the
stacked sensors can contact with the analyte teg@rWCNT layer from degrading.

This will expect to enhance the device life and ggssitivity.
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Fig. 4-4 SEM surface morphologi A s+HPbmposite, and (b) the
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Fig. 4-5 Typical cycle sensing respongeR/R %) curves of a gas sensor to methanol
gas: (a) for MWCNTs+PVP composite sensor, andgbPVP/MWCNTs stacked
sensor, respectively.

Gas sensing performance of MWCNTs+PVP composite RW&/MWCNTs
stacked sensors are compared. Figure 4-5 complheegds response curves for
composite and stacked sensors for sensing methga®l (3.7% v/v) at room
temperature, where (a) and (b) curves are for cergoand stacked sensors,
respectively. The testing sequences are 60 s dry@is methanol gas, 90 s dry air,
and the last two sequences are repeated four tihmesresults show that the initial
gas sensitivity of the stacked sensor is-much higivel maintains longer after
repeating testing cycles than the composite seider.initial peak sensing response
(AR/R %) values can reach 20.5% and 6% for stacket cmmposite sensors,
respectively. The figure also shows that the gasiteity degrads much faster, and
the sensitivity recovery rate by dry air is muabvgtr for composite sensor.

The principle of gas sensing is basically to meashe resistivity change of the
sensor upon contact with a target gas. When tg@etcontacts with the conductive
polymer and CNTs can swell mainly the volume ofypmr to increase device
resistance, but not volume of CNTs. In other wogiss contacting specific surface

area with composite sensor will be much smallen thtacked sensor due to smaller
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polymer surface concentration of the former. Thayrbe the reason for a greater gas
sensitivity of the stacked sensor. A greater volsmelling for the stacked sensor may
also signify a greater pore volume for higher gasodption rate, which results in a
higher sensitivity recovery rate via dry air. lansmary, the stacked sensor has a
higher gas sensitivity, and faster sensitivity kemg rate. Consequently, the two-layer

stacked sensors were used as the sensors foregascey study in this work.
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4.3. Effect of polymer layer thickness on performance of

PVP/ MWCNT stacked sensors

Performances of the PVP/MWCNT stacked sensors dosisg methanol gas
under different PVP polymer thicknesses were exathin Thickness of the top
polymer layer was modulated by polymer concentraiiothe casting solution under
the same repeating casting cycles. The typicalecgeinsing response\R/R %)
curves to methanol gas for different polymer com@ions (or.thicknesses) are
shown in Fig. 4-7. It indicates that the initiainsgng responses/(R/R) reach the
maximum value after.150.s.of gas introduction. Hesvethe peak values are greater
for "the sensors with-—a~smaller polymer. layer theds (or smaller polymer
concentration). It is also noted that there iseatgr jump in/AR/R value between
thicknesseses of top layer for 1 ~ 2 wt % PVP. Tihiprobably caused by partial
destruction of some contacts between crossing obastin PVP/MWCNT stacked
sensing film. The 1.0 wt. % PVP membrane produbediastest and largest response
of the five sample membranes, and this polymer @aton were then be used to
produce polymer/MWNCTs stacked sensor membraneghi@rfollowing sensing

experiments.

Table 4-1 compares the sensing responses of the@aosit@ and the stacked
sensors prepared by solution drop method, includepgcimen designations,

fabrication and sensing conditions, adR/R)ax values at room temperature
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Table 4-1 Specimen designations of the MWCNTs+PdAposite and the
PVP/MWCNT stacked sensors prepared by solution dreghod, their fabrication
and sensing conditions, and R/R Jnax values at room temperature.

Conc. in
*** Speci. MEK ** Gas conc. *Sensing (AR/R )nax
design solution (v/v ppm) conditions (%)
(wt %)
Al 1 60 s () 6
(3.70%, v/v) | 40 s ()
A2 1 90 (®) 20.5
B1 1 22.5
B2 2 10.0
500 s (1)
B3 3 (4.3%, viv) | 300 s (1) 7.5
600 s (%)
B4 4 6.5
B5 5 6.1

*t1, t2 and t3 represent cycling duration timedidyoducing dry air, testing gas and

dry air, respectively.
**the testing gas = CEDH (methanol gas)
***the configuration of Al is MWCNTs+PVP composisensor and the others
(A2~B5) are PVP/MWCNT stacked sensors
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Chapter 5 Results and discussion —

polymer/CNT stacked sensors

The purposes of the gas sensing are to determéngath type and its concentration,
l.e. to examine the gas.specificity. In this wotke principle of the gas specificity
examination is to select different sensor types. (using different sensing polymer
materials) to give different degree of responsedgifterent gas types and concentrations.
In this chapter, selection of eight different poBmmmaterials to form a sensor array
consisting of eight polymer/MWCNT stacked sensoil§ lve examined. In other words,
dfferent responses of a sensor array to differaség will give different response pattern.
The results show that the sensing patterns can belyused to determine the gas
specificity within each group of gases. In this kidhe examing groups of gases include
(1) six toxic industrial gase@MEK, THF, toluene, xylene, CHg;land CCJ), (2) the
three_chemical warfare simulant gases (i.e. DMMEM) and ACN), and (3) four
liquor gases (Japanese sake, Kin-men sorghum, maldiicuor, and Scotch whisky).
Table 5-1 sumarized the sensing responses ofdbkest sensors prepared by solution
drop method, including specimen_designations, sgneonditions, and /AR/R)max
values at room temperature The results for eactheftarget gas group will be

discussed in the following sections.

5.1.Sensing response of six toxic industrial gases
(a) Response of SAA/MWCNTSs stacked sensor
The cycle room temperature sensing respons& R/IR % curves for

SAA/MWCNTSs stacked sensors under three differestagmcentrations are shown in
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Figs. 5-1(a) and 5-1(b) for two different gases FTéhd CHCJ), respectively. The
graphs illustrate a time-dependent change of pammensor response\R/R %)
representing sensitivity of the SAA/MWCNTSs staclesshsors. The curves also show
the reponses during gas inlet and outlet cyclingops, which is related to gas
adsorption/desorption on the sensor. It indicatesadvantage of quick repeating
usage of the sensor without additional heatingesocp the gas. By comparing Fig.
1(a) with Fig. 1(b), the former gives a quick gexaesponse due to lower polarity of
both THF gas and SAA polymer. The interaction of @4band SAA polymer is
slower due to a greater polarity difference of Ctfals and polymer, but it shows to
reach ‘more easily to-an.equilibrium response valukich is more favour to
determine the gas concentration. For SAA/MWCNT<ksd sensors, the average
values of sensing response change for each gasgysriod are approximately 0.8
% and 0.2 % for THF and CHEgases, respectively, as shown in Table 5-1. These
values are defined at time reaching about 95% tal thange during gas adsorption
or desorption periods. As can be seen from thehgrape time required is depending
on the difference in polarity of gas with SAA polgmA greater difference in polarity
gives rise to a longer time. In other words, thepomse and recovery times are about
15-30 sec and 200-300 sec for Ckl@hd THF gases, respectively. In general, the
response curves demonstrate good reversibilitydsbigtion/desorption processes,
though there are some abnormal sharp peaks ireipwmse curves probably due to
partial destruction of some contacts between angseanotubes in SAA/MWCNT

stacked sensing filfffon et & 2000)
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respectively.

(b) Response of PMVEMA /MWCNTSs stacked sensor

The cycle sensing respons@R/R %) curves for PMVEMA /MWCNTSs stacked

sensors under three different gas concentrationsiXadifferent gases: (a) MEK, (b)

THF, (c) toluene, (d) Xylene, (e) CH{lnd (f) CCJ are presented in Figs. 5-2(a) to

5-2(c) and 5-3(a) to 5-3(c), respectively. Thevesr also show three cycling

responses during the gas inlet and outlet peribds.figures demonstrate the similar
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reversibility of adsorption/desorption processasc@nmpared with the SAA/MWCNT
stacked sensor in the previous section, excepteatgr (\ R/R)nax value for
SAA/MWCNTs stacked sensor under the same gas typg. comparing
SAA/MWCNT with PMVEMA/MWCNT stacked sensors, theemmge values of the
maximum sensing response changé\R{R)nax for each gas cycling period are
approximately 0.8 % vs 1.2% and 0.2 % vs 0.8% fétFTand CHC gases,
respectively, as also. shown in Table 5-1. In otherds, thePMVEMA /MWCNT
stacked sensor is more sensitive then SAA/MWCNTksta sensor for these two
gases. As to the response and recovery time®MEMA /MWCNT stacked sensor
gives the same value of 15-30 sec for CH@ds and a faster value of 15-30sec
instead of 200-300 sec for THF gases.

For other four gases (MEK, toluene, Xylene, and £ @here are no detectable
response by SAAIMWCNT stacked sensor; but for tNe/EMA/MWCNT stacked
sensor, the corresponding average maximum respa@iges are about 0.2%, 0.4%,
0.6% and 0.2%, respectively, as show in Table Bkt faster response and recovery

times are apparent and are in the range of 15-€30 se
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curves for PMVEMA/MWCNTSs stacked sensors: (a) MEK, THF, and (c) toluene
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(c) Response of PMS/MWCNT stacked sensor

The cycle sensing respons@R/R %) curves for PMS/MWCNT stacked sensor
under three different gas concentrations for sffedint gases: (a) MEK, (b) THF, (c)
toluene, (d) xylene, (e) CHg land (f) CCJ are presented in Figs. 5-4(a) to 5-4(c) and
Figs. 5-5(a) to 5-5(c), respectively.. As shown ablé 5-1, the fAR/R)nax Values of
this sensor are ranging from 0.3% to 1.9%, indicatheir sensing sensitivities of the
sensors. The'minimum and maximum sensitivitiest@sense MEK and THF gases,
respectivily. It is found that the PMS/MWCNT stadkgensor gives the best sensing
sensitivity amoung the eight stacked sensors. Aaraldvantage of this sensor is that

the reponse and recovery times are within acceptalolge of 15 - 30 sec.
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(d) Response of five other stacked sensors

The five other stacked sensors include PEA/MWCNTYPRIWCNT,
P(VDC-AN)/MWCNT, HPMC/MWCNT, and PVBC/MWCNT. It isknown that
polymer selection for fabricating the stacked sengithin a sensing chip depends
greatly on the distribution of their chemical funcialities to interact with test gases.
If the target polymers possess a broad distributiochemical functionalities, then it
will result in a broad distribution of sensing reapes to determine the gas specificity.
From Table 5-1, it indicates that the sensing $eitgiis varied from sensor to sensor
and from gas to gas..In other words, the eightkkethsensors on a chip in this work
possess the ability to-differentiate the gas typ@as specificity of the gas group,
which consists of six toxic-industrial gases. Tisishe best advantage of this sensor

array.

(e) The bar chart and radar plots of the sensing @righis gas group

Based on (\R/R)nax values in Table 5-1, Figs. 5-6, 5-7, and 5-8 shbw
sensing response bar charts of the sensing chipemght polymer/MWCNT stacked
sensors. The testing group of gases in this cased@es six toxic industry compounds
(TIC) gas (MEK, THF, toluene, xylene, CHCland CCJ) under three different
concentrations. The corresponding sensing resp@ulse plots are indicated in Figs.
5-9, 5-10, and 5-11, respectively.

From the bar charts, it is noted that the variaiah sensing response with
respect to gas concentration are nearly lineamfost of the sensors, except PVP
assisted sensor for toluene gas sensing. In otbedsythe most of the sensors in the
chip can be used to determine the gas concentrdtias also noted that these bar

charts or radar plots indicate different patternsdar different gas types and
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concentrations. In other words, selections of p@ygroup in the sensing chip in this

work are good enough for determining the gas siodgibf this gas group.
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5.2.Sensing response of three chemical warfare agents
The eight different gas sensors on a chip were @ed for sensing the warfare
gas group, which includes three chemical warfanagimulants: dimethyl-methyl

phosphonate (DMMP), dichloromethane (DCM), and @uétle (ACN). Figures



5-12 and 5-13, 5-14 and 5-15, 5-16 and 5-17 shevb#n chart and the corresponding
radar charts of the peak sensing responsB/R)maxfor these three simulant gases,

respectively.
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From the bar chart (Fig. 5-12) and the correspandadar plots (Fig. 5-13), it
shows that PMS and PEA assisted sensors have ectalde response to DMMP gas.
The sensing responses of other six sensors arebinaa range and are in order of
HPMC > PVP >> PMVEMA >> SAA > PVYDCAN >> PVBC.

From the other two bar charts (Fig.s 5-14 and 5at@) the corresponding radar
plots (Figs. 5-15 and 5-17), it reveals that PM8 ®EA assisted sensors have no
significant response.to DCM and ACN gases. Theisgnesponses of other six
sensors are also in a broad range. The greatgstn®s values AR/R)max) for
DMMP (453 ppm), DCM ( 12.4%) and CAN (1.5%) gases about 32.5%, 22.8%
and 18.7%, respectively, -which are correspondingusmg the HPMC, PVP and
PMVYEMA gas sensors, respectively.

By examining these bar charts and the radar pfags(5-13 ~ 5-17), It indicates
that these bar charts or radar plots show sigmifid#ference in bar chart and radar
plot patterns. In other words, it suggests thateig@t kinds of polymers selected by

the LSER formula are highly capable of distingumghthese three gases in this gas

group.
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5.3.Sensing response of four liquor gases

Figures 5-18(a), 5-18(b), 5-19(a) and 5-19(b) shber bar chart of the peak
sensing response\(R/R)nax values of a sensing chip with eight different ket
sensors under four different gas concentrationgdidaor gas group with four liquor
gases (Japanese sake, Kin-men sorghum, mediauoakliand Scotch whisky gases),
respectively. The corresponding radar plots arevehim Figs. 5-20(a) ~ 5-21(b),

respectively.
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By comparing with other gas groups (industrial gesup and warfare simulant
gas group), these bar charts and radar plots doioti gas group indicate that the
patterns in the same gas group can be identifieck reasily. On the contrary, the
patterns under different gas group may not be table identified.
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In this work, three different groups of gases wexamined with a chip or array
with eight different polymer/MWCNT stacked sensdisis noted that selection of
polymer group takes an important role to deterntimeepossibility of sensing the gas
type and its concemtration. The solvation coeffitibetween gas and polymer
estimated by LSER equation was one of the methmd® tused to select the sensing
polymer materialgfieremann et al. 2001 Ryan et al. 1998) g giscyssed in Section 3.6. Such
estimation was based on the parameters of disgersi®ractions, dipole interactions,
hydrogen bond acidity, and hydrogen bond basicithe solvation coefficients
between ethanol gas and various polymer membraaes estimated to be in order of
PMVEMA < PEA < HPMC < PVBC. A smaller solvation dbeient was proposed to
be corresponding to a larger interaction betwebareil gas and polymer, resulting in
a larger resistance variation. By examing the alsp intensity for the liquor gas
group, the results show the PMVEMA polymer gives lighest sensing response due
to its lowest solvation coefficient value. It Is @onsistant with the estimation by
LSER equation. As to other two gas groups, theeerar enough data to make the
estimation. However, such estimation may not be &bhpply to the system with the
prescence of both polymer and MWCNTSs, because narhootubes may change the
physical characteristics of the film (glass transitemperature, rigidity, and density),

and possibly the chemical characteristics.

It was reported that the radar plot patterns mayretate with resident
microstructural differences of these composite g|ssing materials (CNTs + polymers),
e.g. the nature of their attendant chemical fumetiogroups. In general, the sensing
behavior of polymers is related to localized molacunteractions with the analyte,
including chemical bond formation, surface chemirealctivity, surface dipole interaction,

and long-range van der Waals forces. At the modecldvel, it was reported that
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parameters like polymer backbone planarity, sidairchength, conjugation length, and
structural transformation energy may influence trmnductivity!Uchison et al 2005 Tpq
analyte-polymer interaction most likely modulate®e @r more of these parameters, thus
influencing the surface resistivity intrinsic toetfthin film polymer. This implies the
possibility that multiple sensing mechanisms maysaaultaneously. Upon exposure of a
specific polymer to a particular analyte, one mecra most likely dominates, resulting
in the measured resistivity change. These polymeg produce a positive response to
polar analytes.and a negative response to non-pokdytes. One possible explanation is
that the dipole—dipole electrostatic force betwembar analytes with. certain dipole

moments and polymer.dipolar-alkyl side chains canmress the polymer molecules, thus

reducing the hopping distance and associated &otivanergy.
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Table 5-1: Specimen designations of polymer/MWCNHACked sensors prepared by
solution drop method, their sensing conditions, pedormance at room temperature

Speci. | Sensing| Gas conc. **average (AR/R)max Value (%) of eight polymers
design gas (v/iv ppm)

*S1 S2 S3 S4 S5 S6 S7 S8
C-1 DMMP 453 7.39| 7.20| 31.37| 23.25 0.07| 32.50 0.08| 1.79

C-2 ACN (1.5%, viv) | 4.20 | 9.27 | 12.34| 18.86| 0.03 | 13.88| 0.46 | 1.53

C-3 DCM (12.4%, viv) | 4.96 | 13.80| 22.79| 22.07| 0.18 | 13.88| 0.50 | 2.45

1043 0 0 0 0.1 | 0.15 0 0.10 0
C-4 MEK 1849 0.03 0 0.02 [ 0.13 | 0.18 0 0.11 0
3130 0.12 | 0.00 | 0.120 | 0.27 |- 0.32 | 0.00 | 0.23 | 0.00
6781 0.22 | 0.09 | 0.29 | 0.42 | 0.66.| 0.00 | 0.79 | 0.10
C-5 THF 8346 042 | 0.25| 050 | 0.79 | 1.12 | 0.00 | 1.03 | 0.22
9748 060 | 0.36 | 0.83 | 1.30 | 1.96 | 0.00 | 1.86 | 0.32
884 0.00 | 0.00 | 0.21 | 0.22 { 0.37 | 0.00 | 0.25 | 0.00
C-6 toluene 1447 0.00 |1 0.05 | 0.15 | 0.31 | 0.46 | 0.00 | 0.31 | 0.00
1540 0.05 | 0.100.18 | 0.46 | 0.60 | 0.00 | 0.40 | 0.10
354 0.00 | 0.07 | 0:23 | 0.20 | 0.53 | 0.00 | 0.23 | 0.00
c-7 xylene 708 0.10 | 0.14 | 0.29 | 0.51 | 0.86 | 0.00 | 0.40 | 0.20
1417 0.15 0.16°| 0.35 | 0.62 | 1.44 | 0.00 | 0.60 | 0.19
2234 0.07. 0.07 | 0.18 | 0.23 | 0.37 | 0.00 | 0.29 | 0.00
C-8 CHCl; 3276 0.16 | 0.13 | 0.27 | 0.40 | 0.53 | 0.00 | 0.45 | 0.10
4840 0.22 | 0.15. 0.38 | 0.62 | 0.78 | 0.00 | 0.73 | 0.15
2225 0.00 | 0.00 | 0.09 | 0.24 | 0.22 | 0.00 | 0.15 | 0.00
C-9 CCl, 2445 0.00 | 0.05| 0.11 | 0.21 | 0.30| 0.00 | 0.25 | 0.00
5033 0.08 | 0.08 | 0.16 | 0.30 | 0.40 | 0.00 | 0.31 | 0.06

1.26%, viv 5.6 1.6 51 59 131 | 95 8.6 2.7

C-10 | Japanese '1.31%,viv | 57 | 1.5 | 52 58 | 1.3 | 93 | 88 | 27

sake 1.44%, viv 5.7 1.8 60 71 14 | 113 9 3

1.57%, viv 6.3 2 60 72 1.48 12 10 3.3

2.88%,v/iv | 205 | 4.4 99 94 6.1 | 21.5 | 28.2 | 9.9

C-11 | Kin-men| 2.88%,viv | 196 | 3.8 98 99 55 | 21.2 | 26.5 9

sorghum| 3.06%, v/v | 29.8 | 4.8 114 | 114 6.8 | 283 | 37.2 13

3.40%, v/iv | 30.4 | 5.9 137 | 150 6.6 | 28.5 37 13.7

medicin 0.71% 24 | 1.1 34 42 04 | 57 | 43 | 15
C-12 | alliquor 0.89% 3 1 31 47 07 | 58 | 46 | 1.6
1.31% 555 | 1.4 | 50 71 | 117 | 96 | 87 | 2.7
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Speci. | Sensing| Gas conc. **average (AR/R)max Value (%) of eight polymers

design as vIiv ppm
g 9 (v/v ppm) *S1 S2 S3 S4 S5 S6 S7 S8
1.41%, viv 6.7 2 64 82 1.5 115 | 10.2 | 3.2

2.36% 14 3.4 92 96 | 335 | 19 | 247 | 7.1
C-13 Scotch 2.49% 17 3.6 94 102 | 3.7 | 203 | 23 7.7
whisky 2.36% 15 3.3 92 99 | 356 | 19.2 | 23 7.3

2.49%, viv 17 3.7 97 107 39 | 208 | 225 | 81

*the eight sensing polymer materials
the polymers listed in Table 3

sed.in thelsd sensors are corresponding to

00 sec), testing
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5.4.Gas specificity by mathematical PCA analysis on ssing

data

In order to simplify the pattern identification fargreat amount of data with PC
or laptop, two mathermatical methods were useck.tWo approaches were called the
principal component analysis (PCA) method and thee&rest neighbor (k-NN)
classification algorithm. The latter method is essdly to show the results in a

pocket size computer to reduce the size of theathv@ensor system.

Principal component.analysis (PCA) is a mathemiafpcacedure that uses an
orthogonal transformation-to convert a set of olmssns of possibly correlated
variables into a set of values of uncorrelatedaldes called principal components.
The number of principal components is less thaegual to the number of original
variables. PCA was invented in 1901 by Karl Pedf§gif" *°Y Now it is mostly
used as a tool in exploratory data analysis andnfaking predictive models. The
principal component analysis method can reduce rge laumber of correlated
channels (variables) to fewer numbers of indepentieear combination variables.
This maximizes the component variance obtainedutitrdinear combination, and
allows the tested gas to show maximum differencermgmndifferent component
channels. Figure 5-24 shows the 2-D PCA plot fensgng responses of eight
sensors on a chip to three different gas types AN, DCM and DMMP gases)
Therefore, simply glancing at the plots obtained FifyA analysis easily confirms
successful classification. Figure 5-25 shows tlemgaition boundaries of the three
simulants in PCA plots displayed with the two mpimcipal PC1 and PC2 axes. The
first principal components on the two horizontalkesxof Fig. 5-24 show a high

cumulative variance of 75.9%.
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Fig. 5-22 The 2-D PCA plot for sensing responsesigiit sensors on a chip to three
different gas types (i.e. ACN, DCM and DMMP gases)
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Fig. 5-23 The 3-D PCA plot for sensing responsesgight sensors on a chip to six
different gas types (i.e. MEK, THF, toluene, xyle@#Ck, and CCJ gases)

Figure 5-25 shows 3-D PCA plots for six analytelseyl clearly demonstrate that
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the six tested gases are characterized by theirves¥irdefined boundaries, and that
the data scatter around at less three points im @as boundary is relatively small. In
other words, results signify that excellent gascBp#ty and sensing reproducibility

can be achieved for the six tested gases. Thetfstprincipal components on the

two horizontal axes of Fig. 5-25 show a high curtivéavariance of 94.5%.
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Fig. 5-24 The 3-D PCA plot for sensing responsesigiit sensors on a chip to five
different gas types (i.e. Japanese sake, Kin meghgsm, medicinal liquor, Scotch
whisky and methanol gases)

Figure 5-26 shows 3-D PCA plots for four commerdiquors Japanese sake,
Kin men sorghum, medicinal liquor, Scotch whiskydanethanol gas. They clearly
demonstrate that the five tested gases are characteby their own well-defined
boundaries, and that the data scatter around {hoeds in each gas boundary is
relatively small. In other words, results signifiyat excellent gas specificity and
sensing reproducibility can be achieved for thee fiested gases. The first two
principal components on the two horizontal axeBigf 5-26 show a high cumulative

variance of 98.22%.
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5.5.Performance of sensing chip installed on a portable

E-Nose system

The E-Nose system used for this work was designatis work by using the
k-nearest neighbor algorithm (k-NN). It mainly cmts of three major parts: sample
delivery, detection and computing systems. The samglivery system is basically a
pumping system to deliver the testing gas into reection chamber. The detection
system consists of the testing stand with a seas@aly chip to record gas sensing
response (resistivity variation) value after theickzl gas exposure time (generally, 60
s) for each sensor on the chip. The computing Bysie a data acquisition
microprocessor embedded with k-NN classificatiogoathm to ‘fulfill the size

limitation of a portable system, as described itaitlelsewherg™nd e a- 2010

n
others words, the recorded database are used bgothputing system to store the
sensor radio plots for each sensor and to anahgegas specificity through k-NN

method.

In pattern recognition, the k-nearest neighbor @igan (k-NN) is a method for
classifying objects based on closest training exesin the feature spdfeunage and
Narendra 1975; Keller 1989} _NIN.is a type of instance=based learning, oy laarning where
the function is only approximated locally and abntputation is deferred until
classification. The k-nearest neighbor algorithmaimongst the simplest of all
machine learning algorithms: an object is clasgibg a majority vote of its neighbors,
with the object being assigned to the class mostnton amongst its k nearest
neighbors (k is a positive integer, typically smalf k = 1, then the object is simply

assigned to the class of its nearest neighbor. Sgdme method can be used for

regression, by simply assigning the property vétwehe object to be the average of
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the values of its k nearest neighbors. The k-néamghbor algorithm is sensitive to
the local structure of the daf®™"e" & a- 2005\ earest neighbor rules in effect compute
the decision boundary in an implicit manner. Italso possible to compute the
decision boundary itself explicitly, and to do span efficient manner so that the
computational complexity is a function of the boand complexity. The k-NN
algorithm is a classical method of performing thessification task in electronic nose
technology. B/t et al- 2010; Shaffer etal. 1999 he . NN voting rule classifies an unlabeled
test example by finding the k nearest neighborsassilgning the label of that class

represented by a majority among the k neighbors.

The designed E-Nose system is powered by two 9-{tefes and is about
28x18x12 criin size and 540 g in weight, as shown in Figs7&pand (b) for the

whole system and its control panel, respectively.

L -

(a) (b)
Fig. 5-25: Optical pictures of a portable E-Nosstsm: (a) the whole equipment, and

(b) its control panel. (P = power On/Off, | = systanitialization, S = training/testing
mode selection, E = enter)
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The performance of this system was used to seres#fisfiy of four commercial
liquors (Japanese sake, Kin-men sorghum, medidigabr, and Scotch whisky,
respectively). Under system training conditione tensing experiments of liquor
were repeatly conducted ten times to collect thguired training database of the
system. Under gas testing condition, the gas sgresiperiments were conducted 30
times of all the liquors samples. Although the opatterns for these four liquor odors
were alike because of their similar chemical contfmss, the portable E-Nose
system successfully classified each alcohol odarfying the correct operation of the

portable E-Nose system.
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Chapter 6
Conclusions

The thermal CVD-grown MWCNTs powders and the eidliterent selected
polymer types were used as gas sensing materidisvielop the sensor chip to sense
each of three groups of 14 different analytes atrréemperature. The performances
of the chips with the composite and the stacked@snwere compared. The chips
was also be installed on a gas testing stand to foportable E-Nose system. From

the experimental results, the following conclusioas be drawn.

(a) By comparing the.sensors with the MWCNTs+PVP contpoand PVP
polymer/CNTs stacked sensing configurations, theerashows a greater gas
sensitivity and better device life. This may be daethe fact that the stacked
sensors have a polymer overlayer above the MWCNJErldo protect the

MWCNTSs from direct interaction with the gas.

(b) "With one testing run, a chip with eight differestacked sensor types were
successfully used to sense the specificity for eafcthree different. groups of
gases (six toxic industrial compound gas, threeukints of chemical warfare
agents, and.four commercial liquor gases) throug@ tadar plot pattern
recognition. This is due to the fact that the sensesponses of eight different
sensor types can be different for each gas in ithepg i.e. forming different radar
plot patterns within a gas group. In other worttee radar plot pattern is

essentially a fingerprint within the gas group.

(c) The gas sensitivity of the HPMC/MWCNTs stacked sem®uld reach the value
of the AR/R)nax = 32.5% at room temperature under 453 ppm DMMPrgag
suggest that the sensor sensitivity is high endeglgeneral gas concentration
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sensing. By monitoring the S/N ratio of the resise response and carefully

controlling the process and environment, the seitgican likely be improved.

(d) The PCA and k-NN analysis methods can be a godthigge to read the radar

plot pattern for a potable sensing system apptioati

(e) Solution drop casting method was demonstrated ta geod process to simplify

the sensor chip fabrica
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Chapter 7

Future outlooks

Development of sensitive and selective gas sersyatgms for the detection of
various chemical vapors is necessary, and, to dpval portable, easy-to-use, and
durable gas sensing device for on-site monitorimeeds continuous research in the
sensing materials, readout circuits, microprocessamd so on. This dissertation not
only exposes the potentials of CNTs on applicatbgas sensing material, but also
explores the factor dominating.the polymer/MWCN&cked film. However, there

are some subject should-be-further studied.

1. This E-Nose system has shown the ability to redagniof each gas through
specific algorithm successfully. It could be contdd that there are differences
between the reactions of the array sensors to tHdfent gases. As the
number of sensor-array extended, the pattern ¢f aget gas would-be more
different to others, the higher identification rateough specific algorithm

could be achieved.

2. A conductive polypeptide/MWCNTs composite sensingterial by a two
layers approach should be done. The idea of exmdofolypeptides as the
outer membrane for gas sensing derived from thewlgudge of olfactory
organ structure. The mucus layer produced by theoomicells in parts of our
body, such as the nose, comprises a lot of suletahat play different roles
in the olfactory system. The secreted mucous memebets to protect the
body by creating a barrier and keeping the insidih@ body from drying out.

Furthermore, it could also facilitate gas exchaage absorption. Starting out
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from this concept to adopt biomaterial as our sensomponents, we should

fabricate a polypeptide-based sensor by a twoagtepoach.

Even though CNTs are good conductive materialshis themiresistor gas
sensor. However, further study on how to well dispenano particles like

nano gold on carbon nanotube materials should leetalget two advantages

together in gas sensing perfor
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