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CHAPTER1

INTRODUCTION

In this chapter academic background, motivations, objectives and the benefits

of this research are deliberated.
1.1 Academic Background

From time to timé in human life, technelogy has been continuously
developed. Likewise theftechnology, the needs of human are unavoidable changed.
Among various issues themeed to get the materials which could increase the standard

of our daily life should be intended by many researchers.

The last decade of the last centuf;_l;_;_ in condensed matter physics has been
marked by the presence of carbon-based '-magerials. The development of optical
instrumentations has lead scientists o work \;1t1} very-very small materials. Using the
high-advanced of instrumentation scientists around ‘the world can analyze,
characterize, or measufe the materials which popular calied nanomaterials. Today,
nanotechnology is a term addressed to system which handling such small materials.
This technology has borderless hit in many fields and disciplines. Not only electronic
but also medical and agtricultural have been.involved by nanotéchnology (Miller and

Senjen, 2008).

One of interesting and useful nanomaterials which was discovered at the end
of 20™ century is carbon nanotubes (CNTs). In 1991, Sumio lijima at NEC reported
that he found a new kind of carbon allotrope. His report in Nature spurs scientists to
investigate means to synthesize and utilize the CNTs. Therefore up to now, besides
the conventional forms of carbon, the graphite and the diamond, new forms of carbon
which are fullerenes and carbon nanotubes has been recognized as promising

materials which could provide various applications.



It has been accepted that, carbon nanotubes are driving significantly scientific
research. At the beginning, the topic area was synthesis of CNTs. However,
nowadays, interest includes the applications. Several important directions in basic
research are continuously moves such as in chemistry, electronic transport,
mechanicals, and field emission properties. Furthermore, the perspectives for
applications are very challenging and exciting. As reported by Baughman et al.
(2002) the main avenues of potential applications of carbon nanotubes are:

electrochemical devices, hydrogen storage, ficld emission devices, sensor and probe.

How seriously scientists in research of nanomaterials could be described by
amounts of paper publisheds Sinee 1991 to 2001 the papers related to CNTs are
going increase (Baughman'ct.aly 2002). In 2004 it is reported by Hennrich et al.,
(2005) that papers regardedto € NTs.reached 5,000,

Regarding to achievements in nah_oiéchnology, especially CNTs, could be
described as reported that tesearchers at thé--Bh'abha Atomic Research Center in India
have been investigating the hollow carboh‘f—ﬁb_ers as a potential water filter. They
believe the unique chemical properties of ﬁé{f&fubes that only water molecules can
pass through their interiors, whife toxic metal 'fcihs, viruses, and bacteria cannot. The
Indian research teani has-been—irying-to—engineer-nanoscale structures to form
arrangements that can-efficiently decontaminate water (Schwartz, 2008). Whereas,
Sciendaily reported that a team at Purdue University has created a tiniest laser. The
laser called spasérawhichi workabased eny'manephotonie! eircuitry. Within the spaser
there are spheres 44 nanometers 'in diameter. © The spaser “contains a gold core
surrounded by, a glasslike shell filled with green dye. When a lightwas shined on the
spheres, ‘plasmons‘igenerated by the (gold ‘core were! amplified” by 'the dye. The
plasmons were then converted to photons of visible light, which was emitted as a
laser. This innovation is paving the way for a host of innovations, including superfast
computers that use light instead of electrons to process information, advanced sensors

and imaging (Venere, 2009).



1.2 Why Do We Need Sensors

Basically, a sensor is a part of a controlling system which plays an important
role in many situations and purposes. In modern era many places are equipped by
sensor such as vehicles, cars, factories, planes, trains, and so on. Even in offices,
houses, or shops the specific of sensor are available. Through the sensor, human be
able to get information immediately regarding the specific condition at a moment. It
can be said that sensor make our live more comfortable. For example, when in a room
there is an unwanted smoke or gas emerging fiem a fire or other source, the sensor
can give warning to people at that room so that many live might be saved using the

sensor. Hence the existence.of sensors has become a supporting need for our live.

To use a sensor ong has to kilow in'what condition he or she need the sensor.
There is no a sensor cah werk for all condition. Therefore someone has to recognize
types of sensor such as/chemigal sensors‘;,-_biological sensors, gas sensors, physical
sensors and so on. Recently, to take beneﬁts";fré.)-m advanced technology scientists race

to make sensors utilizing nanomaterials.

1.3 Brief Review on Sensor Development :

Tremendous properties of CNTs have been appreciated by all scientists. Due
to its electrical property, some scientists forecast in the future that the CNTs can shift
the silicone which gurrently-usedyim electrontci( Collins~and+Aweuris, 2000). In recent
years, interest has ‘grown in the development of ‘an electronic "nose," capable of
detecting mixed gases and even odors. The device can _be used+to environmental

monitoring or otherneeds!

There are many aspects enable one to study sensor. As discussed by White
(Muller et al., 1991) that the field of sensor could be divided into three categories
such as technological aspect, sensor material, and field application. Each category has
several topics which related to sensor performance. Some typically aspects listed in
Table 1.1, of course, it is impossible to investigate all the aspects. Practically, the

discussion about an aspect must be related to other aspects. Investigating of sensor



materials leads to the question how sensitive the materials to its target. Then the

requirement of sensitivity depend on what field the sensor will be applied.

A gas sensor is a structure, which consists of a substrate, an insulating layer, a
sensor film and contacts. Each element of the structure may contribute into the
conductivity process and influence gas sensor parameters (Ryabova, 2009). In
advanced system the structure of sensor may be supported by other part such as heater

which enables the sensor works at high temperature.

Table 1. 1 Several aspects forsensor study.

Technological Aspect Sensor Material Field Application
Sensitivity @rganic g™ Agriculture
Measuring range Conductor | 4 Automotive
Stability Insylators Civil engineering,
Resolution Semiconductor, Construction
Selectivity Biological substance Energy medicine
Speed of response Other(specify) s Information,
Ambient condition 204 Telecommunications
Output format = - Marine

Y- Military

Scientific measurement
(excluding automotive)
Other (specify)

1.4 Motivations of this Research

The CNTs has been a focus at least by.material scientists. However, all
aspects mround the material have destroyed the border interdisciplinary. No one can
claim that the study of CNTs belongs to his or her discipline. Therefore, researchers
from different field can share their experiences for construction the knowledge of
CNTs to lead improving human live quality. It is unsurprising that physical
researchers could collaborate with their colleagues in medicals or electrical
researchers get involved in a team with chemical engineers to investigate aspects of

CNTs.



The synthesizing of CNTs currently is not so difficult. Although using simple
methods some of member of Center of Excellence in Particle Technology (CEPT)
successfully synthesized the material. The achievements of member of CEPT, in fact,
should be developed to take its benefit. One idea to continue the work is to find the
application of CNTs produced. In advanced thinking, the combination of knowledge
in carbon nanotubes and polymers might be challenging in the future. Besides, many
potential can be taken from study of both carbon nanotubes and polymers. In fact,
this country has many sources of carbon stich wood, gasoline, coal, and so on. In
other side, polymers are alternative materials to get-light material which has relatively
good conductivity or high«tensile strength. The materials of conductive polymer

would be applied in airplanes of vehicles to reduce the production cost.

A simple way toscombing the kéé’Wledge of polymer and CNTs could be
achieved through fabricating assensor material which consists of the two materials. In
other word, a kind of polymers is mixed with CNTs to get a composite. Then the
composite is exposed to an environmental V\_/;b_ere some gases or vapors are dispersed.
The changing of composite will‘be analyzed using a measurement system.

1.5 Objectives of this " Work

The most impoztant from this work 1s getting ability to make a sensor material
with multiwalled carbon anotubes (MWNTs) and poly(p-phenylene) (PPP) as
material-based. Until now the using off PPP as a sensor material has not thoroughly

been reported yet. The applying of PPP could be a pioneer to next work.

The fabrication of a sensor material was conducted in a simple way. After
fabrication of the sensor material, the next step was to test it by exposing it to
chemical vapors. The developed sensors were exposed to various chemicals. Two
aspects related to the sensitivity of sensor were gas concentration and types of gas.
Those aspects were relevant to our experience in CEPT. Actually another factor
which is worth to investigate is temperature. The limitations in sensing measurement,

however, were an obstacle to work with elevated temperature.



1.6 The Benefits in this Research

During accomplishing this work several worthy benefits would be taken.
Generally at least two benefits would be provided. First of all is getting
communication network with supporting-research such as accesses to other laboratory

out side of Department of Chemical 1 . The sensor topic is very related to

electrical field hence the ac rks needs collaboration with a
cond is getting experiences and

ization using SEM, FTIR,

This research co sa g other similar project in the future.
The weaknesses of work du accomplis ing fhe perimental works should be
f ght be achieved. It is hoped

that papers concerning s _ _' d PT of Chulalongkorn University
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CHAPTERII

FUNDAMENTALS AND LITERATURE REVIEW

In this chapter fundamentals and literature review of materials for sensor
development is presented. It is employed asireference for further investigation in this

work.

2.1 Carbon in General

Carbon is one of glements occupyi{{ig almost of the earth. Human, plants and
animals consist of plenty of carbon. Huni’t;m‘being as well as animal can fulfill their
needs using the carbon.Plants gonsisting of a lot of carbon ate by human and animal
to do their activities. Besides, other hun'gé_.ril’“s needs got from carbon compound.

Crude oil lifted from deep earth/hasbeen using to get chemicals with carbon basis.

g

Carbon heads the list of Group-IVA elements. Carbon has three well-known
allotropic forms: diamond, graphite, and carbyne. It 1s knewn that carbon can exists
in three valence states.which correspond to sp°, sp®, and sp-hybridization of atomic
orbital. In least decades" there is a new Kind of carbon called carbon nanotubes
(CNTs). Before CNTs there-was another form which called buckminsterfullerene or
popularly called by buckyball i.e. €. Fig. 2.1 (Rao et al., 1995) presents the
comparison of carbon‘allotropes, The tespective structural motits, the chair form of

cyclohexane and the benzene ring are shown with thick lines.



Figure 2. 1 The structures of (a) diamond, (b) graphite, and (c)
buckminfulleren, Cqp (Rao et al., 1995).

¥ |

2.2 Carbon Nanotubes

Carbon nanotubes Jare’ known a; carbon allotrope with tubular structure
popularized by lijima int1991 (Iijima; 1991) It consists of one or more cylinders of
graphitic shells where trivalent carbon atorps form a hexagonal network; i.e. each
carbon atom is bounded to three nelghborlng ca;bon atoms through sp’ hybridization.

The carbon nanotubes that have one cmider called as single-walled carbon

.1.. ——

-

nanotubes (SWNTs) and carbon nanotubes with more than one cylinder called as

multi-walled carbon nanotubes (MWNTs).

The formation of"CNTs resembles the rolling up of a graphene sheet into a
direction. The different direction of rolling up gives-different properties of CNTs. It is
known structurally there are three types of CNTs such are zigzag, armchair, and
chiral. Eacheylindticall layer=in= CNTs |of (the) thtee! fypes €anibe xpressed using
formula:

r=am-+ am
In this case r stands for vector while a; and a, are lattice basis as shown in Fig. 2.2.
When m = 0 the CNTs is zigzag, when n = m the CNTs is armchair, and for n,m=0

we call chiral type. Geometrically three types of CNTs represented in Fig. 2.3.
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monolayers (Ruoff et al., 2003).

Many other observations have shown that carbon nanotubes have other
intriguing properties, such as: (1) High flexibility, related to the ability of the carbon
atoms to rehybridize, with degree of rehybridization depending on the strain. (2) High
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capability to sustain strain tension (40%) without brittleness, plastic deformation, or
bond rupture. Their other extraordinary properties include a density of 1.4 gram/cc,
compared with aluminum at 2.7 gram/cc; tensile strength of 45 billon pascals, while
steel alloys break at 2 billion pascals; and the ability to carry 1 billion amps/cm?,
whereas copper wires burn out at 1 million amps/cm’ (Marcell, 2006). The band

structure of CNTs can be shown in Fig 2.4.

These features make the carbon nanofubes ideal candidates for reinforcing
fibers in polymer-based composites. The us€ ofwearbon nanotubes as reinforcing
systems of polymer matrixewould offer several advantages over the conventional
reinforcements, includings€ontmuous and short fibers (glass, carbon). The addition of
carbon nanotubes to polymercould impfove not only the mechanical properties, but

also the thermal stability and the electrical‘ébnductivity of resulting composite.

Figure 2..4 Band structure of)(a) a metallic (5, 5) €NT and (b) a
semiconducting (10,0) nanotube (Freitag, 2006).

In recent years, many researchers have manufactured composite films from
carbon nanotubes and polymer matrices, which may be either thermoset or
thermoplastic. Table 2.1 lists samples made by various researchers to form this new

class of composites (Shonaike and Advani, 2003).
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Table 2. 1 Polymer based CNTs systems and corresponding dispersion methods.

Nanotubes Polymer Preparation method
SWNTs Epoxy (epon 828) Ultrasonic dispersion
SWNTs,MWNTs PMMA Mixing in ultrasonic bath and
SWNTs spin coating, ultrasonic

dispersion, mixing followed by
in situ polymerization.

SWNTs Polypropylene Electrochemical method, mixing,
and ultrasonic treatment
MWNTs Epoxy (Araldite Tube sonication, drying, and
LYS564) dispersion on a glass surface,
spreading of polymer by blade.
MWNTs Ply(Vinylalcohol) Mixing with polymer, casting,

and controlled water
evaporation after chemical
treatment of the tubes

In CNTs there were about 1/3 of Jt-he nanotubes are metallic and 2/3 are
semiconducting (Dresselhaus and Eklund, 2600'). Therefore CNTs could be metallic or
semiconductor (Dresselhaus and Dai; 2004j;‘f()Qu_ang et al., 2006). A semiconductor is
a solid with an electrical conductivity betxi;_e-éﬁ that of metal and insulator. This
conductivity caused by electronic ‘particle, “such as electron, holes, and polarons,

referred as carriers (ot Charge)-which-are-set-free-by-tonization or an electric field.

Table 2. 2 Electrical conductivities of come metals and non metals at room
temperature.

Metals and alloys Conductivity Non Metals  Conductivity
(©m)" (Qum)”

Silver 6.3 x 10 Graphite 10° (av)

Copper, commercial purity 5.8 %10’ Germanium 2.2

Gold 42 % 107 Silicon 4310™

Aluminum, commercial 3.4 %107 Polyethylene 107

purity Polystyrene 107

Diamond 1071

The changes in electronic properties are controlled by external means such as

light, applied voltage, magnetic field, and temperature (Boer, 1990). The range of
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conductivity (o) various materials can be seen in Table 2.2. From this table it is seen
that the pure metals silver, copper, and gold have the highest conductivity, about,

1 x10” Sm™.

2.3 Polymer in General

The term of Polymer came from Greek, where poly means many and meros
means parts. The mer is the basic part and the basic building block is termed the
monomer. Polymer materials can be categorized as either thermoplastics or
thermosets. Thermoplasties-ean-remelted after sohdification, and thermosets solidify
via a chemical reaction that gatiseS polymer molecules to crosslink. These crosslink

materials can not be remelted after solidification.

Because of multipurpose’ of*polymer, a polymer seldom sold as a pure
material. More often, a polymer contains several additives to aid during processing,
add color, or enhance the meehanical propertics (Oswald, 1998). This information

enables one to modify the properties-of poljfl‘_h?—:_r to be used as a sensor material.

Based on its conduction, materials'ﬁ{ig‘iit' be divided into three groups. An
insulator has conductivities-in-the range-of 10-“to-40>Sm '. A semiconductor is in
the range of 107 to 107 Sm™', and a conductor is usually given as 10~ to 10° Sm™
(Sperling, 2006). Therefore to determine the material sensor, the conductivity of

material should be Gonsidered.

Basically, almost all polymers, are insulator .except very.view of them are
conductive such as-poly(p-phénylene); polythiopefic and'derivaties, poly(phen-ylene
vinylene), polypyrole and polyaniline (Carraher, 2003). Besides, properties such as
the solubility and electrical nature of polymers, which depend on polymer structure,
are intimately related to polarity (Ebewele, 2000). The more polar structures have
lower resistivity. By use of sufficient carbon of high structure index in polymers, it is
possible to increase considerably the electrical conductivity of soft rubber (Schmidt
and Marlies, 1948). The same factors that increase relative permittivity decrease

volume resistivities p: polar groups in polymer, high mobilities of chain segment,
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polar additives, and higher temperatures (Elias, 1997). Relative permittivities are low
for apolar polymers (PTFE, PE), higher for polymers with polarizable groups (PS,
PC), and still higher for polar material (dry PA). Resistivity thus decreases with
increasing content of polar groups and increasing mobilities of chain segments. The
resistivity (specific volume resistivity) of dielectric polymers decreases with
increasing relative permittivity and finally becomes constant at & > 8. Polar side
groups and cristalinity both also inerease thermal conductivity. Decreasing the
temperature of a polymer also serves to decpease. the inter-chain distance and increase

the thermal conductivity.

Additives can often have a large effect on the thermal conductivity of a
polymer. Usually the .eontsibution of ' additive is in proportion to its weight
percentage. The absorption ot water VEBOI‘ mto an already polar polymer has
produced a material approaching a'semi conductor, but this is not easily maintained
condition. A more promising route (Daniels, 1989) for production of a conductive
material that still retains the characteristi_é_s_ of a polymer is in the direction of
structural alteration. 204

The addition of CNTs to polymers could improve not only the mechanical
properties, but also the thermal stability and electrical conductivity of the resulting
composite. Table 2.3 #eports some examples of CNTs/polymer composites and the

corresponding electrical conductivity (Shondike and Advani, 2003).

Table 2. 3 Electrical conductivity of £ NTs/polymer composites.

Nanotube Polymer Composite electrical | Pure polymer electrical
content conductivity, Sm™ conductivity, Sm™

0.1 vol% Epoxy 107 5x 107

20 wt% Polypyrrole 1.4 x 10! 2.6x102

20 wt% PVOH 107! 2.9% 107

7-11 wt% PMPV 1.5%x10%to 1 x 107! 2% 10710

In polymers the conjugated bonds plays role of electronic mobility. Adding a

dopant such as halogens or alkaline metals into the polymers will increase the



14

conductivity by order 10" to 10’ Sm™ (Akilah and Moet, 1990). Conjugated
polymers during doping are partially oxidized (p-doped) or reduced (n-doped) with
suitable reagents. Doping by AsFs raises the specific electrical conductivity of trans-
poly(acetylene) from 107 to 12x10* Sm™ and of polyphenylene (p-phenylene) from
10" to 5x10* Sm™. Table 2.4 lists of the conjugated polymers and dopants with their
conductivity (Van Krevelen, 1990).

Typical
Pol
olymet conductivity
(ohm cm)™
Polyacetylene ' ; e . Elect ochemical, 500
emical, AsFs
Polyphenylene hemical (AsFs) 500
Poly(phenylene | 1 (AsFs) 1
sulfide) ' m
L

ﬂ 0 i

Polypyrrole ﬂ u EJ w Eﬂilatﬂhgzical 600

ARIANNT n.f INYAE

Polythiopene / \ Electrochemical 100
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The doping of inorganic semiconductors such as GaP, InSb, or Ge generates
quasi-free electron (n-carriers) or defect electrons (p-carriers) whereas the doping of
suitable organic polymers leads to oxidation (p-doping) or reduction (n-doping)

reactions. Ratio for dopants to repeating unit is 1:1 molar ratio.

The basic mechanism of electronic conduction is illustrated in Fig. 2.5. The
importance of m-bonds in electronie ' conduction must be emphasized, as the
overlapping electronic clouds contribute to the/€onduction. Strong interactions among
the m-electrons of conjugated backbones arC indicative of a highly delocalized
electronic structure and large Valencé bandwidth. For good conductivity, the
ionization potential (IP).must.be small. The electron affinity, EA reflects the ease of
addition of an electrongto the polymerI as shown in Fig 2.5, especially through

polymer doping.

In polyconjugated system, _(Mitché_l}, 2004) the m-orbitals are assumed to
overlap, and they form a valence and @ conduction band as predicted by band theory.
If all the bond lengths were equal-—that the band would overlap and the polymer

would behave as a quasi-one-dimensional mef_ai__having good conductivity.

/ ]
EA
Conduction Band
V IP
A
E
g
A v
]
Valence Band ‘BW

Figure 2. 5 Energy band of materials.
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Bandwidth, BW, correlates with carrier mobility; a large bandwidth suggests a
high intrachain, which favors high conductivity. Doping was assumed to remove
electrons from the top of valence band, a form of oxidation, or to add electrons to the

bottom of conduction band, a form reduction (Sperling, 2006).

When we consider electronic conduction solely in homogeneous polymers,
band theory is not totally suitable because the atoms are covalently bonded to one
another, forming polymeric chain that experienee weak intermolecular interaction.
Thus, macroscopic conduction will require cleClion-movement, not only along chain
but also from one chain to.anethci. According to Elias (1997) electrical conductivity
in polymers is assumed te'be due to solifons or polarons. Fig 2.6 describes the soliton
and polaron. In additionsthe most impoﬁant condition for the existence of electrical
conductivity in organic pelymers secms to;{i.e the ability to form overlapping orbitals.
The planar structure of trans-poly(acetyleiq,e)*‘ promotes the overlapping of its « and p

orbitals

Soliton

U e bedie e Ge

Polaron

Figure 2. 6 Soliton and Polaron that in charge of electrical
conduction in polymer.
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The soliton is relatively stable electron with an unpaired spin and is located in
a nonbonding state in the energy gap, midway between the conduction and valence
bands. Therefore involving movement of electrons intra-molecullarly and inter-
molecularly via the positive or negative soliton causes conduction occurs (Steven,
1999). In typical situation, the presence of these neutral solitons gives trans-
poly(acetylene) the characteristics of intrinsic semiconductor with conductivity of
10° to 10°® Sm™. The conductivity ofipoly(acetylene) can be magnified by doping.
Exposure of a poly(acetylene) film to dry anmamonia gas leads to a dramatic increase in

conductivity of 10° Sm™ (Miteh¢ll, 2004).

The deformed seetion.of lattice and the charge carrier then form a species
called a polaron. Unlike the soliton,I the polaron cannot move without first
overcoming an energy barfier80 movemer}f‘;is by a hopping motion (Mitchell, 2004).

Although complete understanding:"-_qf'_the conduction mechanism remains
elusive, certain structural‘features are knovgg to influence the level of conductivity.
These include: 2 '

1. Delocalization: An extended conjugated system -is usually necessary for
backbone conductivity; however, charge may be transferred in some cases
through pedants. group.

2. Doping. Dopants ‘may be electron a€eeptors such as arsenic pentafluoride or
halogen, or electrons donor such as alkali metal. Conductivity varies with
dopant concentration. Doping may also effect rearrangement of the double
bond of conjugated polymers into a conjugated conduction'mode.

3. Morphology. Conduction is influenced by configurational and conformational
factors, as well as crstallinity. Conduction of polyacetylene film in the
direction of molecular alignment is increased significantly by stretching.

(Saunders, 1997)
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2.4 Composites

2.4.1 Structural of Composites

A composite is a combination of material from different categories, such as
metal, ceramic, and polymer, or even different material within each category, in such
a way as to achieve properties and performance that are unique (Mitchell, 2004). In
another definition: a composite is material evolved from the simplest mixture of two
or more material to obtain a property that was not there (Schawartz, 1997). Therefore

the composites also called “engineered matemals®*(Schaffer et al., 2006).

In a composite there”are patts called reinforcing phase and other material
called matrix phase. The matrix phase is continuous phase that surrounds reinforcing
phase or dispersed phase (€allister, 2003). There are five general types of composite
(Micthell, 2004) when'catggornized by, buﬁ< form as shown in Fig. 2.7 such as fiber
composite, particulate #composite, lamiﬁar composite, flake composite, filler
composite. Practically, however, theése are four type composite based on the material
such as: metal-matrix composite (MMC_SI__-);%!polymer-matrix composite (PMCs),
ceramic-matrix composites (CMCs), and caﬂ_,)?(_m%carbon composites. Recently there is
a term called nanocomposite niéans to distribﬁté as much as possible amounts of
nanoparticles in al polymer mafrix. It seems that fhe composite of carbon

nanotubes/PPP categorized in particulate composite.

The use/of nanoparticles as reinforcement in polymer 1s'a common method to
improve the mechanical and/or electrical properties of composites. The improvement
of the fractute mecliani¢ properties by addition) of particles cande achieved when a
sufficiently good interaction between nanoparticles and matrix polymer take place

and when the particles are well dispersed within the matrix.

Currently there is a term nanocomposites means to distribute as much as
possible amounts of nanoparticles in a polymer (Friedrich et al., 2005). These type of
composites become a focus of scientists around the world since nanoparticles have

different properties compared to macroscale.
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Fibre composite Particulate composite Laminar composite

Flake comp@site * * / Filled composite

rad g4

Figure 2.7 Classiﬁq;i_tign_of composites.

Various appf_c%aches for the fabrication of _'c:a:-rbon nanotubes/polymer

composites could be claé_siﬁed as (Olek, 2006):

a. Solution progessing of composites: The most common method based on the mixing
of the CNTs and' a polymer in a suitable solvent before evaporating the solvent to
form arcomposite filmy Thecdispersion! ofcomponentsiin «ay solvent, mixing, and
evaporation are often supported by mechanical agitation (€.g. Tultrasonication,

magnetic stirring, shear mixing).

b. Melt processing of bulk composites: This method concerns polymers that are
insoluble in any solvent, like thermoplastic polymers. It involves the melting of the
polymers to form viscous liquids to which the CNTs can be added and mixed. Melt

processing of composite fibers: CNTs are added to the melts of the polymers. The
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formation of CNT/polymer fibers from their melts occurs through e.g. the melt-

spinning process.

c. Composites based on thermosets: A thermoset polymer is one that does not melt
when heated such as epoxy resins. The composite is formed from a monomer (usually

liquid) and CNTs, the mixture which is cured with crosslinking/catalyzing agents.

d. Layer-by-layer assembly (LBL): CNTs and polyelectrolytes are used to form a
highly homogeneous compesite, with a good dispersion, good interpenetration, and a
high concentration of CN¥s:This method invelves alternating adsorptions of a
monolayer of components which are attracted to each other by electrostatic
interactions resulting in atiniform growth of'the films.

e. In-situ polymerization: The'polyimer macromolecules are directly grafted onto the
walls of carbon nanotubes. This technique is often used for insoluble and thermally
unstable polymers which ¢annot be melt pro_é_e_ssed. Polymerization occurs directly on

the surface of CNTs. s )4

2.4.2 Mixing of Solids/Potymers

The involving™of reinforcement phase in matrix phase carried out by
dispersing of solids,through-a dispersant., In.case of polymers-as matrix, a dispersant
could act as a solvent enconipass surfactant or solvent encompass binder depending

on the property of the dispersant.

There are terms are frequently confusing when mixing processing applied for
solids. The terms are such as binder, dispersant, solvent, and surfactant. The
following definition (Lewis, 1993) might be a reference to understand the meaning of

the terms.

Binder: any cementitious material that is soft at high temperature and hard at room

temperature, used to hold dry powders aggregate together.
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Dispersant agent: a surface active agent added to a suspending medium to promote

uniform and maximum separation of extremely fine solid particles often colloid size.

Solvent: a substance separable of dissolving another substance (solute) to form

uniformly dispersed mixture (solution) at molecular or ionic size level.

Surfactant: any compound that reduce suufaee tension when dissolved in water or

water solution, on which reduees interfacial tenSion-between a liquid and solid.

In fact, the stepssof fabrication of sensor material since mixing step of the
materials up to coating step of composit|e onto electrodes give different meaning. A
typical example is the fabfication of a sen§3r material consisting of MWNT/polymer.
When the dispersant can make compact 'z’;ll*"the particles the dispersants have been
acted as binder (Horn, 1955). When the po_Iymp_r as matrix is dissolved by dispersant,
at that time the dispersant agts as SO]VCHt;_;.’:]; he dispersants could be considered as
surfactants or adhesive agents/when the diéﬁérsants enable composite adhered to

surface of electrode.

2.4.3 Solvents for Polymer

Commaonlysolventscould be classifiedias fellowing(Bart, 2005):

a. Nonpolar solvents (such as hexane and chloromethane)

b. Selvents of low polarity (such astoluene’and chloroform)

c. Aprotic dipolar solvents (such as acetone and N,N dimethylformamide). An
aprotic Solvent is an organic solvent that does not exchange protons with a
substance dissolved in it.

d. Protic and protegenic solvents (such as ethanol and nitronethane). A protic
solvent is a solvent that has a hydrogen atom bound to an oxygen as in a

hydroxyl group or a nitrogen as in an amine group. A protogenic solvent is a
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solvent capable of acting as a proton (hydrogen) donor strongly or weakly
acidic (as a Bronsted acid).
e. Basic solvents (such as pyridine and 1,2 diaminoethane)

f. Acidic solvents (such as 3-methylphenol and butanoic acids)
Polymers may be distinguished on the basis of their solubility:

a. Polymers completely soluble in organie’solvents (e.g. polystyrene)

b. Polymers which dosmot completely disselve in organic solvents but swell
sufficiently to allowextiaction (e.g. low. density polyethylene (LDPE),
polypropylene).

c. Polymers almost completely‘ insoluble. "1 organic solvents (e.g.
polytetrafluoro-ethylene (PTFE)). ,

d. Water-soluble polymen

2.5 Poly(p-phenylene) F/R

#e i Ao

As known over the last decade, ."éogjugated polymers, e.g., poly(para-
phenylene) (PPP), poly(para-phenylene vinylene)s. and- polythiophenes, can be
utilized as the active medium in organic light-emitting diodes (LEDs), light-emitting
electrochemical cells, solar cells, photo detectors, lasers, field effect transistors, and
all polymer-integrated electfonic circuits. Many efforts has been devoted to obtain
real applications of poly(p-phenylene) as a stable blue electroluminescence (EL). The
generation of blue light is of crucialdmportance for red—green—blue,(RGB) full color
light-emitting devices."Moreover, it can be transformed into red‘and green light by

internal or external color conversion (List and Scherf, 2007).

One weakness, however, of PPP is characterized by its total insolubility in
common organic solvents. Until today, no applicable route toward high-quality,
defect-free PPP films is known. Therefore, the approaches that have been investigated
in the past include the use of soluble, nonconjugated precursor polymers and the

electrochemical polymerization of benzene. The solubilization of PPP-type polymers
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was possible by the introduction of alkyl, alkoxy, ester, keto, or ionic side groups in a
“‘hairy rod’’ approach as can be shown in Figure 2.8. Another typical of PPP-type
polymer can be shown in Figure 2.9 (List and Scherf, 2007).

Figure 2. 8 lanitial/synthesis of poly(2,5-dialkyl-1,4-phenylene)
after Schluter and Wegner' (for solubility reasons—R represents
longer n-alkylsWwith ny6-12).

Figure 2. 9 Structure of a para-phenylene ladder polymer (LPPP).

Since the chemical strieture of PPP has double boud that fileans PPP might be
used as sensor materials. In fact, however, the polymer is not available commercially.
Hence to use PPP, the polymer must be synthesized. At least there are two methods
available to synthesize the poly(para-phenylene) or PPP (Saunders, 1997). First
method is polymerization of 1,3-cyclohexadiene with Ziegler—Natta catalyst, and
second one to use benzene to make polymerization. Due to the benzene is easily to
find and cheaper, it is possible to use the second method. The steps of the

polymerization reaction follow step below.
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2.6 Conductivity and Resistivity

The resistance (R) of a material has correlation with its conductivity. When a
material has good conductivity that means its resistance is low and reversely. The

correlation can be expressed as below.
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R=12 (1)

Where

R= Resistance, Q
p = resistivity, 1/Q
/=length, m

. 2
A= cross sectional area, m”.

%ctlvny of materials will change.

The changing can be e its resi can be expressed in eq. (2)

(Smith, 2006).

When sensors work at a ran

2
Where

ar = temperature coeffici

T = temperature of me

Due to mixing so ial might be altered. For electrical

properties, the alteri j'»:j;r----------v--sv------n--;--h--&-ii-ii—s:.k; esented by an equation as

follow:
pi = Aclm-cl) (3)

hee Ais c%llﬂ’é DDA v e s

and host metals. As illustrated, t)flcﬁl of the influence of nickel ipurity addition on
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2003).
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d

P Temperature component

Electrical resistivity
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pR Residual component
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Temperature, K

Figure 2. 10 Typic|al resistivity of copper.

v
To understand the mechanism of eiéctri‘cal conduction in a material it need to
consider the energy-band model of electrc;ﬁ’:s? _There are three types of energy band
related to conduction of electrons. Globally@é'lféchematic of energy-band model can
be seen in Fig. 2.11. In this case; the electrdﬁ's"-ait"higher energy level may descend to

the lowest level. Fig: 2:1-shows-the schematic-of-eneigy-level in single atom.

In Fig 2.11a the valence electron needs large energy to reach conduction band.
The term "band-gap") refers-tosthe enengy difference; betweensthe top of the valence
band and the bottom of the conduction band: In other word the band gap energy is the
energy needed to break a bond in an element, Whenra bond is broken, the electron has
absorbed' enough' energy ito leave ‘thel valence band land 'jump! ‘to_the conduction
band. In semiconductor materials, Fig. 2. 11b, the electrons gain energy at elevated
temperature. The width of the band gap determines the type of material (conductor,

semiconductor, and insulator).
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gure 2. 11 The schematic of energy band for materials.
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2.7 Sensor

Until now the definition of sensor is not so clear. There are several definitions
to explain what the meaning of sensors. Sometimes, the term of sensor is confused by

transducer. Stevenson expresses that
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The American National Standards Institute (ANSI) standard MC6.1 defines a
transducer as "a device which provides a usable output in response to a specific
measurand" (Instrument Society of America, 1975). An output is defined as an
"electrical quantity," and a measurand is "a physical quantity, property, or
condition which is measured." In 1975, the ANSI standard stated that "transducer"
was preferred to "sensor." However, the scientific literature has not generally
adopted the ANSI definitions, and thus currently "sensor" is the most commonly
used term.

According to Nice, 2004:

Transducer is generally-defined as_ a devicesthat converts a signal from one
physical form to corresponding signal having a different physical form. For an
example transducer 1§'a mierophone.

A sensor is generally définéd/as an input device that provides a usable output in
response to a specific physical quantity input. The physical quantity input that is
to be measured called the measurand, affects the sensor in a way that causes a
response represented inoutput. 1

Fraden defines: #

A sensor is defined as a device that receives and responses to a signal or stimulus.
The stimulus is the quantity, property, or cendition that is sensed and converted
into electrical signal. It can-be Said that sensor.is a translator of generally non-
electrical value into an electrical value.

2.8 Gas Sensor

The definition of gas sensor as defined by Wikipedia is a device which detects
the presence of various gases within an area, usually as part of.a system to warn about
gases which might'be harmful to ‘humans or aniinals. Other!source.defines that a
sensor is a device whose output can be quantified and changes with one or more
physical phenomena. This output information can be used for process monitoring and
control. A sensor likes a nose. When humans or animals use nose to detect an
existence of a gas or aroma of something, a sensor works resemble. In other word the

sensor is an imitation nose.
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According to Yamazoe and Miura (1992) that the gas sensor should have two
basic functions i.e. to recognize a particular gas (receptor function) and another
function signal function (transducer function). The receptor function is a capability to
make interaction between sensor material and gas sensed. The transducer function is
the response which can be read from sensor material. In addition, as discussed by
Simon et al. (2001), in a commercial system the sensor comprise of three main parts
such as receptor, transducer, and operation system. A receptor is a part of sensor
which deal object to be sensed. The measutement of physical variables associated
with the resulting form of response allows Cstimation of the physical variables
associated with the input energy. The operation system is intended how to quantize

the response of receptor.

2.9 Several Terms in Sensor Study

There are several terms that should be understoed when reading the discussion
of sensors. The terms: below ate adapted from (labautopedia.com),
(customsensorsolutions.com), and (nap.edu).: «

Analyte: a chemical species targeted for qudfifatiye or quantitative analysis.
Baseline: a reference set of data against whi_c_l}_operating data is compared or the

electrical signal from'a sensor when no analyte is présent, but under otherwise

"standard" conditions.

Response: the time taken by a sensor to approach its true output when subjected to a
step input is sometimes referred to'as its résponse time. It is more usual, however, to
quote a sensor as having a flat response between specified limits of frequency. This is
known sas they/frequency response; and it indicates, that if theysenson is subjected to
sinusoidally oscillating” input” of “constant " amplitude, ‘the output~will faithfully

reproduce a signal proportional to the input.

Response time: this is the time required for a sensor to respond to a step increase in
the analyte gas. Since most sensors approach the final signal asymptotically, response
time is usually defined as the time needed to reach 90% of the final signal (for a given

concentration of gas).
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Recovery time: the time required for a sensor to return to baseline after a response to
an analyte. It is usually expressed as the time for the signal to fall below 10% of the

maximum response.

Sensitivity: the smallest change in a physical quantity or parameter that can be
detected by a measuring system. Determined by signal to noise ratio, system

amplification and / or quantizing limit

2.10 Materials for Gas Sensor

A material is sensitivesto.a kind of gases might not be sensitive or slightly
sensitive to other gases. Fhis part discusses achievementsiin the application of several

materials for gas sensing based on reports from journals and other publishing media.

2.10.1 Semiconductors

Xu et al. (2006) studied the using't';‘f zinc oxide (ZnO) to detect chemicals
such as ethanol, acetone, toluene; benzene, énti‘f'.kylene. In their work they used two
type of ZnO 1i.e. ZnO, nanoparticles and an porous:nanosolid. The sensor materials
were pasted onto aluniina tube then-exposed to chemicais-at different temperature. As
a result ZnO porous nafnosolid shows comparatively high performance than another.
In different method Lee et al. (2005) used semiconductor of tin oxide (SnO,) to study
sensor material-They also prepated two,type of sefisor material with same based. C-
SnO, and P-SnQ, were named to both of materials where the first came from
commercially and the second.from precipitation.of SnCls. The substrate they used
was alumina on which one sidé as'a‘place to paste Sensor material'and-another side as
heater. After exposed to chemicals, the two materials show different sensitivity. In
this case we can not say which one is better because at different condition the
materials give different sensitivity. As to improve the using of SnO,,
Triantofyllopoulou et al., 2008 added Pd on SnO, then exposed to NHs; gas. Within

low concentration of NH; the material shows relatively high sensitivity at 280°C.
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Using tungstic acid powder Srivastava and Jain (2008) prepared sensor
material WOj3 by sol-gel method. The authors described the fabrication of low cost
ammonia sensors by using screen-printing technology. The material pasted onto
alumina substrate attached heater and electrode fingers then sintered at 800°C. As
comparison the material doped with Au, Pt, and Pd. After exposed to NHj3;, WOs3
doped by Pt shows better sensitivity compared to other doping agents.

In humidity case, Jain et al. (1999) iried to use the combination of two metal
oxides such as zirconiumedioxide (ZrO,) and-titanium dioxide (TiO;). With
composition 50% of the material and L-iJr as doping agent, the authors successfully
detect the humidity in allsfange: They also deduced that sintering of material at high

|
temperature influences material sensitivity.

2.10.2 Polymer and Carbon ¥ 4

The combination of CNTs ‘and polymEr as a composite for sensor material
might be seen from report of Valentini et af’ (2003). They reported that the polymer
positioned onto CNTs grown on SisN; has éétéliitial to be sensor material. As shown
the authors work, the conjugated polyme'r';"(frﬁly(3-octylthiophene)—P3OT) on the
CNTs has conductivity tend-to-deerease-as-temperature-incréase. The schematic of the

sensor material can be seen as follow.

SizN,

Figure 2. 12 An electrode from silicon (Valentini et al., 2003).

In the work reported here, Li et al. (2007) used nine regioregular
polythiophene (1r-PTs) based polymers with different side chains, end-groups and
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copolymers. After fabrication the composite they were characterized by measurement
for 10 different volatile organic compounds (VOCs). The results show that end-group
involving in matrix influences the sensitivity of sensor. When the exposed gas has
similar group with compound in matrix the interaction of induced van der Waals push

molecules closer then reduce charging hoping.

Arab et al. (2006) reported that MWNTs grown onto Si wafer can detect
several chemical vapors. They used the vertical growth of aligned carbon nanotubes
on structure surfaces composed by a set of Ni“cleetrodes and SiO; surfaces fraction.
The results show that carbon nanotubes could be efficient in terms of sensibility for
detection of pollutant speciesdikeNH; even at ambient temperature.

In their paper Yu et ali (2006) used multiwall carbon nanotubes (MWNTs)
pasty pasted onto glass substrate. Theﬁ the glass substrate dipped coating in
poly(ethyleneimine) containing 1 wt% water. Using the method, the authors got the
sensor material. To be effeetive they made"‘-é(')—"l"ayer of sensor material on substrate to
sense the humidity. As a result fhe resist-'ci;r,_'lé_e‘_‘increases over the range of 5-97%

relative humidity (RH), and, especially. almost rli-nearly in the range of 5-85% RH.

Athwale et al: (2006) reported that a Pd—polyaniline (Pd—Pani) nanocomposite
has been utilized as a"sensing material for various alcohol vapours. The synthesized
Pd-polyaniline nanocomposite was packed into pellets (diameter 12 mm, thickness 3
mm) by applying a pressure.of 7 tonnes with'the help of a Pye—Unicam system. The
sensing measurements wereperformed by exposing.the sensori(as pellets) to alcohol
vapors in a close glass container. A Pd—Pani nanogemposite was found to be a highly

sensitivéiand selective sensor for imethanol vapors.

Jouve et al. (1995) in their paper reported the gas-sensing properties of
devices using a composite polymer thin film coated onto a glass electrode as shown
in Fig. 2.13. This composite is constituted by a polyethylene matrix in which are
included crystalline metallic salts (tetrathioful-valinium tetracyanoquinodimethane
TIT-TCNQ). The sensor material was deposited on indium tin oxide (ITO)

conductive glass. The structures exhibit interesting responses to absorption in terms
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of magnitude (NO,, humidity), reversibility (CO,, O, or humidity) and response time
(CO).

electrical contact

ll; 2um thickness film of

* LDPE +1.5%wt TTF-TCNQ
Metal y |

e

Polymer == - - Au electrodes

Metal /

k\

cona{mting glass substrate
{ITO layer an the top)

Figure 2. 18 An‘electrode from glass (Jouve et al., 1995).

- -

The preparation of sensor materiaf‘ufrom PPY 1is presented by de Melo et al.
(2005). The method conducted by dlssolved polymer in ferric chloride solution
previously prepared using approprlate solvents Then the pasty deposited onto ITO-

substrate. The sensor comp051te produced ﬂTEl tested using various chemical vapors.

The sensitivity testing,shows that each composne has own sen51t1v1ty depending on

the vapor targeted. Th_ey key words of author conclusion grg .apolar and polar vapor.
The potential of carbon black as filler,in polymér is presented by a report of
Quercia et al. (2005). The authors used dispersion method 10, be involved filler in
polymer. A sutprised result, that the combination of poly(methyl methacrylate)
(PMMA), andvakindyoficarborblack (CB) asfilley showorelatively better sensitivity
than CNTs as filler. The explanation of this result addressed to affinity between
matrix and solvent targeted. Similarly, but using complex dissolution Zeng et al.
(2007) used CB and polymer to get the CB/B-CD-block-PDEA copolymer
composites. The sensor material fabricated exhibits sensitive to CH,Cl,, CHClIs,

benzene, and tetra hydro furan (THF) vapor.
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Arshak and Gaidan (2006) investigated an array of thick-films gas sensors
made from polymer, iron oxide and manganese oxide. The first step was preparation
of iron and manganese oxide followed by mixing 5% polyvinyl butyral (PVB). Then
the CB dissolved into the solution. Next films were printed onto glass substrates with
silver electrodes. The sensor material with certain composition was more sensitive to

alcohols and toluene.

It was reported that the introduction of electron donating groups to the
tetraphenyl-porphyrins (TPPH») molecule eénhanced its sensitivity, probably due to
the increase of the electron density or basicity at the central nitrogens. In this study,
Itagaki et al. (2005) used=TPPH, and its OCH; OH and COOH substituted
derivatives dispersed in am‘ethyl-¢cllulose (EC) matrix to form a porphyrin—polymer
composite film. In their method EC" and porsphyrins were dissolved in
ethanol/toluene mixture (8:2) followed Elyd_addition of plasticizer. The composite
produced then depositedionto alimina subét_rate. Exposing to NO; and SO, gas result

the sensor material has relatively high sensiﬁ;\‘/i-‘f—y to NO;, than another.

The metal oxides films are Widely;lli_fs__e_c_l_for CO, aromatic hydrocarbon and
NO,, gas-sensing applications, but such sensofs fnostly lack selectivity and operate at
high temperatures (300;500 °C). Ram et al. (2005a) focused on the use of organized
ultrathin films of conducting polymers and their nanocomposites. Two approaches of
fabrication sensor material=were conducted such as layer-by-layer or in situ self
assembled film' @ of. polymer | and @ nanocomposite of SnO,/polymer. Through
consecutives step of fabrication the authors finally got the sensor material and test it.
The authors conclude " that "the - tegiorandom-polyhexylthiophene “(rr-PHTh)/SnO,
composite have a good potential to recognize NO, in ppb concentration. Based on
this experience, Ram et al. (2005b) made an attempt to fabricate CO gas sensor using
highly organized ultrathin films of polyaniline (PANI) nanocomposite. Their
approach focuses on the fabrication, characterization and application of PANI-SnO,
and PANI-TiO; nanocomposite film for CO gas sensing application. As a result,
PANI-SnO; seems comparatively high sensitivity than another when exposed to CO.

Then Tai et al. (2008) reported that polyaniline/titanium dioxide (PANI/TiO,)
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nanocomposite thin films could be wused as sensor material. PANI/TiO,
nanocomposite thin films were synthesized by in situ self-assembly technique in the
presence of colloidal TiO, with a dip-coater. The material then deposited onto silicon
substrate. The exposing NH3 on sensor material exhibits sensitivity of the PANI/TiO,
composite, which also exhibited good reproducibility, selectivity and long-term

stability.

Tillman et al. (2003). successfully enhanced sensitivity towards volatile
carboxylic acid vapors. Thesensor material consists of linear poly(ethylenimine) (/-
PEI) and CB with ethanol.as dispersaht. The material deposited onto insulating
substrate. The results exhabit that exposed to acetic acid vapor pushes high sensitivity.
The less content of CB.an polymer respé)nse of composite will be low. Using CB-
based Li et al. (2003) focused on the ré§§bnse performance of carbon black filled
polystyrene composites wyarious organig vapor environments. The polystyrene
composites studied in their work are synthés__izgd by in-situ polymerization of styrene
at presence of carbon blaek particulates. CB_;.piolntent and type of vapor are among the
factors which are influencing the performande’(;)i-'material Sensor.

Dong et al. (2004) investigated electrical resistance responses of amorphous
polymer composites ‘against various organic vapors at low concentrations. The sensor
material was fabricated using polymerization-filled carbon black to produce carbon
black/poly (butyl methactylate) (CB/PBMA) composite. The sensor material
deposited onto glass¢strip on which two cepper, wires interval 1 mm attached. The
experimental results indicate that the composites._have high selectivity to various
organicgvapors. In addition, composites can be used as a novel grgani¢ vapor sensor

to detect, quantify and discriminate various organic vapors.

Hu et al. (2004) considered that the coexisting nonpolar and polar segments
on polyurethane chains will be quite sensitive to organic solvent vapors regardless of
their polarities as characterized by the drastic changes in conductivity. To prove this
assumption the author employed carbon black (CB) as filler in waterborne

polyurethane (WPU). The composite then deposited onto epoxy substrate then put
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inside a conical flask. Using eighteen solvent vapors, the sensor material exhibit its
sensitivity to both polar and non-polar vapor. In their report, Chen et al. (2005) used
same composite and method as previous to investigate the effect of temperature and
vapor pressure on sensitivity. There were more than ten solvent vapor with different
polarity exposed to the sensor material. As a conclusion, that at a given temperature,
maximum of responsivity decreases when vapor pressure decreases. As to continue
their work, the authors (Chen et al., 2006) reported the using of same composite such
as CB/WPU composite. However the authors: focus on the influence of both
crosslingking and uncrosslingking in sensitivity.-fhe crosslinking of the composite
fabricated by addition Isgpherone diisoéyanate (ITPDI) onto the CB/WPU composite.
Exposing to solvent vapor shows that crosslingking CB/WPU composite more
sensitive than uncrosslingking: While with other polymer Kim et al. (2007) presents a
bubbler-based sensor measurcment sys.t_q;;n that allows timed flow injection of
gaseous volatile organic compounds (VO?S)‘ in a wide analyte concentration range.
The sensor material comprise ©f carbon E_l_aqk (CB) filled poly(vinyl pyrrolidone)
(PVP) and poly(methyl ‘methacrylate) (PMMA) were put inside a measurement
system. By using the bubbler with a perfdrétfej.d ceramic disk, the analyte flux be
regulated over a wide concentration range.r Th_e generated analytes were efficiently
diluted by two-step dilution process, and delivered into-a detection chamber. To
employ CB and to prépare a novel gas sensor with selective sensitivity, Zeng et al.
(2007)  fabricated -.carbon  black  (CB)-filled.© waterborne-cyclodextrin-
blockpolydiethylene glycoldiexandioic ester‘copolymer (abbreviated to waterborne f3-
CD-block-PDEA copolymer) composites. In the sensitivity measurement the author
used similar method conducted by Chen et al. (2006). The author,found that electric
resistange of the [composites remarkably increased! upon exposure to vapors of low
permittivity (like chloroform and tetrahydrofuran), while nearly no response can be
detected to vapors of high permittivity (like water and methanol). What is more
interesting 1s that the composite maximum responsivity was correlated to the

molecular size of vapors of low permittivity on a half-logarithmic scale.

On the basis of conductivity networks analyses, Li et al. (2006) presented

their work focused on the evaluation of the interfacial interaction in carbon black
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filled amphiphilic tri-block copolymers of polystyrene-b-poly(ethylene glycol)-b-
polystyrene (PSPEG-PS). The sensor material produced exhibit sensitivity on several
solvent vapors. In this case activation energy on interface is independence to CB

content.

Studies have shown that different materials of sensor electrodes affect the
properties of sensor devices. Ma et al. (2006) made polythiophene composite film
formed via in situ polymerization at room temperature. The sensor material deposited
onto interdigital carbon electrodes immersed int6 the monomer—oxidant contained
mixture of a small amount of boron trifluoride ctherate. Examinations on the gas
sensitivity of polythiophene-composite film to a series of vapors were carried out. It
was found that the film shewed good sensitivity to ammonia, as well as fast response
and good reproducibility.

Surface modification of the carbon"lnanotubes plays an important role for their
utilization in various applications. Theréféré"- Vedala et al. (2004) in this study
produced single-wall and multiwalt nanotu-fl);s;.hy grown on a 1 cm? silicon dioxide
substrate using chemical vapor deposition (CVD) The surface of grown nanotubes
was modified by polyyinyl alcohol (PVOH) an-d the wettability on nanotubes. This
fictionalization tends to change the surface of nanotiibés into hydrophilic thus

increasing its sensitivity.

It is repotted ithat Zhangiet: alg (2006) diseussed .asnew class of conductive
composites with,good gas sensitivity ' was'fabricated by filling polystyrene with vapor
grown carbon, nanofibers (VGCNF). Polystyrené~and VGCNF Wwere mixing using
sonication. /Then the composites were. deposited: onto ‘glass substrate. Finally to
measure the sensitivity, the glass substrate put in a sealed glass vessel. The AVGCNF
(6.25 wt.%)/polystyrene composite shows good candidate for gas sensor. Similarly,
carbon nanofiber (CNF)/polypyrrole (PPy) coaxial nanocables were successfully
fabricated via one-step vapor deposition polymerization (VDP) by Jang et al. (2007).
The author’s motivation of this study is to deposit a uniform and ultrathin PPy layer

onto the CNF surface by one step VDP method and to investigate the feasibility of
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CNF/PPy coaxial nanocables as a highly sensitive sensor. Gases recognized were

NHj; and HCL.

There is a vast literature associated with the use of carbon nanotubes (CNTs)
or carbon nanofibers (CNFs). Li et al 2008 reported their study about the gas-sensing
properties of two GCNF- polymer brushes, GCNF—poly(n-butyl acrylate), GCNF—
PBA and GCNF-—poly(acrylic acid); GCNE-PAA. Based on sensing measurement,
detection NH3 using GCNF-PAA composite occurs almost 1000 times compared to

detection to other chemical vapors.

In this paper Mill et.al (2007) applied their original concept of micro resistor
sensor (UR) and quartz caystal’ microbalance (QCM) sensor to measure changes in
mass and volume, in responseto/different odorants. First of all polymer solution was
prepared followed by mixing with CB-‘usjng sonication. Then the pasty was
deposited onto puR and QCM. Comparlson of the magnitude of the response of the
sensors with the thickness of the polymer ﬁlm in each case suggested that the
response of the QCM sensors was linked to tﬁe polymer thickness, whereas that of the

KR sensors was independent of thickness.

It is known that a kind of polymer poly(3.4-ethylenedioxythiophene)/poly-
(styrene sulfonate) (PEDOT/PSS) received sustained interest in recent years as one of
the most stable conducting polymers. Hence, Dan et al (2007) measured the
electronic properties and gas sensing response of nanowires containing segments of
PEDOT/PSS. Considering the results of sensitivity the sensor material has good
sensitivity to the janalyte, rapid,résponse and recovery, and excelient reproducibility,

both in tithe and between samples, under ambient conditions.

The aim of Sartore (Sartore et al., 2005) in their work is the development of
vapor detectors formed from composites of conductive carbon black and insulating
organic multifunctional polymers having metal ions complexing ability. The
polymer-based in the author work was poly(amidoamine)s (PAAs). The all
composites were deposited onto quartz microbalance (QCM). Based on sensitivity

measurements, the sensor material is relatively high sensitive to amines group.
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This paper describes a high-performance system set-up for measurements with
gas sensitive polymeric layers. Fort et al. (2005) deposited the polymeric films on
prototypal quartz crystal microbalance (QCM) sensors that allow both quartz
frequency resonance variation and polymer resistance measurements. The polymer
were poly(3,3’-dipentoxy-2,2’-bithiophene) (dimmer) and poly(3,3’-dipentoxy-
2,2’:5,2”-terthiophene) (trimmer) with different dopants. The results exhibit its

sensitivity to alcohol vapor and CO gas.

Kulkarni et al. (2006) reported the using of Poly(N-methyl aniline) (PNMA),
doped with different acids (vaz. HCl, HCIO,4, H;PO4, H;BO; and acetic acid). After
synthesizing by a chemicalpolymerization method using ammonium persulphate as
an oxidizing agent, th¢ sefsof material” fabricated in pellet form. For testing the
authors put the pellet in‘a glass'.chamber. As a result the PNMA doped by H3PO4 was
the best sensing responsgcompared than other dopants.

In this paper Santhanam et al.,--l:__-(iZ;(.)](_‘)S) reported the utilization novel
nanocomposite material made up of multﬁyé{led carbon nanotubes and poly (3-
methylthiophene) which is sensitive to chl‘c‘)f(-)ﬁi_e;[hanes. The 3-methylthiopene was
mixed with MWNTS Which previously functionalized. The solution then added by
polyethylene oxide followed by dropping acetonitrile to get pasty. Sensitivity
measurement conducted ,by deposited pasty, onto polymer substrate. In fact, the

material sensor ¢an discriminate between methane and chleromethane.

In, thepresent, work, \Chencet aly (2005) fabricatedajcomposite of polypyrrole
(Ppy) and MWNTs. " In this work, the authors used vapor phase polymerization to
fabricate the sensor material. A glass substrate with gold electrode was used to put the
sensor material. The gas sensitive characteristics of the composite to NH; vapor over
a wide range of concentrations were investigated at room temperature, and the effect
of the oxidizing agents and dopants on its sensing behavior was also studied. Three
type sensor materials were prepared such as pure MWNTs, pure PPy, and composite.

As a result that the composite shows a higher sensitivity than both Ppy and MWNTs
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separately in the detection of NH; vapor over a wide range of concentrations at room

temperature.

In this paper, Horrillo et al., (2004) compares the obtained experimental
results with surface acoustic wave sensor (SAW) devices coated with three different
polymers,  polydimethylsiloxane = (PDMS),  polybutadiene @ (PBD) and
polyetherurethane (PEUT). The composites were deposited on quartz substrate (9 x 4
x 0.5 mm). The targeted gases were low eomncentrations of three volatile organic
compounds (VOCs): octane, toluene and ptopamal. The polymer type and thickness
and so as the test gas naturé have a great influence on the sensitivity and selectivity of

this sensor type.

Wanekaya et al’(2005) have fabrieated and tested a multiarray polymer sensor
by integrating the sensor amray with a ga__s cl_lromatograph. They also compared the
performance of the system with'a contemﬁo;ary thermoconductivity detector for the
identification and detection of different Voi'atiTe organic compounds (VOCs). These
sensor arrays were not only able to déféth the different compounds but also

dor ir Ao

demonstrated a very wide linear response to the amounts of VOCs exposure.

2.10.3 Carbon Nanotubes

In this paper, Li et 'al,, (2006) describe the production of MWNTs produced by
a CVD method, using asemi-automatic rotating procedure. Li gt al. then investigated
the tensile properties and NHj sensing behavior of the material within 50-1000 ppm.
Using ‘same. method +to “produce; MWNTSs," loneseu | et al.| (2006) reported the
responsiveness of MWNTs in gas sensing. The material produced put on the plasma
treatment. After that the MWNTSs were put on the substrate which can be seen in the
Fig. 2.14. The results exhibit relatively sensitive to NO, and NHj3 in ppb scale.



41

Lucci et al. (2005
nanotubes (SWNT) ord

was to disperse the nano
tracks of multifinger
targeted gas was detectc
(2006) reported detection
using gate voltage as ope ted,-ﬁ' .dlffer

material enable detect up to 2 ppmﬁ‘}l@;%ation.

fabrication and performance

ensor base@on films of SWNT bundles

In this pape;i'- arikh et al.
characteristics of a robjt and flexi
deposited directly from’ aqueous surfactant supported dispersions on plastic

substrtes, sedobil, 215 T40) BHPATT P& T make comparison

SWNT/PET andCB/PET composr[% It seems that first compos1te more sensitive

o TR TN TN Yo

the figure below.



)

t‘ 2
Figure 2. 1 / forial Boated onto a plastic (Parikh et al.
2006). PEET

Quang et al. (2006) in t eir stﬁdy Sr’eports the effects of temperature and NHj3
adsorption on the electrical pr pertles of SWNT bundles. A certain mount of SWNT
dispersed in terpenieol Cj 7QH The sensf&if}ty measurement was applied to NHj
within 0-60 ppm and temperature up to 356%‘ I;Fhey concluded that SWNT cmight

be semiconductive below 100°C and transform to metallic over than 100°C.

"s-- —= o

In the prese'nd‘at“II §tudy, Suehiro et al. (2006) e:ilored the possibility of
electrokinetic mampulatron of singlewalled carbon “nanohorns (SWNHSs). The
SWNHs differs-from' GNTS.\Hence' the /authot’ makes‘compatison SWNT, MWNTs,
and SWNHs. Adl nanoparticles were dispersed in ethanol then ultrasonication for 60
minutes., The: pasty from, this..soelution .deposifed ,onto ~glass substrate using
photolithography' method.! The-sensor ‘material exhibits' geod semnsitivity in range 10

ppm of NH; and NO; gasses.

In this work, the authors perform a combined experimental and theoretical
study on CNT-based systems for gas sensing applications. In particular, Valentini et
al. (2004a) used aligned nanotubes which deposited onto Si3N4/Si substrate patterned
with platinum by pulsed plasma enhanced chemical vapor deposition (PECVD). The

measurement of sensitivity exhibits sensor material has good response to NO; in low
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concentration. Next work Valentini et al. (2004b) reports the electrical response of
carbon nanotubes (CNTs) thin films to NO,, CO, NH3, H,O and C,HsOH. The sensor
material was grown on Si3N4/Si substrate using radiofrequency plasma enhanced
chemical vapour deposition (r.f. PECVD) method. The electrical response has been
measured exposing the films to the interfering gases at different operating
temperatures between 25 and 250°C. Upon exposure to NO, (10-100 parts-per-billion
(ppb)) the electrical resistance of CNT\S i jound to decrease. The exposing to water

)é/a‘yrate, Nguyen et al. (2007) reported

that the CNTs growth wa.-s-‘-‘a}';hjevedjy deﬁnsition of acetylene (C,H,) on
sputtered Ni catalyst nangparticles .
of the gas sensor basecl;@lﬁzS

concentrations by the c

vapor exhibits as well as NO,. Onto simil

rfaces on Siwafer. The resistance measurement

ied out at room temperature with various gas

technique.
NEY

In this report,Paez ctia ‘(27?0 ) dg,monstrated that films of aligned CNx

-

nanotubes as shown in could adt as fast responsive sensors. The authors

synthesized CNTs using thermo- Iyzmg bfé}lfyfamme (PhCH,NH») and ferrocene as

alJ

catalyst. Two forms of sensor faﬁwated?ﬁtypt is compress pellet and second
films of aligned CNx nanotubes. Eﬁﬁ senserut inside a sealed pyrex container then

..—.a‘_,.-r -_.-' e

chemical vapor ﬂowethm regulated by niass flow controllgg‘

Figure 2. 16 Carbon nanotubes compressed as sensor material
(Paez et al., 2006).
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2.10.4 Semiconductor and Carbon

In order to investigate the feasibility of combining the gas sensing
characteristics of CNTs and WOs films, Bittencourt et al. (2006) used combination of
CNTs and WOs;. The Si3N4/Si substrate was used in the author’s work. There were
three type sensor material prepared. Of the three materials, hybrids films with content
slight of MWNTs exhibit gooed response f0/N©O,, NH;, and CO. Similar method
conducted by Cho et al. (2006) and represented-their work growing vertical MWNTSs
on a thin cobalt catalyst layer patterned by conventional photolithography between
two parallel patterned cle€trodes..As substrate was Si wafer. Onto the Si wafer SiO;
was thermally grown followed by Si3N.. IP_'inally the MWNTs with cobalt catalyst was
grown using CVD method. ‘e

Valentini et al. (2004¢) reported re;ults obtained for self-assembled CNT thin
films prepared by pulsed radiofrequéncy plasma enhanced chemical vapor deposition
(PECVD) glow discharge investigating th-é__- Ti'gﬂuence of oxygen exposure on the
CNTs’ sensitivity to CHy gas at room tempeJ@tﬁ_re. Then they discussed the important
effect of both structural defeéts and oxyéé; rvapor on the carbon nanotubes

conductivity.

Wei et al (2004) reported the fabrication involved heat-treating the
SWNTs/SnO; layen, which~was fabricated:byuspim ¢oating, using an organometallic
solution of dispersed with SWNTS. The hybrid ‘Sensor' is utilized to detect NO,
concentrations in flowing air or.Np, by.considering alterations.in electrical properties.
The tests'using an electrode asShown iFig. 2.17 dre performed dt'room temperature.
With different method Liu et al. (2006) reported that a compound material of multi-
walled carbon nanotubes (MWNTSs) coated with SnO; could be used as sensor
candidate. In their method, MWNTs were produced by the catalytic pyrolysis of
methane on Ni catalyst at 450 °C. The MWNTs then dispersed in solution comprised
of SnCl,, H,O, and HCI. To make pasty the solution dispersed in terpineol then the
pasty deposited onto alumina substrate. The ethanol vapor and LPG were used as

targeted of sensor material.
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Figure 2. 17 An elécifode from ceramic with interdigitated lines

(Wei et al., 2000). ‘s yr
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In their paper, Hieu et al. (2008) Fresented their research on gas-sensing
properties of SnO/MWNT comp0s1tes The objectwe of the author was to take

advantage of both SnO, and CNTs to develcrp room temperature gas sensors to detect

NH; gas. The commereial MWNTs with dlfferent d1ameter and cetyltrimethyl

ammonium bromlde-were added and dispersed in the Sn02 dispersion by ultrasonic
vibration for about 1 h to obtain a wellmixed suspenswn The sensor material was
deposited onto hotplaté substrate then put, inside a glass chamber. The results of
exposing to NHs exhibit much better tesponse and shorter résponse-recovery time,

compared to those of the sensors based on the SnO, or CNTs material alone.

Chen et al."(2000) studied the morphology and gas sensitive properties of
composite films. Graphite and carbon-black particles are dispersed in a silicone
rubber solution respectively. The dispersion was printed on ceramic substrates with
evaporated Al electrodes and then vulcanized and dried at specific temperature. The

results show response speed of sensor is related to morphology of composite films.
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2.10.5 Tungsten and Tungsten Oxide

Molecularly tungsten (W) has a structure so called as body-centered cubic

which can be seen in Fig 2.18.

¢s, body-centered cubic.

\!
\
M\

, , ity . .. o
Besides some of the crystal cture. consists of monoclinic and triclinic

. inas.
system as can be seen in Fig 2.19with

attern of X-ray diffraction as shown in
Lot ) o % S
Fig 2.20 (Smith andi Hashé"nﬂ’,/ %@6 . The numbers above the peaks in Fig 2.20

indicate the lattice poi

Triclinic X Monoclinic
a#zf+r,azb#c a=pB=90° (B;a=b=c)

Figure 2. 19 Triclinic and monoclinic structure.
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Figire2. 20 X—yay j(*,E;?.fraction for tungsten.

Although pure tungsten has high !rdﬁelting point, 3422°C, tungsten in oxide
form i.e. tungsten oxide (WOs3) has low -fm-eltmg point, 1473°C (Wikipedia.org).
Typically, the X-ray diffraction (XRD) pattemdf WO; could be showed in Fig. 2.21.
The detailed discussion about the peaks related to tungsten oxide can be referred to
International JCPDS databaseli-the-database-oie-caii 1nterpret the peaks shown by
X-ray diffraction (Slbuyl, 2006).

The using of WO35 asssensor materidl-has been acknowledged (Papadopoulos
et al., 1996). Severalifactorssshould be considered when employing tungsten oxide as
sensor material such as thickness, dopant type, doping method, deposition
temperature, annealing, procedure and operating temperature (Marquis and Vetelino,

2001). Those factors influence the sensitivity of WO3 ad sensor material.
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Experimentally there are several r_@hgds to get tungsten oxide. Among
methods are arch and dischargé Vaporization- of tungsten’metal (Solis et al., 2001),
sol-gel (Galastis et al.,- 2001) precursor mixing (Tanaka ct al., 2004), precipitation

(Supothina et al., 2006, Balazsi ¢t al.; 2008).

Based on many teports /it (is| known' that tuhgstefijoxide and its composite
sensitive to certain gasses. Marquis et al. and Balazi et al. report that NO and NHj
easily detected by WO;, Besides,.H,S (Solis, et.al.; 2008), NO, (Jirf et al., 2005), O,,
CO, (Galastis'et al,200T) are gasses'whichalso could be detected.

To take benefit of WO; characteristics, some composite materials
incorporated with polymer has been developed and investigated (Parvatikar et al.,

2006, Patil et al., 2008, Bittencourt et al., 2006).



CHAPTER 111

EXPERIMENTAL

In this chapter how to synthesize, characterize, and measure response of

sensor materials will be discussed.

y |

3.1 Carbon Nanotubes and Chemicals

a. MWOCNTSs. Areund ten years ago the price of CNTs per gram was very
high. In line with time the price'is going to be low. The decreasing of the
price might*caused by many ili?ti}utions or research center can synthesize
carbon nanotubes they self. Itii_s” known that at least the CNTs can be
synthesized thgough three meﬁfﬁédg (Lau and Hui, 2002) such as arch
discharge, chemigal vapor depesition (CVD), or laser ablation. In CEPT
laboratory, MWNTs :‘canr be synﬁ:r;e_;'féed using pyrolysis or arc discharge
method. To get much of inforrn-ejlt-{(;iilm related to involving of MWNTs in
composite 1t is required a lot of MWNTSs. The material could be used to
observe its si;rface or to employ in polymer matrix. Since limitation time
the use of MWNT- synthesized in lab-scale :is not possible. Purification
and characterization leads the use of MWNTs-syfithesized need so much
of efforts. Therefore employing of commercial of MWNTs could be
effectively. (Fortunately, the commerctal of i MWNT s produced by Bayer
Co. couldbe procured from NANOTEC trough™Aj. Apinan:

Fig. 3.1 shows the micrograph of MWNTs used in this work. Fig. 3.2
shows the XRD pattern of MWNTs of Bayer Co. The peak occurs within
20 angle in range of 20-30° explaining MWNTs.
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Figure3.1M UNTSs of Bayer Co. () SEM, (b) TEM.
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b. Poly(p-phenylene) (PPP) This material is not available commercially.

C.

The polymer must be synthesized using the procedure as reported by (
Kunanuruksapong and Sirivat, 2007).

Benzene (C¢Hg) Benzene is a monomer to produce PPP purchased from

Panreac, Spain.
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d. Cupric Chloride (CuCl;) and Aluminum Chloride (Al,O3) are catalyst
bought from Riedel de Haen, Germany.

e. Ammonium tungstate parapentahydrate (ATP), (NH4);0W,04.15H,0

purchased from Wakao was used as precursor for tungsten oxide.

f. Nitrogen purchase ‘ )try Gas (TIG)
| ——

g. Sensing gas ed as-sensing gas are alcohols, toluene,

3.2 Apparatus

Apparatus required
a. A three neck glass
b. A water bath

c. A separation funn
d. Electric st :;

e. Thermometer:

f. pH indicators

T AN TNEIN T
RTNINIUNNINIAY
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3.3 Synthesizing Procedures

3.3.1 Synthesizing of Poly(p-phenylene)

The synthesizing of poly(p-phenylene) (PPP) was carried out based on a

report written by Kunarunuksapong and Sirivat (2007). The procedures are following.

Amount of benzene, AlCl;, and CuCl,with certain ratio were dropt into a
three-neck flask. Temperature in the flask was kept around 35-37°C using a water
bath. The reactant and catalysts.were kept for 2-3 h as the schematic of synthesizing
system shown in Fig.-3:3. Aftcr a periqld of time the black-solid product removed

from reactor then cooled'to 5°C4

)

Figure 3. 3 Schematic.of PPP synthesizing,

The black-solid product thenwashed by 18% HCI solution®Up to this step the
color ofproduct slowly changed to brown-powder. After that,, the' brown-powder
(PPP) was washed with boiling 18% HCI solutions until the washing solution was
colorless. The poly(p-phenylene) powder was finally washed with hot water until the
washings had a pH of 7. The pH papers used to make sure the solution is not acidy.
The poly(p-phenylene) was filtered out by a funnel and the final product can be seen
in Fig. 3.4.
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Production of - three methods. First method

precursor without pretr n Fig. 3.5. Second method,
precursor- pretreated was erol and ferocene then the material
were placed as shown Fig. 3.5 ailar to second method but sintered

with glycerol and ferocen

A furnace wiim quartz tube has been used ﬂ sintering the ATP. The

1T IR WIS
amﬁ\ammuwmmé’a

—

schematic of the

Precursor (APT) Furnace

30cm

Figure 3. 5 Schematic of the furnace for sintering tungtate oxide.
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Before sintering the temperature profile has been measured. Fig 3.6 shows the

temperature profile around the furnace.

1000 -
800 4
600 4

400

Temperature oC

200 1

Inside of Furnace

T 1
0 10 20 30 40 50 60

1
Distance from one of furnace tips

Figure 3. 6 Temperature pfoﬁleiriéide of the tube.
‘:J Fl

Pretreatment procedurg was conducted as follow. In a small vial amount of
one gram ATP mixed with @ne. mﬂhhter of HCI 37%. The solution then sonicated
within 30 minutes. After that the vial put 1nan oven to vaporize the acid. In this case

we used temperature 150 °C w1th1n 20 mlnutes The product was solid with yellow

color. A part of product was separated and put in a small pot then put inside the

furnace as shown in F1g 3 5.

Carbon nanotubes (CNTs) to be composed with tungsten oxide were coming
from pyrolysis method. The procedure of synthesizing is firstly lying on ATP boat
inside quartz-tube as,shown Fig 315! Them temperature)at middle ofifurnace was set
900°C and nitrogen flow in the tube with 175 mL/min.’ Therefore thé temperature at
the boat position was 740°C. When temperature was stable within 1 h, the mixture
consists of glycerol and ferocene as catalyst with mole ratio 10:1 put in quartz tube as

shown in Fig 3.5. After a night the products were taken out.
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3.3.4 Characterization and Measurement

a. To confirm of PPP the characterization of polymer was conducted using
FTIR with model PerkinElmer.

b. The observation on surface of sensing film was conducted using SEM.

c. Bruker AXS D8 Discover X-ray diffractometer (XRD) was employed to
observe the structural of W03

|
d. Thermo gravimetric analy31s (T, % ; conducted using Mettler Toledo,

TS0801 RO TGA/S@%I Wltht

e rate of 20°C/min.
.,1_____‘

-

#

Ld)i#s "'in c% casi tlme for mixing was considered.
u%r"
Fig. 3.7 shows the mixture in a srﬁaﬂ—wal ultrasonic probe. This procedure was

also conducted to fabr;fate sensor materrai ﬁJr "W 03 :

Figure 3. 7 The solution under the sonication probe.
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3.5.2 Coating the Sensor Material onto the Electrode

At least there are three kind of substrate for fabrication sensor. The
researchers used silicon as substrate to fabricate the sensor (Ma et al., 2006),
(Valentini et al., 2004). Another researcher used plastic (Lucci et al., 2005),
(Valentini et al., 2004), (Chen et al., 2005) And other used glass (Arshak and Gaidan.,
2006), (Merkoci et al., 2005 ). In this sq‘ud?( we used plastic as the substrate.

In this experiment the substrate wa-ts'"@/matf:q.from printed circuit board (PCB)

— < ——
plastic, see Fig 3.8. The solution-got from previous step then coated onto electrodes.

The electrode is a rectan

1.0Onto the substrate there are two metal strips with
distance one millimeter
metal strips, see in Fig. 3

—_—
coated put into an oven a or sevg&al.;hours. Every hour the resistance of the
o

sensor material was checked u vng .di‘gitahi'/ft,rflul_timeter. When the resistance constant

f 4 F;‘ i FER 1',"‘ -l‘:
r to ayvoid eontaminated by environmental. The two

Al e Y

the electrode put in a desi

metal strips then connected o the measurement, system. The electrode then lay in a
Fip S

glass chamber in which gas serilﬁs_ing?yill bq?&:;ég‘s_e_d.

A £
‘E'J - [
4 i)

Figure 3. 8 The real electrode before coating.
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Metal strip

/ \ Plastic

Sensor Material

B i
Figure 3.9 Sc - . iew, (b) cross
section view s
» A
A
9
3.5.3 Data Recorder ..Mff
A -
To measure the sensitivity of mate: icated, first of all the electrode was
mounted on syste 10. Before exposed to
chemical vapors th educe disturbances from

environmental. After-that, the heater underneath of glass chamber then turned-on

until temperature,at the b€§" of chamber 70-80 °C. This will cause the temperature
inside the charﬂruﬁli %l Mng%e gl]vf;l ﬁected to the chamber
U

then waited a view minutes in order @ll chemical yaporized. Finally the electrode was

oSV RN |15 B VISR v

electrode was pull out then inserted again periodically.
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Computer

Figure 3. lﬂmren?:nt @ sensing analytes.

. _\\

The responses of ded automatic by a computer connected to
sensor. In this case a di ; -9995, see Fig. 3.11, has
connecting system to ing a software accessory of the
digital multimeter the ically when the multimeter

turned-on. The recorded d > Save converted to an excel file.

Figure 3. 11 The digital multimeter used in this work.



CHAPTER IV
RESULTS AND DISCUSSION

In this chapter the results of experiment will be presented into several sub
chapters. The sub chapters are: influence of MWNTSs content on initial resistance,
effect of sonication, effect-of terpineol content,.and response of sensor material to
other chemical vapor. The diseussion about tungsten.oxide is put at the final part.

4.1 Influence of MWNTs/Contenton Resistance of MWNT/PPP Composite

Basically every imaterial has its. own electrical resistance. Data of the
resistance can be seen in many handbooks. The magnitude of resistance of a material
depends on the molecules configuration of the material. It has been known that if a

material has molecular structure fike metal its electrical resistance tends to be low.

Due to a certath objective, electrical resistance of materials can be modified.
The modification can“increase or decrease the resistance of a material. The simple
way to modify resistance of a material 1s by mixing the material with another material
which has different resistance. Another way-is applying chemicals which are called
dopant. The additien of dopantsito a materiali will praduce a material with new

electrical properties.

To use a material as a gas sensor, a material must have a specific resistance. In
short, the material should have measurable resistance. When the material cannot be
identified its resistance, it is difficult to utilize the material as sensor. In fact, the

fluctuation of resistance or conductivity plays main role in sensor system.

Generally a polymer is an insulator which has relatively high resistance.
However, around two decades ago it has been discovered a new kind of polymer
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which is conductive. The discovering has been a mile stone for development
application of polymers in electronic. Nowadays it is known that the conductive

polymer normally have double ring in its structure.

If we see from the structure of polymer, PPP has double ring in its structure.
That means the polymer is potential to be conductive. By involving a dopant such as
arsenic fluoride (AsFs) the resistance of PPP will decrease. Due to AsFs is very toxic
and harmful it is unreasonable to employ.the dopant. However, the involving of
MWNTs into PPP can also-decrease the resistanee of the polymer. In this case the

MWNTs become a reinforcing phase of PPP. matrix.

MWNTs is an allotrope 0F carbon. This material was popularized by lijima
almost twenty years agos Both 0f single'éérbon nanotubes (SWNTs) and MWNTSs
have been used as sensor material. As single component, however, the CNTs can only
be used for sensing certain gasses or chemical vapors. If we want to utilize the
tremendous property of the CNTs 10 various gasses we must employ it with other
material. In this moment it'Seemis the MWNTS favor to be involved with PPP to get

sensor composite.

The using of ‘an allotrope carbon as additional material to polymers is not new
news. Many researchers'have reported involving allotropes carbon, especially carbon
black (CB), to get a specifie mechanical praperty of polymer. Besides, the carbon
black has also been used asq part of sensor material with polymers. As a result the

performance of polymer composite shows favor results.

What has been achieved by CB/polymer composite is an appreciated work.
Since carbon nanoparticles (CNP) have a unique property both electrical and
mechanical, scientists devote their efforts to investigate CNP composite for several
applications. Wang et al. (2007) has discussed the using of fullerene, Cgo in polymer
to be applied in photoconductivity, photorefractivity, photovoltaic cell, and optic

liming.
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In our experiment, before use MWNT/PPP as sensor material we investigate
the influence of content percentage of MWNTSs. The measurement of resistance with
different content of MWNTS is presented in Fig. 4.1.

As shown in the figure when PPP without MWNTSs the resistance of the
polymer could not be detected by our digital multimeter. By involving 5 wt.% of
MWNTs the resistance of composite. measured within two thousands kQ. It might be
deduced that the threshold of electrical resiStance occurs between 0-5 wt.% of
MWNTSs. The content of 20-25 wt.% leaves the-resistance of composite tend to be
constant. In the figure, addition-up to 10 wit.% exhibits changing of resistance
dramatically. These results as similar trend with other report using different
material. It is reported”byKymakis €t al. (2002) that the mixing of poly(3-
octylthiophene) (PO3T) and more than 12 Wt.% of SWNT exerts the conductivity of
polymer increase. As theffraction-of SWINT increases further, the average distance
between the nanotubes becomes sufficiently_small for the electron to tunnel through
the polymer or for many physical contacts between nanotubes to be formed. When the
SWNT less than 12% the polymer isolates the nanotubes and controls the property of
composite. Besides its conductivity, the dielectric constant of composite would
change when some. MWNTs employed to the composiie (Liang et al., 2006).
Whereas, Zhang et ‘al. (2005) reported that addition of 1-10 wt.% MWNTSs into
polystyrene reduced the resistance of the polymer up t6-10°. Similarly, poly(methyl
methacrylate) (PMMA) which added by 1 wt:% of MWNTSs reduced the resistivity of
polymer up to 10%«compared  to ithe 'virgin palymer.. Withcaddition 4.7 wt.% of
MWNTs the resistivity of PMMA decreases not.significantly (Yuen et al., 2008).
Likewise, Zhu et al (2006) reported_that the iconductivity of ipolyimide increases
when 7-10 wt.% of MWNTSs were added into the polymer. The involving of more

MWNTs leads creating more conductive paths.
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Figure 4. 1 Initial resistance of ‘composites in various contents of
MWNTs. -

Generally, the bonding between MWNlﬂ"s and PPP occurs through van der
Waals interaction (Li et al., 2006). ‘Decreasing of resistance of polymers when CNP
or CNTs involved inside-is-attributed-to-formatting-of-conductive bridges for electron
transport. The electrons-use the bridge to migrate among-the chain of polymer. More
the MWNTSs involved the resistance decreased dramatically. In this case, the helical
conformation of<the ypalymer @around ;MWN Ts: issoneskey. to-see the strong bond
between MWNTS and "‘polymers. On the surface the strength of the interface may
result from molecular-level entanglement of thestwo phases MWNTs and PPP
(Thostenson et al., 2001). As \Vaismaneet al. (2007).explained that the_interaction PPP
with MWNTSs might occurs through groups in polymer and = bonding system in
CNTs. The atomic orbitals of each carbon atom overlap with those of its neighbors to
form the = bonding system. This asserted by Wang et al. (2005) that when polymer
and MWNTSs taking interaction, MWNT/polymer composite involves the n-r electron
from CNTSs and polymer to create scattering centers in the electrons transport process.
However, the mixing of PPP and MWNTSs is almost impossible to alter chemical
structure of PPP (Zhu et al., 2006).
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The observation using scanning probe microscopy (SPM) method reveals that
MWNTs play role to determine the character of the surface of composites. Fig. 4.2
represents the SPM images of composite with different content of MWNTSs. The
content of MWNTSs in composites influences the surface of composites. It is shown
by Fig. 4.2c-d that more MWNTSs added to the composites the smother surface of the
composites. More MWNTSs involved in composites more interaction between
MWNTSs with the dispersant. During the Ti ing the molecules of dispersant surround
the particles and might be slightly attache )élﬁ,erparticles. The dispersant molecules
then hold tighter bonding_;tﬁvform a Jsmoorﬁf’iuifzice. Apart of the dispersant’s
molecules removed when the-eomposite put in oven. After heating in oven, however,
a part of molecules of the«dis ntis still attached around the particles as shown by

Fig. 4.3.

(©) (d)

Figure 4. 2 SPM images of composites at different contents of MWNTS (a)
5 wt.%, (b)15 wt.%, (c) 20 wt.%, (d) 25 wt.%.



64

Fig. 4.3 shows the TGA analysis of pure PPP and a typical composite, i.e 5
wt.% of MWNTs. Within 670-780°C the weight loss of PPP reduced drastically
means at that range of temperature PPP destructed. The chains of PPP are disrupted
then atom C and H escape from its structure. This results confirm that the melting
point of PPP more than 550°C. The composite curve explains that in the composite
there might be a trace of dispersant. The increasing of temperature gives energy for
molecules of dispersant to move out from MWNTSs or PPP. Perhaps the molecules of
dispersant and PPP move out simultaneously:

% Weight

PPP ' ~
— -~ - MWNT(5%)/PPP -

i L} L} L] L} L} ] | | |

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 4. 3 T.GA analysis of PPP and camposite with 5awt.% of MWNTS.

4.2 Effect of Sonication

It should be noted that pure PPP has infinitely high electrical resistance. Using
the results in Fig. 4.1 then the content of MWNTSs employed in the next experiment
was 10 wt.%. The fabrication of composites of PPP with a certain amount of MWNTSs
exhibits electrical resistance in the measurable range of 30-280 kQ2. Results of 10
wt% of MWNTSs dispersed in PPP are represented in Fig. 4.4a.
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Figure 4.4 a Influence of mixing time on initial resistance of
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Figure 4.4 b FTIR spectra of MWNT/PPP composites with
different mixing time.
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The involving of MWNTS in terpineol then treated it using ultrasonication is a
mechanical method to disperse MWNTSs in a solution. Using the method MWNTS are
forcedly separated. One effect of the ultrasonication method is decreasing in aspect
ratio of CNTs (Vaisman et al., 2006). In addition MWNTSs degree of dispersant
determined by type of dispersant (Tsai and Huang, 2006). Giving high pressure force
in the solution, particles in the solution collide each other. Besides, interaction of
MWNTs-dispersant molecules caused by wultrasonic probe has cut MWNTs. It
implies that conductivity paths of composite defected. Our experiment results show
that time for mixing has a eentribution to infltience the resistance of a composite as
shown by Fig. 4.4a. The_mixing time less or over-than 10 minutes produces initial
resistance larger deviations. Lhe results'show that with compounding time of 10 min
the electrical resistance of the‘compeosite was significantly low and had the narrowest
deviation. Three minutessis not enough to MWINTS to-distribute homogenously. In
contrast, over than 10 minutes it ‘perhaps the MWNTs distribution was not
homogenous caused by the agglomerates of the nanoparticles. The agglomeration
formed by too long mixing time. The effect of time on CNTSs dispersion has also been
reported by Yu et al. (2007) and-Ryskowska et al. (2007). Based on the reports, the
distribution of CNTs in dispersian media would reach optimum within a period of

time.

To understand the phenomena during mixing, the FTIR analysis was
conducted. Fig. 4.4b shows the results of FTIR of composite fabricated. Based on the
FTIR spectra sshown “in " Fig.' 4.4b, it “was \also found that composites with
compounding tifme longer than 10 min would exhibit IR transmittance with the same
level. It"should hesnoted that-the composite prepared with ajcempounding time of
30 min would exhibit a different spectrum which would be attributed to segregation
of MWNTs from PPP (Chen et al.,, 2007). These IR spectra reveal that the
synthesized polymer has intensive peaks at wave numbers of 764, 800, 1115, 1480
and 2921 cm™’. To understand the peaks shown in the figure the standard table is
applied. Referred to IR of PPP, at least there are three ranges of wave length within
700-4000 cm™. The wave length 700-1000 cm™ explains the aromatic rings, 1000-
1500 cm™ means several types of stretching, and 1500-4000 cm™ gives information
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of functional groups. Based on this range, it is concluded that FTIR result could be
read as follows (Palleros, 2000): 3444 and 2921 cm™ are C-H aromatic stretching and
aliphatic respectively. The wave length both 1670 and 1480 cm™ are C-C skeletal of
aromatic stretching while 764 and 800 cm™ are C-H deformation.

Basically, only based on IR bands such above, we can not determine the
structure of polymer exactly. More over,it is also difficult to proof that certain peaks
has slight change during mixing as shownsby Fig. 4.4b and 4.6b. To be more
accurate we need to do charaeterization using Nuclear Magnetic Resonance (NMR)
and Molecular Spectrometer (MS).. However, as evidence the peaks are similar with
results reported by Kunanuruksapong and Sirivat (2007). Therefore we can confirm
that the polymer synthesized isipoaly(p-phenylene). The IR signals occur between 700
and 1000 cm™ implies thaiphenhylene (aromatic) ring was formed. In Fig 4.4b there
are two dominant peaks at 800‘cm ' and 1480 em™. It seems that the two peaks have

slight modified when mixed with CN¥s and the dispersant.

It should be noted that through comparison of IR transmission between virgin
PPP and composites, the IR active phonon m:od‘e]"of MWNT, which could be observed
as a peak at 3444 cm*, graduatly increases with compounding time. This evidence
indicates that MWNTs could-inieract-with-the-PPP-atirbe (Vaisman et al., 2007). As
comparison with report of Chen et al. (2007), it is-shown that MWNTs slight
influence on composite of polypyrrole/ MWNTSs. Based on the evidences we conclude

that the property-0f:-MWNT/RPP compesite:could; be modifiedpartly.

Furthermore, microscopic analyses using. SEM were also conducted for
confirming (the tendency of MWNT dispersion in PPP matrix:“Fig. 4.5 presents
typical SEM images of the composites prepared by different compounding time with
the same amount of terpineol. It could be clearly observed that insufficient ultrasonic
compounding time (3 min) could not homogenously disperse MWNT in PPP,
resulting in the composite with non-uniform surface as shown in Fig. 4.5a.
Meanwhile, it should also be noted that heat generated locally by ultrasonication
would lead to MWNT/PPP composite with smoother surface (Fig. 4.5b and c ).

Higher magnification clearly reveals that entangling MWNTSs would result in internal



68

connections with conductive paths. However, with the excessive ultrasonication,
MWNT/PPP composite would possibly undergo breakage due to thermal stress (Chen
et al., 2007). It is reported that during mixing of MWNTSs the length was reduced.
Gibson et al. explained that reduction of length occurs immediately when mixing
started. The reduction after that tends to low (Gibson, 2007)

Also, longer compounding time would result in heat generation to damage the
contact between MWNT and polymer matrix (Fig. 4.5d), leading to higher resistance
of the composite (Xie et al.;2005). As a result, though the composites obtained at the
compounding time of 3 min-would exhibit the lowest resistance, based on the
physical consistency of .ine composites prepared with the compounding time in the
range of 10-30 min, _#his Jtime’ range was Intentionally selected for further

investigations on electrical characteristics.
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Figure 4. 5 Comparison of composites prepared with different ultraso-
nicated mixing time (a) 3 min, (b) 10 min, (c) 20 min and (d) 30 min.

4.3 Effect of Terpineol Content

The ratio of dispersant to CNTs influences the interaction of CNTs in the
media. As reported by Rastogi et al. (2008) the different ratio results different
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flocculation form occurring in the dispersant leading different morphology of surface
observed. Fig. 4.6a reveals that with increasing the amount of terpineol to more than
2mL given a certain compounding time of 10 min, the electrical resistance of
composites increased significantly, though, with 1.5 mL terpineol an increase in the
resistance was also observed. This result is attributed to the reason that excessive
amount of terpineol would hinder the interaction between MWNTs and PPP.
Meanwhile, low amount of terpineol would also lead to insufficient binding between
the polymer matrix and MWNTS dispersed .in_ihe composite. Based on the FTIR
analysis shown in Fig. 4.6b;it.could be observed.ihat the decrease in IR transmission
peak at 3444 cm™* for composites with increased amount of terpineol, as compared to
virgin PPP, should be_attributed to the interactions between terpineol and PPP
(Vaisman et al., 2007).+These results would confirm the fact that the presence of
terpineol in MWNT/PPP_eomposites would affect the compatibility between MWNTSs
and PPP.

In order to examine integrated effect on MWNT/PPP composite preparation,
the amount of terpineol and ultrasonicated compounding time were intentionally
varied. The composite prepared with 2.0 mL terpineol and compounding time of
20 min was labeled as composite A, while composite B-was prepared with 2.5 mL
terpineol with compounding time of 10 min, and composite C, with 2.0 mL terpineol
and compounding time of 10 min. Fig. 4.7 shows typical electrical response of
sensors prepared from the three compositeswith toluene exposure time of 10 min in
each cycle. After regeneration by exposing the ‘sensor ta dry-air for a certain time
period (not shown in the figure), toluene concentration was increased stepwise from
2.3 to 47 and 7.0'vol%. It should be noted that the sensor prepared from each
composite exhibited different initial resistance, which was 330 kQ for the composite
A, 105 kQ for composite B and 44 kQ for composite C. It could be seen that the thin-
film sensor prepared from composite C did not exhibit significant change in response
even when the gas concentration was increased. On the other hand, the sensor made
of composite A provides the most detectable change. The gradual decrease of the
overall resistance of a composite film could be attributed to the gradual change of the

intrinsic properties of MWNT and PPP contact within the composite film. The
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absorbed toluene could not be completely removed from the composite when it is

exposed to pure nitrogen flow for regeneration.

Resistance ( k Q)
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250 =
200 = T _
150 =
100 = —I— -
50 = 4 T
4
0 1 T |
15 2 2.5 3
Amount of tei‘pin‘eol (mL)
Figure 4.6 a Influence of amount of. terpineol on initial resistance
of MWNT/PPP.composites. e
(a) MWNTSs, Ma et al., 2009
(b)15mL
(c)2.0mL
(d3lo mL
(e) Virgin PPP
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Figure 4.6 b FTIR spectra of MWNT/PPP composites with diffe-
rent amount of terpineol.
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Figure 4. 7 Change of eiectrical responses of MWNT/PPP com-
posites with different teluene concentration: (a) composite A, (b)
composite B and (c) compesite C.

Fig. 4.8 shows graphics obtained from Fig. 4.7 when analytes injected 7 vol%
(0.0028 gmol/L) Some selected points within range of 1200-2000 s. are used to
calculate the sensitivity: jUsing formulaS=(R 1 Ro)/Ro Where-R is the resistance at
any time and Ry, the initial* resistance of the” composite (Zhang et al., 2005), the
sensitivity of sensors remarkably increased with*time elapsed “after toluene with
higher concentration was lintraduced into the testing chamber.: Maximal sensitivities
of 15, 12 and 2% were detected for the thin films of composites A, B and C,
respectively. The change of electrical resistance of these composite thin films would
be attributed to change of their microscopic structure. When the composite was
exposed to toluene, it could adsorb toluene and then the toluene could interact with
the polymer matrix, leading to a swelling phenomenon. The swelling phenomenon
would affect the microscopic structure inside the composite by suppressing the

contact between entangling MWNTS dispersed in the polymer matrix. As a result, the
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tunneling current between nanoparticles in the matrix would become lower (Zee and
Judy, 2001). In addition, gas adsorbed in the polymer would also cause change in the

near-surface charge carrier (electron holes) density by its interactions with MWNTS.
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Figure 4. 8-Electrical sensitivity of MWNT/PPP, composites ex-
posed to tolugne with concentration of 7.0 vol.% (0.0028 gmol/L):
(@) composite-A, (b) composite B and (¢) compeosite C.

An increase in_resistance €ould also be caused by, the reduction of electron flow
within the compasite:(Santhanam et.al., 2005).'Qur.experiment showed that swelling
in the composite with higher initial resistance was-more rigorous,resulting in higher
sensitivity i electricak resistance. change. Also, based omn microscopic analysis, the
swelling phenomenon which would significantly change the composite film structure
is worth further investigation. In summary, this work revealed that MWNT/PPP
composite thin films, prepared by simple polymerization with the assistance of
ultrasonication, possessed intrinsic electrical resistance which depends on
compounding time and amount of added binder. The optimal condition for preparing
MWNT/PPP composite which was sensitive enough for detecting toluene would be

20 min compounding time with the addition of 2.0 mL terpineol. Further
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improvement for fabricating sensors using MWNT/PPP composite with faster
response and higher sensitivity to relatively low concentration of gaseous pollutant

would be an important issue and challenge.

The comparison with other result (Parikh et al, 2006) shows that MWNT/PPP
composite no sensitive to toluene. The work of Parikh et al. (2006), used 1 vol% of

toluene with involving SWNT while in this experiment employed around 7 vol%.

4.4 Response to Other Chemical VVapor

Generally, the properties of film will determine the response of sensor (Ma et
al., 2006). Therefore, polymer matrix easily makes contacting with molecules from
analytes having similarsolubtlity parameters (Dong et al.; 2004). PPP composite gave
different sensitivity to vaporexposed-as shown in Fig 4.9. All the analytes in Fig. 4.9
and Fig. 4.10 caused increasing the electfi-cal resistance of composite when the

electrode was exposed to vapors.
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Figure 4. 9 Sensitivity of the composite made of 5 wt.% MWNTSs
on 2-methoxyethanol, NH,OH 4%, and water vapor with same
volume (0.1 mL).
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Fig. 4.9 shows the sensitivity of PPP composite containing 5 wt% of MWNTSs
when it was exposed to three analytes. Through the results, MWNT/PPP composite is
relatively very sensitive on 2-methoxyethanol (ME) compared to other analytes
tested. Within 1000 second ME reaches sensitivity of 320%. This effect probably
results from favorable n-n van der \Waals interactions between ME analyte and the
PPP composite giving significantly enhanced sesponse to ME. Both OH and O group
in ME take interaction with benzene, ring=0i~PPP changing resistance in the
composites. Water vapor.centaining of 4 vol% ammonium hydroxide could be
detected by MWNT/PRRComposite. ' The sensitivity. of water vapor containing
NH4OH lies between waiter and WE vapor. This reveals that NH,OH, implicitly NHs,
determine the response.#This shows that the composite is useful for ammonia
detection. The detection of ammonia generated by liquid ammonia has been reported
by (Lietal., 2008).
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Figure 4. 10 Sensitivity of MWNT/PPP composite on (a) 2-
methoxyethanol in various concentration, (b) NH,OH 4 %.

Fig. 4.10a showys the sensitivity of composite on v E and NH,OH. The lowest
concentration of ME ifi chamber detected was 0.6 10 gmol/L. Increasing of ME
concentration mare, than;3:1 gmol/L: leads-ta; increase, sensitivity dramatically. A
large amount of ME "molecules hinder ‘conductive ‘path more. “The OH and H group
immediately distributed homogenously trough comiposite area when-a large amount of
ME dropt in ¢chamber. “In Figc4:10b water and ammonia_makesainteraction with the
composite causing the obstacle electron flow in the composite. As shown, water has
contribution to increase electrical resistance of the composite. The water molecules
adsorbed on the nanotube’s surface as physisorption (Yu et al., 2006). Ammonia
dissolved as NH4OH is playing role in interaction with matrix therefore the resistance
of composite changed. A decreasing of holes on PPP composite and charge transfer
between anlayte and composite determines increasing electrical resistance of the

composite (Chen et al., 2007). These results seem contrary to reports discusses about



80

decreasing of MWNTSs. As reported when MWNTSs take interaction with NHj3 its
resistance will be decreased (Nguyen et al., 2007). This change is due to the electrons
transfer from gas molecules to the nanotubes. Therefore, an increasing of electrical
resistance when composite in touch with NH;OH reveals PPP dominated mechanism

of electron transfer analyte-composite.

Detection of various analytes.is represented in Table 4.1. The results show the
PPP composite could detect selected gases, ehemao selectivity. In our experiments, the
resistance always increases-upon exposure of thee MWNT/PPP composite film to
vapors regardless of vapor.type (Parikh et al., 2006). The properties of film such as
physical and chemical preperties. determine the response (Lucci et al., 2005, Arshak
and Gaidan, 2005). Other taetor such as activity coefficient (Horrillo et al., 2004),
permittivity, molecular weight (Zeng et ail.'-;' 2007), polarity (Parikh et al., 2006) are
among the factors responsible for responsivity of material sensor. Analytes acts as a
temporary n-dopant or-p-depant. \When the electrical resistance and the intertube
tunnelling barrier of nanaotubes incréased caused by an analyte touching, the analyte
is n-dopant (Zaras et al., 2003, Valentini et al—., 2004).

It is interesting to note that the composite give. comparable response to
analytes with OH greup. Alcohols and similar structural gave higher response than
other analytes. These fesults are similar to reported by.(Paez et al., 2004). In fact,
responses on alcohols analytes lead to an idea that the existence of terpineol traced
playing role in giving respansivity dude|to terpineal has alcehol group. However,
responses to NH,OH and HNO; imply the dispersant not only the, factor. In NH,OH
there are water and ‘NHs; malecules’ while in° HNO; there aré water and NO;
molecules. In this case, molecular weight of analyte does not affect to sensor
sensitivity. We think strong interaction among dispersant molecules, PPP and MWNT
create a unique property of composites. At the moment the interactions are not clear
therefore should be investigated further.
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Table 4. 1 Maximum response of composite consisting 5 wt.% of MWNTSs on
various analytes.

Concentration ~ Sensitivity, S Sensitivity/

Analytes gmol/L (M) (%) conc.

(1x10% (SIM)
Hexane 7.6 1.51 1,986
Acetone 135 9.22 6,812
Tetrahydrofuran 1P B 8.38 6,795
Xylene 8.3 3.27 3,945
Benzene 1172 3.03 2,707
CCly 10.3 6.41 6,191
Ethyl acetate 10.2 9.34 9,122
Dimethyl acetamide 10.8 65.05 60,078
Ethylene Glycol V. K 20.48 11,574
Formaldehide 21.1 83.39 30,809
Ether 9.6, 1.79 1,859
Methanol 2477 42.97 17,384
Ethanol o8 4 37.21 21,694
Isopropanol 139 32.75 25,034
NMP (N-Methylpyrrolidene) 104 . . 18.02 17,359
Ag. solution of HNO3 (4%) SO 12.36 2,225

The differences of sensitivity of analytes. might come from the polarity of
analytes (Chen et al.; 2005). Hexane, xylene, benzene, ether are non-polar chemicals
therefore the interaction with the composite not so high. In“contrary, the alcohols are
polar chemicals as well as terpineol. The interaction-between alcohol vapor and
dispersant molecules banded-to the composite is easy enabling the vapor molecules

blocking the conductive path:

4.5 Characterization of WO;

Fig. 4.11 shows that transformation of tungsten oxide from precursor. After
ATP were mixed with the hydrochloric acid the precursor changed to like-clay form
as shown in Fig. 4.11b. Fig. 4.11c-d show different formation of tungsten oxide. It is
clear that the acid has influenced the final formation of tungsten oxide. These facts
explain that beside temperature (Guidi et al., 2004) there is another aspect that

influencing formation of size of tungsten oxide. An interesting phenomenon is shown
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by last two figures. The form of tungsten oxide in Fig 4.11d is like-ball while Fig
4.11e like-plate. It might be assumed that interaction glycerol, ferocene, tungsten
oxide, and trace of acid in precursor have effects to the final formation. This
phenomenon should be investigated further.

(@)

(©)

Figure 4. 11 SEM of (a) precursor’ ATP, (b) pretreatment-ATP
withaHCI [before sintering, (c) tungsten oxide" after sintering
from not pretreatment-ATP and mixed with synthesized-CNTs,
(d) pretreatment-ATP without CNTSs,. (e) pretreatment-ATP
aftersintering with=CNT,.

Guidi et al reported that temperature influences the dominant structures in
tungsten oxide. At high temperature more than 750 °C monoclinic (y-WOj3) structures
are dominant. XRD analysis showed the presence of the orthorhombic phase (B-WO,)
for the powders annealed at 450 and 550 °C. At the intermediate temperature of
650°C, coexistence of the two phases was found up. Nishide and Mizukami (1996)

showed that tungsten oxide exhibited high intensity when the compound fired above
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700°C. The peaks at 20 = 20-25 explain that crystal is tetragonal. The tetragonal
structure characteristically shows two large peaks in the 23-25° region with d values

of 0.3900 nm (26 = 22.80°) and 0.3700 nm (20 = 24.05°).
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Figure 4. 12 XRD jpattern of (a) \Virgin ATP, (b) tungsten oxide
without pretreatment-HCI with. CNTs, (c) tungsten oxide with
pretreatment HCl witheut CNTS, (d) tungsten oxide with
pretreatment HCI witii CNTs. s

Fig. 4.12 shows there were changing of material structure after ATP (Fig.
4.12a) sintered at 740°C. Structure of tungsten oxide 1 Fig 4.12b consists of two
types monoclinic with_ different in beta angle, 115° and.120° respectively. First
monoclinic with lattice points a =18.3340, b=3.7860, c=14.0440 with dominant peak
at 20=23.4822 match with W;gO4¢' (JCPDS, 71=2450). Second.smonoclinic with
a=5.5769, b=4.8986, c=5.6644.are match' with WO, at 26=25.7818/(JCPDS, 5-431).

Products of precursor-pretreated with HCI show similar peaks, Fig. 4.12c and
d. The analysis reveals that both products are monoclinic. The beta angle for Fig.
4.12c and 4.10d are 90 and 115 respectively. Fig. 4.12c shows dominant peaks are
located at 26= 24.3169, with a=7.3060, b=7.5400, c=7.6920 which mean match with
WO; (JCPDS, 83-950). The dominant peak at 20 = 23.48466 in Fig. 4.12d is match
with Wig049 (JCPDS, 84-1516).
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The BET specific surface areas of the tungsten oxide are reported in Table
4.2. It can be observed that the HCI influences the size of tungsten oxide. It is well

known that WO3 are generally low surface area materials

Table 4. 2 BET characterization of tungsten oxide.

Product type asgeT M2/g
Without pretreatment HCI 3.9364
With pretreatment of HCI without CNT 7.7596
With pretreatment.ofHClL with CNT 8.1039

4.6 Response of WO3; Composite on Ethanol

Although tungsten oxide has known'-very sensitive to gasses such NO, (Bi,
NHs, and H,S (Marquis et al.,2001), the tungsten can be used to detect other
chemical vapor. Wang et al. (1995) has fabricated tungsten composite to detect
methanol and toluene. Then Papadopoulos et aI (1996) incorporated WO3 and SnO,
to detect CO, CHg, ethanol, butane, and propane. Those results show that the tungsten
composite can be applied-as-sensor-material-for-organic-chemical. Hence, for next
step we fabricated composite consist of CNTs, PPP; and tungsten oxide with

composition 10 wt.%, 54 wt.%, 36 wt.%, respectively.

Fig. 4.13.shows™ the response” of material” sensor’ using different ethanol
concentration..such.as 3.4x103, 2.7x1073,.2.1x10™ 1.0x10°,.and*0.3x10° gmol/L,
respectively. We'call one' cycle whentthe ‘profile ©f respense ‘'move-from a point at
baseline then return to baseline or exceed the baseline. After the first cycle the
resistance of composite is lower than baseline. The content of ethanol vapor in
composite influences the amplitude of response profile. When the electrode put in the
testing chamber at first time the vapor absorbed intensively to the composite. Pulling
out of the electrode causes vapor inside chamber going out or air at room going into
the chamber. As a result the concentration of vapor in the chamber is decreased.
While the electrode in open air, the composite desorbs the absorbed-vapor leading the
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resistance of composite decreases. The inserting and pulling of the electrode from
testing chamber implies on the decreasing of vapor in the chamber and in composite.
Therefore, the response of composite to vapor decreases as well as how frequently

inserting and pulling.
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Figure 4. 13"Response of MWNT/PPP/AWO; composite (10/36/54
in wt.% respectively) on ethanol vapor.

Sensar, shows relatively higher responses i high concentration (3.4, 2.7, 2.1
10" gmol/L) compared ‘the lower concentration (1.0, 0.3x10° gmol/L)..For the lowest
concentration sensor can not give response clearly. It seems that in each cycle the
ethanol vapor in testing chamber decreases regularly. Pulling out of sensor from
chamber or inserting it into chamber enables ethanol vapor composition decreased by
air. Ethanol remaining in the chamber every second cycle is estimated of 80 vol% for
high concentration and tend to constant for low concentration. At high concentration
the absorption molecules of ethanol by composite is intensively hence the resistance

increases. The void or sites of composite filled up by ethanol molecule then widen
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distance of conductive path. During desorption process, the ethanol molecules attract
each other and the sites leaved is shrunk. Therefore when composite put in open air

the conductive path is adjacent each other leading decreasing in resistance.

To see which component is key factor in response, we have done other
experiment. In one experiment we combined two materials to make composite such
as MWNT/PPP, MWNT/WO3;, WO3/RPR, respectively, then in another experiment
we used single material. Fabrication of the 'sensormaterial was conducted using same

procedure as previous experiment.

The response of MWNT/PPP composite on ethanol vapor has been shown in
other part, see Table 4 1+ The reisgance’ of WO3/PPP composite was not detectable
and during the exposuresto ethanol vap(IJ_('.'.the resistance was unchanged. This fact
draws the conclusion that fieither WO3 nor PPP. which cause the conductivity in the
composite. Other evidences support thé"(_:_pnclusion in which the WO3; and PPP
individually could not response of ethanol. |

Fig. 4.14 represents the respense of M#WNleog composite on ethanol vapor.
At a glance the response of the composite to the vapor similar to response composite
displayed in Fig. 4.13:If we compare the response as displayed in Fig. 4.13 and Fig.
4.14 the involving tungsten oxide to combine with MWNTSs leads increasing the
initial resistance of composite. Then addition‘of PPP causes decreasing of the initial

resistance as showniin Fig 4.14.
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Figure 4. 14 Response of MWNT]Wog composite (20/80 in wt.%
respectively) on ethanol vapor of 3:;4fgmoI/L.

A4

. The response of MWNTSs on ethanol vapor is shewn in Fig. 4.15. At initially
the resistance of MWINTSs decreases. At that time ethanolvapor donates electrons to
reduce the resistance (Sahraei et al., 2009). However, after electrode put in open air
the response of MWNTS decreases again.“This might be caused by desorbing of
ethanol not occurs..Then when electrode put inside testing ¢hamber again, CNTs
absorb ethanol vapor until the vapaor saturate around MWNTSs. Therefore, after the
first cyele the amplitude of response displays similarly as shown i Fig. 4.13, and 14.
The increasing of resistance when contacted with ethanol vapor has been reported by
Paez et al. (2004) and Velentini et al., (2004b). The OH molecules might have taken
physisorption interaction with carbon atoms. At the beginning the ethanol transfers
electrons to the carbon atoms but after a certain period OH molecules are saturated

hence hinders the electron motion leading resistance increase.
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Figure 4. 15 Response of MWNTS‘fon ethanol vapor of 3.4 gmol/L.

Fig 4.16 shows the comparison response of composites. The response of
MWNT on exposing gf-ethanol-can-not-be-aisplayed-clearer since the resistance of
MWNTs is very low cempared to other composites. The results show that the high
response of composites is achieved by the composite consisting of MWNTSs, WOs,
and PPP. It is shawed that the eomposites invalving MWNTs.can be effective to give
responses of analytes. “These phenomena reveal that MWNTS is a key component
creating_the conductive path. The other materials=play role to create a balancing of
resistance by. which the! interactian cbetween | analytes fand ‘composites could be

measured.

However the comparison of response shown in Fig 4.16 raises a question
which one of composites is the best performance to detect an analyte. As displayed on
Fig. 4.13-4.15 the highest sensitivity to ethanol is MWNTSs with sensitivity more than
40% while the other 11-30%. In fact, however, based on Fig. 4.16 the best response
is MWNT/PPP/WOj3; composite. It is need additional parameters to determine which
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one of the composites is the best performance. For instance, as a single component to
detect ethanol, the composition of MWNTSs is 100%. When MWNTs involved in
MWNT/PPP/WQO3 composite the existence of other materials reduces its composition.
Therefore, the electrical properties of the composite are not only determined by
MWNTSs but other materials.
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Figure 4. 16 The=comparison responses of composites consisting
differemt Component.

Fig. 4.17 shows the SEM micrograph of composites used to test response on
ethanol vapor. It is clear that the content of composite influence the surface of
composites. The MWNTs in composites as shown in Fig. 4.17a and 4.17b is
triggering the conductivity in composite. When the MWNTS take interaction with
analytes, the molecules of analyte surround the CNTs then donating or receiving
electrons. The configuration of CNTs in composites creates conductive path or

tunneling among the CNTSs. Fig. 4.17¢ shows composite comprise of PPP and WO;
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which can not be measured its resistance using our multimeter. The involving of

tungsten oxide in PPP cannot improve the conductivity of the matrix.
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4.7 Mechanism of Sensing in Sensor Materials Consisting of CNTs

The discussion about alteration of resistance or conductance in sensor
materials needs the understanding of mechanism of the resistance or the conductance.

For effectively the discussion would be restricted on semiconductor materials only.
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Both resistance and conductance basically explains the ability of electrons in a
material to move. A material which has a good conductivity indicates the electrons in
the material are easily mobile from one point to other points. Reversely electrons in a
material with poor conductivity or high resistance are difficult to change their
position. In semiconductor materials electrons are able to move when they have
energy enough to jump from valence band to conductance band, see discussion 2.6.
Normally electrons gained energy to cross a band gap when they are at certain level
of temperature. This means that at elevaied  temperature the resistance of

semiconductor materials will-be declined.

Semiconductor materials have unique properties concerning of its electrical
conductance. The properiies called intrinsic and extrinsic semiconductors (Callister,
2003). Intrinsic semiconductor means the band gap energy of material is very narrow
therefore electron easily to across it. This character is available for pure materials. In
the extrinsic semiconductor the band gap energy is determined by other materials

involved or impurities.

In extrinsic semiconductor there are two concepts €xplaining mobile electrons
i.e. n-type and p-type<semiconductor. \WWhen the impurities‘make the conductivity of
semiconductor increasing the semiconductor called n-type. In this case impurities
donate the electrons to semicenductor materials. In contrary when the conductivity of

semiconductor materials decreases the material called p-type semiconductor.

dhen-type or p-type concept also could be applied-to expfainthe changing of
resistance in the sensing mechanism. The interaction between a sensor material and

analytes can lead the sensor material be n-type or p-type.

Commercially, there are three types of gas sensors such as solid electrode
sensor, catalytic sensor, and semiconducting oxide gas sensor (Moesley, 1995). The
sensors work using different mechanisms. The solid electrode sensor works based on

the equilibrium of ion. The interaction between gas targeted (or analytes) and sensor
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causes shift of ion equilibrium. The catalytic sensor is intended to monitor a selective
gas by mean combustion reaction between sensor and gas targeted at relatively high
temperature. In semiconducting oxide the gas targeted is supposed to make oxidize

reaction on the surface at low temperature within certain depth of sensor.

In addition, the alteration of resistance during a sensor material exposed to
analytes could also be explained by, physical and chemical mechanism. In physical
mechanism analytes molecules absorbed inte sensor material and make interaction to
make electron transfer. The analytes might=give-its electrons (donor) to sensor
material or receive electrons~(receptor) from sensor. materials. This mechanism is
normally occurring for pelar analytes or analytes with-high conductivity (Valentini et
al., 2004, Santhanam et al., 2006, Jeong 2006). After the interaction the resistance of

sensor material could be backsto.its base Iiné.

Using chemical”mechanism the analytes react with sensor materials then
resistance would be changed (Paez, 2004_}_._Ih addition the temperature can also
influence the response of CNTs-based sensor materials. The electrical properties of
CNTs could change with temperature as rep;_rte_'d by Li et al., 2006 and Quang et al.,
2005.



CHAPTER V
CONCLUSIONS

The synthesizing of a sensor material consists of MWNTs/PPP/WO; was
successfully done. Unavailable commercially of PPP could be overcome by
synthesizing the polymer. The methods to synthesize sensor materials must be based
on the comprehensively literature surveys. After that, the characterization of materials
synthesized must be put'as an amportant step to reveal phenomena related to sensor
materials. An appropriate ofscharacterization methods could help the explanation of
something behind the phenomena. Sometimes it is need a standard table to understand
the characterization datas g |

The mixing process'is an importan‘;-_step to get composites. It is need to find
an appropriate dispersant to get-a homog'énous mixture.  The ratio between a
dispersant and particles in matfix is an @ﬁgﬂant condition when MWNTs are

involved in a composite. - Y-

Regarding to sensing measurement, this step plays role to see accurately the
response of sensor madterials. There are so many factors which can disturb the
measurement. Fer instance,<inqair there are-oxygen, mitrogengmoisture, very fine of
dusts, and other’ gas’ in” very ‘small’ quantity. In"addition, the material by which
electrode made of also influences the responses, in-this case electrode made of copper

is not so stable. All'of the disturbancesimust be reduced when arésponse recorded.

A very difficult task in sensor study is to explain confidently what mechanism
is important when a sensor material shows its response upon exposing of a gas.
Ideally the absorption and desorption of sensor material before and after gas exposing
should be observed. Since the sensor materials coated onto an electrode was not
much, the method could not be applied. Besides, the property of sensor material could

also determine whether the mechanism of response can be explained or not.
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Therefore, the interpretation of data could be achieved comprehensively despite the

data both in quality and quantity.

Recommendations

The fabrication of a composite as a sensor material needs materials involved

distributed homogenously trough the ix. That means it is need a dispersant as a

media to make the homogeno n poly the dispersant might encompass as
solvent by which polymersm ow solvents for PPP have not
been reported yet. Ther ctionalization-of PPP is required to get a good
interaction of PPP wit 0 ‘*«i* Ly MWNT . In addition, the stability of

sensor material is anot by which a sensor performance is feasible.

d

_ §
AU INENTNYINS
RN INUNINYIAY



REFERENCES

Akilah, A. and Moet, A. 1990. Functionalized Polymers and Their Application.
Chapman & Hall: London.

Antonucci, V., Hsiao, K.T., and Advani, S.G., 2003. Advances Polymer Materials,
Structure and Property Relationship. pp: 397-434.

Arab, M., Berger, F., Picaud, F., Ramseyer’ € Glory, J., and L’Hermite, M.M.
Direct growth of.the multi-walled earbon nanotubes as a tool to detect
ammonia at room temperature. Chemical Physics Letters 433 (2006) 175—
181.

Arshak, K. and Gaidan, 1., Deyelopment of a novel gas sensor based on oxide thick
films. Materials Scienceand Engineering B 118 (2005) 44-49.

Arshak, K. and Gaidan, L, Development of an array of polymer/MnO,/Fe,0O;
mixtures for use dn gas sensing applications. Sensors and Actuators B 118
(2006) 386-392.

Athawale, A.A., Bhagwat, S. V., and Katre,_f’s_.[’., Nanocomposite of Pd—polyaniline as
a selective methanol sensor: Sensors and Actuators B 114 (2006) 263-267.

Bal'azsi, C., Wang, L., Zayim, E.O,, M.Sz_i_jl;'_z_l_gyir, .M., Sedlackov, K., Pfeifer, J.,
T'oth, A.L.;vand Gouma, P.I., Nanosize heéxagonal tungsten oxide for gas
sensing applications. Journal of the Furopean Ceramic Society 28 (2008)
913-917.

Bart, J.C.J. 2005. Additives in Polymers, industrial analysis and applications.
John Willey & Sons Inc., England.

Baughman, R.H., Zakhidov,;A.A., and de Heer, W/A., Carbon Nanotubes—the Route
Toward' Applications, SCIENCE 2 AUGUST 2002 VOL 297,
WWWw.sciencemag.org

Bittencourt, C., Felten, A., Espinosa, E.H., Tonescu, R., Llobet, E., Correig, X., and
Pireaux, J.J., WO; films modified with functionalized multi-wall carbon

nanotubes: Morphological, compositional and gas response studies. Sensors
and Actuators B 115 (2006) 33-41.

Boer, K.W. 1990. Survey of Semiconductor, Van Nostrand Reinhold, pp 1-2.
Callister, W.D. 2003. Materials Science and Engeneering. pp. 620-622.

Carraher, Jr., C.E., 2003. Polymer Chemistry, 6ed, pp. 689-693.



96

Chen, H., Jacobs, O., Wu, W., Diger, G.R., and Scha, B., Effect of dispersion method
on tribological properties of carbon nanotube reinforced epoxy resin
composites. Polymer Testing 26 (2007) 351-360.

Chen, S.G., Hu, J.W., Zhang, M.Q., and Rong, M.Z., Effects of temperature and
vapor pressure on the gas sensing behavior of carbon black filled
polyurethane composites. Sensors and Actuators B 105 (2005) 187-193.

Chen, S.G., Hu, J.W., Zhang, M.Q., Rong, M.Z., and Zheng, Q., Improvement of gas
sensing performance of carben black/waterborne polyurethane composites:
Effect of crosslinking treatment. Sensors and Actuators B 113 (2006) 361—
369.

Chen, X., Jiang, Y., Wu, Z.-Li, D., and Yang,J. Morphology and gas-sensitive
properties of polymer bascd composite films. Sensors and Actuators B 66
(2000) 37-39.

Chen, Y.S., Li, Y., Wang, HiC 4 and Yang, M.J.; Gas sensitivity of a composite of
multi-walled carbon manetubes and polypyrrole prepared by vapor phase
polymerizationt Carben 45 (200%) 357-363.

Cho, W.S., Moon, S.I., Pack, K K., Lee, :Y.H., Park, J.H., and Ju, B.K., Patterned
multiwall carbon nanotube films as materials of NO, gas sensors. Sensors
and Actuators B'119 (2006) 180-185.

Collins, P.G. and Avouris, P: Nanotubes:f For Electronics. Scientific American
December 2000, 63-69. ‘

Costumsensorsolutions.com available in:
http://www.customsensorsolutions.com/sensterm.htm

Dan, Y., Cao, Y., Mallouk, T.E., Johnson, A.T., and Evoy, S., Dielectrophoretically
assembled polymer nanowires for gas sensing. Sensors and Actuators B
125 (2007) 55+59;

Daniels, C.A. 1989. Polymer Structure and Properties. Technomic Publishing
Company, Inc.

de Melo, C/P., Neto, B.B., de Lima;, 'E.G., de Lira,’L.F.B.;-and'de Souza, J.E.G., Use
of conducting polypyrrole blends as gas sensors. Sensors and Actuators B
109 (2005) 348-354.

Dong, X.M., Fu, R'W., Zhang, M.Q., Zhang, B., and Rong, M.Z., Electrical
resistance response of carbon black filled amorphous polymer composite

sensors to organic vapors t low vapor concentrations. Carbon 42 (2004)
2551-2559.



97

Dresselhaus, M.S. and Avouris, P. 2001. Introduction to Carbon Materials Rese-
arch. Springer 1-9. available in:
http://www.springerlink.com/content/0028ttgycwpxqgaq7/

Dresselhaus, M.S. and Eklund, P.C., Phonons in carbon nanotubes. ADVANCES IN
PHYSICS, 2000, VOL. 49, NO. 6, 705-814.

Dresselhaus, M.S. and Dai, H., Carbon Nanotubes: Continueud Innovation and
Challenges. MRS bulletin April 2004, pp. 237-243.

Ebewele, R.O. 2000. Polymer Science and Technology. CRC Press.

Elias, H.G. 1997. An Introduction to Polymer Seience. NY.

Fort, A., Rocchi, S., Serrano-Santos, M.B., Ulivieii, N., Vignoli, V., Pioggia, G., and
Francesco, F.D., A high<performance measurement system for simultaneous

mass and resistanceVariation measurements on gas sensing polymer films.
Sensors and Aetuators B 111112 (2005) 193-199.

Fraden, J. Handbook eof Modern Sengﬁrs, Physics, Design, and Application.
http://books.google.com/books?id=SB7glOc4 VIA C&printsec=frontcover&d
q=sensor+definition&source=gbs_ similarbooks, s&cad=1

Freitag, M. 2006. Carbon nanotube electrdijiés and devices in: Carbon nanotubes
Properties and Applications. edited by O’connell, M.J.,Taylor and Francis
group, p.84. 223244

Friedrich, K., Fakirov, S., Zhang., Z. 2005. Polymer composites. Springer
Sciencetbusiness media, New York.

Galastis, K., Li., Y.X. Wlodarski, W., and Kalantar-Zadeh, K., Sol-gel prepared
MoO;-WOs thin films for O, gas sensing. Sensor_and Actuator B 77
(2001) 478-483.

Guidi, V., Blo,"M., Butturi, M A., ~Carotta, M.C., Galliera; S,, Giberti, A., Malagu,
C., Martinelli, G., Piga, M., Sacerdoti, M., and Vendemiati, B., Aqueous
and alcoholic syntheses of tungsten triexide, powders for NO, detection.
Sensors aind Actuators'B 100 (2004) 277+-282.

Hennrich, F., Chan, C., Moore, V., Rolandi, and M., O’Connell, M. 2006. Carbon
Nanotubes, Properties and Applications. Edited by M.J. O’Connell, p. 5
Taylor & Francis Group, LLC.

Hieu, N.V., Thuy, L.T.B., and Chien, N.D., Highly sensitive thin film NHj3 gas sensor
operating at room temperature based on SnO,/MWCNTs composite.
Sensors and Actuators B 129 (2008) 888—895.

Horn, R.G. 1955. Ceramic processing. Edited by Terpstra, R.A., Pex, P.P.A.C., De
Vries, A.H., Chapman&Hall.



98

Horrillo, M.C., Ferna'ndez, M.J., Fontecha, J.L., Sayago, 1., Garcy’a, M., Aleixandre,
M., Santos, J.P., Are’s, L., Gutie'rrez, J., Gra'cia, 1., and Cane’, C.,
Detection of volatile organic compounds using surface acoustic wave
sensors with different polymer coatings. Thin Solid Films (2004) 234— 238.

Hu, J.W., Chen, S.G., Zhang, M.Q., Li, M.W., and Rong, M.Z., Low carbon black
filled polyurethane composite as candidate for wide spectrum gas-sensing
element. Materials Letters 58 (2004) 3606— 3609.

lijima, S. Nature, 354 (1991) 56-58.

Ionescu, R., Espinosa, E.H., Setter, E., Llobe E« Vilanova, X., Correig, X., Felten,
A., Bittencourt, C., Lier, G.V., Chagher, J.C., and Pireaux, J.J., Oxygen
functionalisation.of MWNT and their-use-as gas sensitive thick-film layers.
Sensors and Actuators B 113 (2006) 36-46.

Itagaki, Y., Deki, K., Nakashima, S., and Sadacka, Y.,” Toxic gas detection using
porphyrin dispersedspolymer composites. Sensors and Actuators B 108
(2005) 393-397. 1 &

Jain, M.K., Bhatnagar, M.C., and Sharma'-,l G.L., Effect of Li" doping on ZrO,-TiO,
humidity sensor Sensors and Actuators B 55 (1999) 180-185.

Jang, J. and Bae, J., Catbon nanoﬁber/pdij/ﬁyrrole nanocable as toxic gas sensor.
Sensors and Actuators B-122 (200_‘7)_ 715

Jeong, S.Y., Kim, K.K., An, K.H. Hwang, H.R., Han, C.S., Yun, M.H. 2006.
Fabrication, of gas sensor using single-walled carbon nanotubes
dispersed in-dichloreethane, NANO: Brict Reports and Reviews Vol. 1,
No. 3 (2006)235-241, World Scientific Publishing Company.

Jin, C.J., Yamazaki, T., Shirai, Y., Yoshizawa, T., Kikuta, T., Nakatani, N., and
Takeda, H., Dependence of NO, gas sensitivity of WO; sputtered films on
film density. Thin Solid Films'474,(2005).255- 260.

Jouve, C., Jullien, D., and Remaki, B:, Conductive polyethylene as sensitive layer for
gasdetection, Sensors-and Actuators By 28+ 19951 75=80:

Kim, Y.S.,, Ha, S.C., Yang, H., and Kim, Y.T., Gas sensor measurement system
capable of sampling volatile organic compounds (VOCs) in wide
concentration range. Sensors and Actuators B 122 (2007) 211-218.

Kulkarni, M.V., Viswanath, A.K., and Khanna, P.K., Synthesis and humidity sensing
properties of conducting poly(N-methyl aniline) doped with different acids.
Sensors and Actuators B 115 (2006) 140-149.




99

Kunanuruksapong, R. and Sirivat, A., Poly(p-phenylene) and acrylic elastomer blends
for electroactive application. Materials Science and Engineering A 454—
455 (2007) 453-460.

Kymakis, E., Alexandou, I., and Amaratungga, G.A.J., Single-walled carbon
nanotube—polymer  composites:electrical,  optical, and structural
investigation. Synthetic Metals 127(2002) 59-62.

Labautopedia.com, available in:
http://www.labautopedia.com/maw/index.php/List_of sensor_terms

Lau, K.T. and Hui, D., The revelutionary creation of new advanced materials —carbon
nanotubes composites. Composites:Part B 33 (2002) 263-277.

Lee, W.S., Lee, S.C., Lee, Sdv Lee, D.D., Huh, J.S., Jun, HK., and Kim, J.C., The
sensing behavior.6f #SnO,-based thick-film gas sensors at a low

concentration of chenucal agent simulants. Sensors and Actuators B 108
(2005) 148—153¢

Lewis, Jr.,R.J. 1993. Condensed Chemlcal chtlonarv Van Nostrand Reinhold
Company, New York

Li, B., Santhanam, S., Schultz, L., Jeffries:EL M., lovu, M.C., Sauv, G., Cooper, J.,
Zhang, R., Revelh JC., Kusne AG Snyder J.L., Kowalewskl T., Welss
L.E. McCullough R.D.“Fedder, GXK., and Lambeth D.N,, Inkjet printed
chemlcal sensor ‘arrdy-"based on- ﬁolythlophene conductlve polymers.
Sensors and Actuators B 123 (2007)651-660 531.

Li, C. and Chou, T.W-; Multiscale modeling of compressive behavior of carbon nano-
tube/polymer composites. Composites Science and Technology 66 (2006)
2409-2414.

Li, J.R., Wang, J., Xu, J.R., Zhang, M.Q., Rong, M.Z., and Zheng, Q., Structure
evolutiengof conductive polymer-compesites, revealed by solvent vapor

induced time-dependent percolation. Composites Science and Technology
66 (2006) 3126-3131.

Li, J.R,, Xu, J.R Zhang, "M.Q., and ‘Rong, "M.Z:, " Carbon, black/polystyrene
composites "as” candidates “for “gas’ sensing ‘materials. “Carbon 41 (2003)
2353-2360.

Li, L., Li, J., and Lukehart, C.M., Graphitic carbon nanofiber-poly(acrylate) polymer
brushes as gas sensors. Sensors and Actuators B 130 (2008) 783—-788.

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



100

Liang, G.D. and Tjong, S.C., Electrical properties of low-density polyethy-lene/multi-
walled carbon nanotube nanocomposites. Materials Chemistry and
Physics 100 (2006) 132—-137.

Lin, Y., Yantasee, W., Wang, J., Musameh, M., Tu, Y., and Ren, Z., Biosensors
Based on Carbon Nanotubes. Dekker Encyclopedia of Nanoscience and
Nanotechnology, pp. 361-373.

List, E.J.W. and Scherf, U. 2007. Handbook of Conducting Polymers Conjugated
Polymers Theory, Synthesis, Properties, and Characterization. 3™ ed.,
Edited by Terje A. Skotheim and/John R. Reynolds, Taylor & Francis
Group, America.

Liu, Y.L., Yang, H.F., Yang, Y., Liu, ZM., Shen,-G.L., and Yu, R.Q., Gas sensing
properties of tin.dioxide coated onto multi-walled carbon nanotubes. Thin
Solid Films 497 (2006)355 - 360.

Lucci, M., Reale, A., Carlo, A.D., Orlahducci, S., Tamburri, E., Terranova, M.L.,
Davoli, 1., Natales C.D ; Amico, A.D., and Paolesse, R., Optimization of a

NOx gas sensor based on single walled carbon nanotubes. Sensors and
Actuators B 11842006) 226-231. *

Lucci, M., Regoliosi, P., Reale, ‘AL, Carlo,s A.D., Orlanducci, S., Tamburri, E.,
Terranova, M.L. Lugli, P.; Natale, C.D., D*’Amico, A., and Paolesse, R.,
Gas sensing using . single walls carbon nanotubes ordered with
dielectrophoresis. Sensors and Actuators B 111-112 ( 2005) 181-186.

Ma, X., Li, G., Xu; H., Wang, M., and Cheh,H, Preparation of polythiophene
composite ‘film by in situ polymerization at room temperature and its gas
response studies. Thin Solid Films 515 (2006) 2700-2704.

Marcell, A., Oellrich, H:, and Hauserman, S. 2006. Nanetechnology The Plastics of
the 21st century? a report, Guy Carpenter & Company, Inc.

Marquis, B.T. and Vetelino,J.E., A semiconducting metal dxide sensor array for the
detection of NOy and NHj;. Sensor and Actuator B 77 (2001) 100-110.

Merko¢i, A, Pumera, M., Llopis, X., Perez, B., del Valle, M., and Alegret, S., New
materials ‘for electrochemical sensing VI: ‘Carbon nanotubes. Trends in
Analytical Chemistry, Vol. 24, No. 9, 2005.

Miller, G and Senjen, R. 2008. Nanotechnology in Food & Agriculture. a report
from Friends of the Earth Australia Nanotechnology Project, March 2008.

Mills, C.A., Beeley, J., Wyse, C., Cumming, D.R.S., Glidle, A., and Cooper, J.M.,
Polymer-Based Micro-Sensor Paired Arrays for the Determination of
Primary Alcohol Vapors. Sensors and Actuators B 125 (2007) 85-91.




101

Mitchell, B.S. 2004. An Introduction to Materials Engineering and Science For
Chemical and materials Engineers. John Willey&Sons, NY.

Moseley, P.T. 1997. Solid state gas sensors, Meas. Sci. Technol. 8 (1997) 223-237.

Nap.edu available in: http://www.nap.edu/openbook.php?record _id=4782&page=104

Nguyen, L.H., Phi, T.V., Phan, P.Q., Vu, H.N., Duc, C.N., and Fossard, F., Synthesis
of multi-walled carbon nanotubes for NHj gas detection. Physica E 37
(2007) 54-57.

Nice., D.S. 2004. Linier Position Sensors theory and application. John Wiley &
Sons, pp 1-2.

Nishide, T. and Mizukami, M Oiientated crystal formation in a tungsten oxide film
prepared by a solsgelsprocess on an amorphous quartz glass substrate.
JOURNAL OF MATERIALS SCIENCE LETTERS 15 (1996) 1149-
1151.

Olek, M. 2006. Carbon nanotube comp;)sites—mechanical, electrical, and optical
properties. Dissertation, Rheinischen = Friedrich-Wilhelms-Universitit
Bonn. ;

Osswald. 1998. Polymer Progessing Fund_a;mentals, pp. 11-16.

Paez, F.V., Romero, A.H., Sandoval, E.M_.,""-"Martinez, L.M., Terrones, H., and
Terrones, M., Fabrication of vapor and gas sensors using films of aligned
CN; nanotubes. Chemical Physics Letters 386 (2004) 137-143.

Palleros, D.R. 2000.. Experimental Organic Chemistry. John Wiley & Sons, Inc.
pp. 675-701.

Papadopoulos, C.A., Vlaehos, D.S., and Avaritsiotis, J.N., Comparative study of
variousimetal-oxide-based,gas-sensomarnchitectures, Sensors and Actuators
B 32 (1996) 61-69;

Parikh, K., Cattanach, K., Rao, R., Suh, D.S., Wu;»A., and Manohar, S.K., Flexible
vapour |semsers using single ' walled * carbon' -nanotubes.. Sensors and
Actuators B 113 (2006)'55-63.

Parvatikar, N., Jain, S., Khasim, S., Revansiddappa, M., S.V. Bhoraskar, S.V., and
Prasad, M.V.N.A., Electrical and humidity sensing properties of
polyaniline/WO3 composites. Sensors and Actuators B 114 (2006) 599—
603.

Patil, D., Seo, Y.K., Hwang, Y.K., Chang, J.S., and Patil, P., Humidity sensing
properties of poly(o-anisidine)/WO; composites. Sensors and Actuators B
128 (2008) 374-382.




102

Quang, N.H., Trinh, M.V., Lee, B.H., and Huh, J.S., Effect of NH; gas on the
electrical properties of single-walled carbon nanotube bundles. Sensors and
Actuators B 113 (2006) 341-346.

Quercia, L., Loffredo, F., and Francia, D.G., Influence of filler dispersion on thin film
composites sensing properties. Sensors and Actuators B 109 (2005) 153—
158.

Ram, M.K., Yavuz, O., and Aldissi, M., NO, gas sensing based on ordered ultrathin

films of conducting polymer and its nanocomposite. Synthetic Metals 151
(2005a) 77-84.

Ram, M.K., Yavuz, O., Lahsangah, V., and.Aldissi, M., CO gas sensing from
ultrathin nano-cempesite conducting pelymer film. Sensors and Actuators
B 106 (2005b) 750=757.

Rao, C.N.R., Seshadri, Ry Govindaraj, A., and Sen, R., Fullerenes, nanotubes,
onions and related carbon structures. Materials Science and Engineering,
RI5 95 209-262. r:

Rastogi, R., Kaushal, R., /Tripathi, S.K.,i Sharma, A.L., Kaur, 1., and Bharadwaj,
L.M., Comparative study of carbon nanotube dispersion using surfactants.
Journal of Colloid and Interface Science 328 (2008) 421-428.

Ruoff, R.S., Qian, D., and Eiu, WK, Mééﬁ'a_nical properties of carbon nanotubes:
theoretical predictions-and experimental measurements. C. R. Physique 4
(2003) 993-1008. '

Ryabova, L., available’in: http://mig.phys.msu.su/lt/workgroup/p08/gas_sensor.htm

Ryszkowska, J., Kowaiska, M.J., Szymborski, T., and Kurzydlowski, K.J., Dispersi-
on of carbon nanotubes in polyurethane matrix. Physica E 39 (2007) 124—
127.

Sahraei, O.A., Khodadadi, A., Mortazavi, Y., Naseh, M.V.,  and Mosadegh, S., Low
Tempetature Ethanol Gas Sensor based on SnO,/MWNTs Nanocomposite,

World Academy of Scienée. Engineering and Technelogy 49 2009, pp.
185-188.

Santhanam, K.S.V., Sangoi, R., and Fuller, L., A chemical sensor for chloromethanes
using a nanocomposite of multiwalled carbon nanotubes with poly(3-
methylthiophene). Sensors and Actuators B 106 (2005) 766—-771.

Sartore, L., Penco, M., Sciucca, S.D., Borsarini, G., and Ferrari, V., New carbon

black composite vapor detectors based on multifunctional polymers.
Sensors and Actuators B 111-112 (2005) 160-165.

Saunders, K.J. 1988. Organic Polymer Chemistry. 2™ ed., Chapman and Hall.



103

Schaffer, J.P., Saxena, A., Antoiovich, S.D., Sander, Jr., J.H., Wanner, S.B. 2006.
The science and Design of engineering materials, ond ed., McGraw-Hill,
Singapore.

Schmidt, A.X. and Marlies, C.A. 1948. Polymers. NY.

Schwartz, A. 2008. available in: http://cleantechnica.com/2008/09/15/carbon-
nanotubes-might-be-used-in-future-water-filters/

Schwartz, M.M. 1997. Composite Materials. Prentice Hall, New Jersey.

Sibuyi, P., 2006. Nano-rods WO;; for _electrochromic smart windows
applications. Magister Scientiae.

Simon, I., Barsan, N., Bauer,.M:, and Weimar, U., Micromachined metal oxide gas
sensors: opportunities «to improve sensor performance. Sensors and
Actuators B 73°(2001).1 -26.

Smith, W.F. and Hashemt, /J/ 2006.: Foundation of Material Science and
Engineering. 4" edd pp 77-79.

Solis, J.L., Saukko, S., Kishy L.B., Granq'yiét, C.G., and Lantto, V., Nanocrysalline
tungsten oside thigk films with high sensitive to H,S at room temperature,
Sensor and Actuators B 77 (2001) 316-321.

Sperling, L.H. 2006. Intoduction te Physical Polymer Science. 4™ ed., John Willey
& Sons, Inc. — il

Srivastava, V. and Jain, K. 1996. Highly sensitive NH; s¢nsor using Pt catalyzed
silica coating-over WOs5 thick films, IEEE, 343-:347.

Stevens, M.P. 1999. Polymer Chemistry: An Introduction. Oxford University
Press.

Stevenson, R.Lj available in:
http://www.nap.edu/openbook.php?record“id=4782&page=7

Suehiross JgeSano,~N.g Zhouy G, | Imakiirey~H-1., nImasaka; K., rand Hara, M.,
Application of dielectrophoresis to fabrication of carbon_nanohorn gas
sensor. Journal of Electrostatics 64 (2006) 408—415.

Supothina, S., Seeharaj, P., Yoriya, S., and Sriyudthsak, M., Synthesis of tungsten
oxide nanoparticles by acid precipitation method. Ceramics International
33 (2007) 931-936.

Tai, H., Jiang, Y., Xie, G.X., Yu., J., Chen, X., and Ying, Z., Influence of
polymerization temperature on NHs response of PANI/TiO, thin film gas
sensor. Sensors and Actuators B 129 (2008) 319-326.




104

Thostenson, E.T., Ren, Z., and Chou, T.W., Advances in the science and technology
of carbon nanotubes and their composites: a review. Composites Science
and Technology 61 (2001) 1899-1912.

Tillman, E.S. and Lewis, N.S., Mechanism of enhanced sensitivity of linear
poly(ethylenimine)-carbon black composite detectors to carboxylic acid
vapors. Sensors and Actuators B 96 (2003) 329-342.

Triantafyllopoulou, R., Illa, X., Casals, O., Chatzandroulis, S., and Tsamis, C.,
Romano-Rodriguez, A., and Morante, J.R., Nanostructured oxides on
porous silicon microhotplates & for. NH; sensing. Microelectronic
Engineering 85 (2008) 1116-1119.

Tsai, Y.C. and Huang, J.D. Poly(vinyl' alcohol)-assisted dispersion of multiwalled
carbon nanotubgs«anaqueous solution for electroanalysis. Electrochemistry
Communications8(2006) 956-960

Vaisman, L., Wagner, HuD., and/Marom, G., The role of surfactants in dispersion of
carbon nanotubes: Advances in Colloid and Interface Science 128-130
(2006) 37-46. >

Vaisman, L., Wachtel, E:, Wagner, H.D.,: and Marom, G., Polymer nanoinclu-sion
interactions in carbon . nanotube based polyacrylonitrile extruded and
electrospun fibers. Polvmer 48 (2007) 6843-6854.

Valentini, L., Armentano, A., Santilli, P_, Keﬁhy, JM., Lozzi, L., and Santucci, S.,
Electrical transport properties of comjugated polymer onto self-assembled
aligned carbon nanotubes. Diamond and Related Materials 12 (2003)
1524-153 1.

Valentini, L., Armentano, 1., Lozzi, L., Santucei, S, and Kenny, J.M., Interaction of
methane with- carbon nanotube thin films: tele of defects and oxygen
adsorption. Materials Science and.Engineering C 24 (2004¢c) 527-533.

Valentini, L., Cantalini/, C., Armeéntano, 1., Kenny ; M., Lozzi , L., and Santucci, S.,
Highly‘sensitive and selective sensors based on carbon nanotubes thin films
for molecular detection. Diamond ané@-Related Materials 13 (2004b)
1301—1305,

Valentini, L., Mercuri, F., Armentano, A., Cantalini, C., Picozzi, S., Lozzi, L.,
Santucci, S., Sgamellotti, A., and Kenny, J.M., Role of defects on the gas
sensing properties of carbon nanotubes thin films: experiment and theory.
Chemical Physics Letters 387 (2004a) 356-361.

Van Krevelen, D.W. 1990. Properties of Polymers, 3 ed., Elsevier.

Vedala, H., Choi, Y.C., Kim, G., Lee, E., and Choi, W.B. 2004. Surface
Modification of Carbon Nanotubes Using Poly (Vinyl Alcohol) For
Sensor Applications, Second LACCEI International Latin American



105

and Caribbean Conference for Engineering and Technology
(LACCEI’2004) “Challenges and Opportunities for Engineering Education,
Research and Development” 2-4 June 2004, Miami, Florida, USA.

Venere, E. 2009. New Nanolaser Key To Future Optical Computers And
Technologies. available in: http://www.sciencedaily.com/releases/2009/

Wanekaya, A.K., Uematsu, M., Breimer, M., and Sadik, O.A., Multicomponent
analysis of alcohol vapors using integrated gas chromatography with sensor
arrays, Sensors and Actuators/B 110 (2005) 41-48.

Wang, C, Guo, Z.X., Fu, S.,Wu, W., and Zhu,D., Polymers containing fullerene or
carbon nanotube structures. Prog. Polym. Sci. 29 (2004) 1079-1141.

Wang, Z., Liu, C., Liu, ZoXiang, H., Li, Zand Gong, Q., m — © Interaction
enhancement on_the ultrafast third-order optical nonlinearity of carbon
nanotubes/polymer€omposites. Chemical Physics Letters 407 (2005) 35—
39.

Wang, X., Patrick Carey, WiP._jand Yee, S.S., Monolithie thin-film metal-oxide gas-
sensor arrays with application to monitoring of organic vapors. Sensors and
Actuators B 28 (1995) 63-70.

Wei, B.Y., Hsu, M.C., Su;P.G., Lin, H.M.; Wu, R.J., and Lai, H.J., A novel SnO; gas
sensor doped with garboit nanotubes operating at room temperature. Sensors
and Actuators B 101 (2004) 81-89.

Wikipedia available in; http://en.wikipedia.(.)fg/\‘;/iki/Gas_sensor

White, R.M. 1991. ‘A’ Sensor classification scheme in: Microsensors. edited by
Muller, R.S efal. pp 3-5.

Xie, X.L., Mai, Y.W., and Zhou, X.P., Dispersion and alignment of carbon nanotubes
in polymer matrix™ Ay review: /Materials’ Science, and Engineering R 49
(2005) 89-+112.

Xu, H., Liu, X., Cui, D., Li, M., and Jiang, M.,“A novel method-for improving the
performance ‘of ZnO gas sensors: Sensors and- Actuators B 114 (2006)
301-307.

Yamazoe, N. and Miura, N. 1992. New approach in the design of gas sensor in Gas
Sensor: Principles, Operation, and Development, Application. Edited by
G.Sberveglieri, pp. 1-42.

Yu, H., Cao, T., Zhou, L., Gu, E., Yu, D., and Jiang, D., Layer-by-Layer assembly
and humidity sensitive behavior of poly(ethyleneimine)/multiwall carbon
nanotube composite films. Sensors and Actuators B 119 (2006) 512-515.




106

Yu, J., Grossiord, N., Koning,C.E., and Loos, J., Controlling the dispersion of multi-
wall carbon nanotubes in aqueous surfactant solution. Carbon 45 (2007)
618-623.

Yuen, SM., Ma, C.M., Chuang, C.Y., Yu, K.C., Wu, S.Y., Yang, C.C., and Wei,
M.H., Effect of processing method on the shielding effectiveness of

electromag-netic interference of MWCNT/PMMA composites. Composites
Science and Technology 68 (2008) 963-968.

Zarras, P., Anderson, N., Webber, C, Iryvin, D.J., Irvin, J.A., Guenthner, A., and
Stenger-Smith, J.D., Progress in uising conductive polymers as corrosion-
inhibiting coatings. Radiation Physi¢s.and Chemistry 68 (2003) 387.

Zee, F. and Judy, J.W., Micromachined polyimei-based chemical gas sensor array.
Sensors and Actuators B 72 (2001) 120-128.

Zeng, W., Zhang, M.Q., .Rong, M.Z‘.|, and Zheng, Q., Conductive polymer
composites ass'gass sgnsors - with size-related molecular discrimination
capability, Sensors and/Actuators B 124 (2007) 118-126.

Zhang, B., Fu, R., Zhang, M., Doﬁg, X.,oWang, L., and Pittman Jr, C.U., Gas
sensitive vapor grown carbon nanofiber/polystyrene sensors. Materials
Research Bulletin 4 1(2006) 553-562.

: L4,
Zhang, B., Fu, R.W., Zhang, M.Q. Dong, XIM, Lan, P.L., and Qiu, J.S., Preparation
and characterization of gas-sensitive composites from multi-walled carbon
nanotubes/polystyrene. Sensors and Actuators B 109 (2005) 323.

Zhu, BK., Xie, S.Hs Xu, ZK., and Xu, Y.Y., Prepal_*dti_on and properties of the
polyimide/multi-walled carbon nanotubes (MWNTs) nanocomposites.
Composites Science and Technology 66 (2006) 548-554.




AULINENINYINS
AMIANTAUNNIINGIAY



Particualogy mon [ H009) xo-xax

i SEVIER

Contents lists available at ScienceDirect

Particuology

journal homepage: www.elsevier.com/locate/partic

Dispersion of multi-walled carbon nanotubes in poly(p-phenylene) thin films

and their electrical characteristics \ ‘

l,/

Adi llcham, Amornweng Srisurichan, Ap%mu

vatchai Charinpanitkul*

Center of Excellence in Particke Technolagy, mmqmmw Q@wﬂmw Banghok, Thailand

ARTICLE INFO - —
- N
Article history: nanotubes in poly{ p-phenylene) composite exposed o wluene was

Received 19 December 2008
Feceived in revised form 15 March 2009
Accepted 21 March 2009

Keywords:
Dispersion

Carbon panctube
Poly{p-phenylene )
Composite
Electrical resistance

1. Introduction

Recently smart material has drawn considecabile researchia
est due to an abrupt increase in various
human needs. Polymer is recognized as versatile materials with
many advantages of processing flexibility and tuntmllabté'prmic'-
ochemical properties. Therefore, compou of polymer with
nano-scaled particulates for preparin: novel composite material
has continuously been examined ﬁ inven

! 3

tive polymer (Zarras et al,, 2003).

conjugation of palymer with otm

tionally fabricated. In recent yc-‘srﬂ.bolymcr compounded with
carbon nanotubes (CNTs) has attracted much research attention
after its stimulating re
ical and electrical pro
& Tanthapanichakeon, 20
& Sano, 2009; lijima, 1991 Li et al., zou:-'}. .A.s a result, resear:h
attempts insynthesis and applications of CNTs have been drastically
increased year by year.

Meanwhile, there are extensive reports related to utilization of
compaosites of multi-walled carbon nanotube (MWCNT) and poly-
mer for various applications (Kunanuruksapong & Sirivat, 2007;
Yuen et al., 2008; Zhang et al., 2005; Zhu, Xie, Xu, & Xu, 2006). One

* Corresponding author. Tel: 66 2 218 6480; fax: +66 2 218 6480,
E-maoil address: ctawar@chulaac.th (T. Charinpanitioul ).

‘nginl mtﬂmlﬁ

S5 %?’

n nanotubes with nominal size of 20 nm was
ene) with the presence of terpineol as binding initiator. To
. genizing all constituents, ultrasonication with an output power
ding time of 3. 10, 20 and 30min. With FTIR analyses, it could
ite of multi-walled nrbnn nanotubﬁ and poly(p-phenylene)

{ mi;eln&ri:al resistance of the composites after being exposed
! Q‘.at the composite film prepared with ultrasonication for
panse with respect to varied concentration of toluene.
wgy and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier BV, All rights reserved.

sum:e of polymeric compaosite r:onsnstm;
cen found as a useful mean for detecting some
g et al., 2005; Zhu et al., 2006} Among many
als, it is well known that preparation of poly(p-
plmurleme}[FPF:u ery simple and economical{ Kunanuruksapong
vat, 2007). Thcrl:ﬂurt in this study we focus on the dispersion

PP composite as thin film configura-
W should be noted that performance of
thi sely related to its initial resistance. It

was found that MWCNTS with relatively large size were difficult
tn diiulﬁhnmmnmly in ml:cn polymer. To overcome this
z,atiem and chemical func-

sonication was carried out,
u:m effect on uniformity of
MMN'!‘s dispersed in poly( p-ph:n:.rl:nz] was experimentally ana-
lyzed by FTIR spectroscopy and electron microscopy. Then the
intrinsic electrical resistance of MWCNT/PPP composites prepared
under various conditions were examined and discussed,

2. Experiments
2.1. Materials

Poly(p-phenylene) or PPP employed in this work was synthe-
sized in house while MWCNTs with nominal diameter of 20nm

1674-2041 3 - see frant matter © 2009 Chinese Society of Particuslagy and Institute of Process Engincering. Chinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
doi: 101016 | partic 2000.03,006
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Al; 05 as catalysts. Compounding time was also varied for inves-
tigating its effect on the homogenization of the composite which
could be achieved by employing a water bath with temperature
control. After a pasty composite was prepared, a few drops of the
compaosite were applied to coat onto a Smm = 15mm alumina
substrate consisting of two separate metallic electrodes printed
by a sputtering method. A gap of 1mm is intentionally designed
between two metallic electrodes an which the composite film with
a dimension of 5 mm = 3 mm would be coated. Therefore, the total
area of the composite film to be exposed to toluene gas was 15 mm?.
Five pieces of sensors were prepared for reproducibility test. Before
each confirmation test, all sensors were putinto an oven for 3 hwith
a mgl;‘iled temperature of 75 °C to ensure that excessive amount
ol o i€ constituent was removed.
J /g y

23 Cﬁﬁihdf;ﬂﬁan methods

Jimmediately-after its synthesis, MWCNT/PPP composite was
charactegized for_its intrinsic chemical bonding by using
Faurier transmission infrared spectroscopy (FTIR, Spectrum-l,
parkinElmer) The merphology and dispersion of MWCNT in
E:&h compasite sample was analyzed using scanning electron
microscopy (SEM, [SM 6400, JEOL). To monitor the electrical
., response of the composite Rim, each sensor which was prepared
“ _from the alumina substrate with copper electrodes connected to
—ihe compasite was set up inside a 1000 mL glass chamber. Then

thextns;nr was connected to a digital multi-meter (AT-9995 Auto-
o A mo Meter) and measured signal was recorded by a personal
8500 44 computer. Toluen® vapor was introduced into the measuring cham-
£, 1.0 0 ber by dropping caleulated amount of toluene using a syringe.

* o

were supplied by Bayer Material Science, Germany. |
micrograph of the pristine MWCNTs analyzed L
electron microscopy (TEM: JEQL2010, JEOL) is depicte

It could be clearly observed that the MWCNTs ent
each other have a uniform diameter of 15-20nm.
synthesizing poly{p-phenylene) was based on that re 'rtt;__by,. 7,
Kunanuruksapong and Sirivat (2007). Benzene as the monomier fof - o

synthesizing PPP was purchased from Panreac Co. Ltd., Spain, Tér— 3.1._Effectof sonication
pineol anhydrous (CigH1s0) as binding initiator was supplied by .
Fluka, France. A trace amount of CuClz and Al JBE as catalysts was

purchased from Riedel-de Haen, Germany. :

—

i{ has beert known that addition of MWCNTs into a polymer
matrix can significantly mﬂulmrml resistance of the polymer.
The cptimal amount of MWCNTs depends on the matrix and size of
MWCNTS. Polystyrene, (a1 gxample, with 10 wt.X of MWCNTs could
exhibit a drastic imprazement of its electrical resistance (Zhang et
al., 2005). For polyamide, reduction of electrical resistance occurs
dramatically when the‘Content of MWCNTS is ca. 7=-10wtL% (Zhu

L7
2.2, Fabrication of MWCNT/PPP composite —i

PPP and MWCNT with certain weight ratio were compounded

by ultrasenic stimulation with the presence of terpineal of desig-
nated amount in the range of 1.5-3 mL focthe purpese ofexamining
the dependence of the composite charalteristics on their prepara-
tion conditions. It should be noted that undérihe.initial.condition
PPP was liquid. Terpineol was employed as the binding initiator for
starting the polymerization of PPP with the presence of CuCl; and

et al., 2006). Similarly, PMMA with 4.7 wt.% of MWCNT possesses
much lower electrical resistance as compared to the virgin poly-
mer [Yuen /et al., 2008). Based'an many previous studies (Xie, Mai,
& Zhdw, 2005: Zhang et al. 2005; Zhu et al., 2006), the addition
of MWCNTs will also reduce the resistance of PPP film compos-
ite. Therefore n this study we used; 10 wt.% of MWCNTS to prepare

(8 399+ oM T

i 5 | {a) 3min
e s Bapary MO
= 200 @ {e] T st : ". 2 M () 10 min
] g |ai—"_ N T
E 1509 i M — pw— {c) 20 min
] ] E | (=) {d) 30 min
o =
= 5 rl—l I'I'l E LR ps 8 (&) Virgin PPP
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Fig. 2. Dependence of MWCNT|PPP composites properiies on micxing time (a] initial resistance and (b) chemical bonding analyzed by FTIR method.
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(a) ]

[c) (d}

Fig. 3. Comparison of MWCNTPPP composites pasare daitiidilieent ulirasonicated mixuig ume (a) 3 min, (B) 10 min, (c) 20min and (d) 30 min

compaosite films. [t should be noted that pure PEFRas infigitelyahigh l

electrical resistance. However, compositesiof PPEWith 4 cfrtain
amount of MWCNTSs exhibit electrical resistancgin the miagutable -
range of 30-280 kL2,

Fig. 2a reveals the initial resistance of PPPMWCN E’mmpusntt
prepared in this work, showing that with compmmdum timeral
10 min the electrical resistance of the compasite was significantly
low and had the narrowest deviation. Based on thr* FTif speiita
shown in Fig. 2b, it was alse found that compositeswith compound-
ing time longer than 10 min would exhibit IR transmigffance wilbl tlie
same level. It should be noted that the composite prepared with 4
compounding time of 30 min would exhibit a dilferent spectrum
which would be attributed to segregation of MWCNTs- [igi FPP
(Vaisman, Watchtel, Wagner, & Marom, 2007; Zhang ¢Lal.; 2005)
These IR spectra reveal that the synthesized palymer has intensive
peaks at wave numbers of 764, 800, W15 1480 and 2837 em

Furthermere, microscopic analyses using 5EM were also con-
ducted [or canfirming the tendency of MWONT dispersion in PFP

~ “matrix, Fig. 3 presents typical SEM images of the composites
o prepared by different compounding time with the same amount
| of terpinecl, It could be clearly observed that insufficient ultra-
J sonic compounding time (3 min) could not hamogenously disperse
SMWONT in PPP resulting in the composite with non-uniform sur-
-.-Ehceas shownin Fig. 3a. Meanwhile, it should also be noted that heat
-_!-gcntian:d lacally by ultrasonication would lead to MWCNT/PPP
';gwpnsulrwlth smoother surface (Fig. 3b and ¢}, although the bulk

nftﬂmpasm was already placed in a water bath with emperature
contiel (o ensure stable temperature distribution of the compos-
i€, Higher magnification clearly reveals that entangling MWONTs
'ﬁﬁuuﬂ-sull in internal connections with conductive paths. How-
ever, with theexcgssive ultrasonication, MWCNT/PPP compaosite
wonibd pascibily uﬁdwrgn breakage due to thermal stress (Chen,

which confirm the existence of C-H stlf.tchll‘lg double side p-
substitute stretching. C-C stretching and sipgle side p-substitute
stretching of benzene rings. respectively (Kunanuruksapong &
Sirivat, 2007). It should be noted that thratigh comparison of IR
transmission between virgin PPP and compasites, the IR active
phonon mode of MWCNT, which could be observed as a peak at
3444 cm~', gradually increases with compaunding tirme,| This el
dence indicates that MWCNTs could interact with'the PPP matrix
(Vaisman et al,, 2007 ).

Jacabs, Wu, Emhgm & Schadel, 2007). Also, lenger compound-

ing time would result in heat generation to damage the contact
between MWCNT and polymer matrix (Fig. 3d), leading to higher
resistance of thecomposite (Xie et al., 2005). As a result, though
the compaosites obtained at the compounding time of 3 min would
exchibit the lowest resistance, based on the physical consistency of
the'camposités preparédwith the compounding time in the range
af 10-30 min, this ime range was intentionally selected for further
investigations on electrical characteristics,

(a) 250 (b -

E 2 Al {b) 2.0 mL
— )

= 150 4 E (e} \fv/-.—-v"‘-"\fﬁ

E c fc) 3.0 mL
E _'w L T

‘E 100 - E ! 1400 [d]} wirgen PPP

3 1

E s5- o a4 A wap 5
}_

0 T m r ] ] I I T T ]

15 2 25 3
Amount of terpineol (mL)

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm')

Fig. 4. Dependence of MWCNT/PPP composites properties on amount of terpaneol (3] ininal resistance and (b) chemical bonding analyzed by FTIR.
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3.2, Effect of terpineol content

Fig. 4a reveals that with increasing the amount of terpineol
to more than 2 mL given a certain compounding time of 10 min,
the electrical resistance of composites increased significantly,
though, with 1.5mL terpineol an increase in the resistance was
also observed. This result is attributed to the reason that exces-
sive amount of terpineol would hinder the interaction between
MWCNT and PPP. Meanwhile, low amount of terpineol would also
lead to insufficient binding between the polymer matrix and MWC-
MNTs dispersed in the composite, Based on the FTIR analysis shown
in Fig. 4b, it could be observed that the decrease in IR transmis-
sion peak at 3444em-' for composites with increased amount
of terpineol, as compared to virgin PPP, should be attnhuml

These results would confirm the fact that the presence iu:piml
in MWCNT/PPP composites would affect the compatil
MWCNTs and PPP. S

In order to examine integrated effect on Wmm
posite preparation, the amount of terpineol I, ded
compounding time were intentionally varied. pres
pared with 2.0 mL terpineol and compoundin
labeled as composite A, while composite B w
2.5 mL terpineol with compounding time of

/
the interactions between terpineol and PPP (Vaisman et al. Iﬂﬂ?}.‘ /‘//

C, with 2.0mL terpineol and compounding time mig. fig s

shows typical electrical response of sensors
three composites with toluene exposure tim
cycle. After regeneration by exposing the sensogp

that the thin-film sensor prepared from composite Cdid nﬂ&ﬁihﬁ‘l .

significant change in response even when the gas mmcm
was increased, On the other hand, the sensor made of camgpasite A -
provides the most detectable change. The ual decrease q{ the
overall resistance of a composite film ¢ be atrfhumi to :he
gradual change of the intrinsic properties @ i
tact within the composite film. The absoriied
completely removed from the composite while

uunenuuld not be
isexposed to pure

nitrogen flow for regeneration,
400
380 |
200
g 260 q :
1 L]
]
E 204 Savoi% | ATvems 1 Tvem%
| ]
E 1“__-1 - - - ol
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Fig. 5. Change of electrical responses of MWCNT/PPP composites with different
oluene concentration: (a) compaosite A, (b) composite B and (c) composite C,
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u,pulln‘ii«({.w:‘{a}mmu A, (b} composite B and (c] composite C.

‘Based on results shown in Fig. 6, the sensitivity (defined as

~ S=[R~ R/, where R is the resistance at any time and Ry the
___ldﬁ resistance of the composite (Zhang et al., 2005)) of sen-

narkably increased WIth time eLaps::d after miurnr. with

sensitivities of 15, 12 and 2% were detected for the thin
A, B and C, respectively. The change of elec-
| pesi nr,‘g of these compasite thin films would be attributed
£hange af their microscopic structure. When the composite was
] , it could adsorb toluene and then the toluene
ot with thc polymer matrix. leading to a swelling phe-
at.. The swelling phenomenon would affect the microscopic
re inside the composite by suppressing the contact between
MWCHT: dispersed in the p-ulymer matrix. As a result,
etween nanoparticles in the matrix would
y. 2001). In addition, gas adsorbed in the
se change in the near-surface charge car-
s)density by its interactions with MWCNTs. An

in resistarice could also be caused by the reduction of elec-
tron flow within the composite (Santhanam, Sangoi, & Fuller, 2005).
r.}ur exprrimr_-n:shmwd that swelling in the composite with higher
nitial resistance was more rigorous, resulting in higher sensitivity

. Also, based on microscopic analysis,
hich would significantly change the
worth further investigation, In sum-
man_.r. this work revealed that MWCNT/PPP compeosite thin films,

simple I:.rrneﬂzi»ﬁn with the assistance of ultra-
I resistance which depends
ar.ided binder. The optimal

condition fnr prepanng WNCNT}'PFP compasite which was sen-
sitive enough for detecting toluene would be 20 min compounding
time with the addition of 2.0 mL terpineol. Further improvement
for fabricating sensors using MWCNT/PPP composite with faster
response and higher sensitivity to relatively low concentration of
gaseous pollutant would be an important issue and challenge.

4. Conclusion

Initial electrical resistance of multi-walled carbon nanotube/
poly(p-phenylene) compaosite could be influenced by the disper-
sion of MWCNT in PPP, which depends on both compounding time
and amount of binding initiator terpineol. Optimal ultrasonicated
compounding time could provide a homogenous composite with
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low electrical resistance. In this study, compasites with high electri- Kunanuruksapong. B. & Sirivat, A (2007). Polyip-phenylene) and acrylic elas-
cal resistance were prepared with an ultrasenicated compounding tomer biends for electoactve application. Materials Science and Engineering.

: ; ; 460,
time of 20 min, which could provide adequate responses to chang- :m: Schultz, L Jeffries-EL M. lovu. M. C.. Sauvé. G et al. (2007

ing toluene concentration. Inkjet printed chemical sensar array based on polythiophene conductnve poly-
mers. Sensors ond Actwaters B, 123, 651 -660,
Ack ted Santhanam. K. 5 V. Sangod, R. & Fuller, L (2005} A chemical sensar for

chioromethanes using & nanocomposite of multiwalled carbon nanotubet with
palyi 1-methyithiophens | Sensors and Actwetors B, 106, 766771,
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Composite of MWCNT and PMMA was prepared hmﬁi

sonicated mixing. The prepared composites could conductivit 1o e ctive path of
entangling MWCNT in the polymeric matriz. With d NT eontent, the conductive path
became more uniform, leading to the lower electric of the composiies, Based on experimental
results, the 2.0 wi% of MWCNT to PMMA d as the|percolation threshoid. When the

composite was exposed to toluene, the polymer matrix ! ‘I“ll i fo destruction of conductive path
and change of the electrical resistivity of the Depend

MWCNT was experimentally investigated. W o o

composite matrix became much higher, Thereforc, b triealr lﬂl y of the composite with the lowest
MWOCNT content changed substantially. i '

1. Intreduction

Since its discovery in 1991, carbon nang!
has drawn attentions from many parts |
engineering due to its unusual physical an

T ndny, scientists and fesearchers to challenge. Among
T .~ 5 pallutant gases, toluene was chosen as a target

‘and 4V because il is widely utilized in many types of

| chemaeal & w@uﬂ su@'i lsgasuhm: spray and paint. Furthermore,

properties (Huang er al., 2005; lijima, 19914 Nggiven, ef it {5 Very easy to eontaminate in air and affects to human

al., 2006). Because of its outstanding properties, suchas’ * hes In this work, PMMA is employed as a polymer
mechanical, thermal and electronic properties, Niﬁjii_s_’ - matrix with dispersion of multi-walled carbon nanotubes
been expected to use as advanced filler mlc-nafs-m: M for detecting toluene as a simulated pollutant
composites. Aslo CNT has been recognized as an adpat;__. w 'f-‘ e

candidate for nanoscale sensor devices, owing (o its hlgh ‘{—‘

surface areas due to the existence of the central cores —r—

and the outer walls for gas adsorpfion as well as — =

capability to change electrical propest ater

;““""m‘;“f’“‘;ﬁjmx “J;L““‘ i-walled cgbm nanotubes (MWCNT) were

In practice, CNT is an cxoell:ntﬂ’ﬁlmal 0 obtained from Bayer MaterialScience Lid. with a

composite with polymeric nomiingdl outside diameter {OD]“uf 5-20 ml:;n Iglg‘lh of
. Tk s/ | | Y3od AN B VRN Fretorian 0ntar ve
composite between CNT an thacrylate (MMA) was

conducted by many es, pl.l'll'l:'ll]lﬂ}' f‘or purchased from THAIMMA Co. Ltd., with 100 ppm of

S L

2006, Lucci et al,

various polymers, -

PMMA, ?:::Iuctod as the matrix polymer while CNT as 2.2 1 Fabrication of CNT/PMMA composites

a filler. It should ’ne mtm? I]mt_PMMA. can be easily The mixture between 5 g of MMA and 100 mg of
processed and fabricated in solid-state forms such as benzoyl peroxide (BPO) was introduced into a 20 ml

thin films which are often required in most applications. flask equipped with a reflux condenser and then stirred
Furthermore, PMMA is sensitive to many kinds of  ,qyh 2 magnetic stirrer for 30 min at 70°C for

volatile organic compound (VOC). PMMA matrix pre-polymerization. Then a certain quantity of CNT, 100,
would swell when VOC molecules are adsorbed into the 125 150 and 175 mg, was added to the pre-polymerized

matrix (Jiaetal, 1999) ) matrix. Afterwards, the mixture was sonicated for 60min
Meanwhile air contaminations which are related to  jn  water bath with controlled temperature to yield

volatile organic compounds emitted from many  pasty composites (Jia er al., 1999). Uniformity of the

industrial settlements have been a chronic problem in  plended composite was visually observed before taken

various countries. Therefore, a requirement of those to analyze by electro microscopic analysis.

loxic gases detection has became an urgent issue for




2.2.2 Fabrication of PMMA/MWCNT sensor

A conductive copper electrode was coated onto a
plastic strip with a 1| mm gap to make a substrate for
testing sensitive properties of PMMA/MWCNT
composites. The composites were uniformly coated onto
the electrode to form composites films (Fig. 1) and put
inte oven at 70°C for 48 hours to complete the
polymerization process.

2.2 3 Toluene detecting experiments

Typical scanning electron microscope (SEM)
images of the MWCNT/PMMA composites film were
obtained by a field emission SEM instrument (JEOL,
JSM-6400). The initial resistivity of each sensor was
measured by an automotive digital multi-meter (with
TS-232-PC interface). The gas sensing characteristics of
the MWCNT/PMMA were investigated by recording ils
electrical resistivity with respect to exposure time. Fig.
2 shows a schematic diagram of sensor assessment
system in which a fabricated gas sensor was exposed io
toluene gas under a controlled condition, &hange of
electrical reisistivity of the sensor was'detecied by the
same DDM and input to a PC.

The measurement procedured” of S elécuichl
responsivity was started by heating thetleft flash/ 10 -
140°C and toluene with a known quantity wats injetted.
into the flask. Afterwards, the vacuumed :_;ph:r_mal flask
was connected to the left flask by opefiing the valve
between both flasks. Then, pressure i sphierical flask
would achieve its equilibrium after left for a cenain
period. Then another valve was opened to draw diluting L4
air into the chamber to adjust the chamber pressure to =
the ambient pressure. Change of electrical resistivity of e
the sensor was measured with respect to the :xp-aaunr:g —= -3
time at a constant temperature of 40°C -

‘.:I * ' WA, E‘if_‘le

1 }' it
S5 Ba8é

Fig. 1 Schematic diagram of prepared sensor with composite
of MWONT/PMMA

Fig. 2 Apparatus for measuring sensitivity of sensor exposed

MWCNT
to toluene
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Fig. 3 SEM images of MWCNT/PMMA composites, (2)
20% (b) 2.5% (c) 3.0% and (d) 3.5 wi% of



3. Results and discussion

Typical SEM images of MWCNT/PMMA
composites illustrated in Fig. 3 were analyzed for
comparison of MWCNT dispersion in the polymeric
matrix. The weight ratio of MWCNT to MMA in Fig.
3 (a), (b), (c) and (d) is 2.0, 2.5, 3.0 and 3.5 W%,
respectively, It should be noted that ultrasonication
could lead te uniform dispersion of MWCNTs in
PMMA matrix which is prepared by in-situ
polymerization. Liquid monomer with initiator would
undergo the polymerization process within the
controlled temperature while the MWCNTs were
dispersed by the sonication. MWOCNT dispersing in
the polymeric matrix could be observed as stripes
scattering on the dark background. It could be
observed that with the increasing MWCNT m
network of MWNCT entangling become m
However, when the MWCNT wit%
3.0%, the difference in MWCNT di
observed (Fig. 3 (c) and (d)).

In general, PMMA is an msul.umg male
could exhibit conductivity once condug i
introduced. With a sufficient quant
added into the polymeric matrix thg
could be formed throughout the ma
conductive polymeric compounds (Jia ef'al
the composite electrical resistivity would
to the percolation effect (Lucci er al.,
al., 2007). Fig. 4 shows the re
resistivity of the MWCNT/PMMA
content of MWCNT added. 1t is seen ths
of composites substantially decreased by
content of CNT. Electrical sy
MWCNT/PMMA composite when it was exposed 1o

toluene was illustrated in Fig. 5. The resistiviiy ofthe - =
were (

composites became higher when
exposed to toluene for longer
electrical resistivity of the compositEis

swelling of the composites (Niu &

composifes

molecules of toluene were I.bsmbad into ﬂlﬂ polymer
matrix, the interval between pol segments was
increased. Thus the conductive path ng-l:hc oormposllcs
polymer was hmduad

polymeric segment and

increased. After swelli

entangling MWCNTs would be formed due to
volumetric expansion of ite. Theref
el R
obstructed (Chen [

al., 2007).

The einumml responsivity of different content of
MWCNT in the composites was experimentally
investigated. The sensitivity, S was defined as S (%) =
((Ry - Rg)Rg) %100, whereas Ry and R, are the
resisitivity of the sensor at its initial and exposure states,
respectively (Zhang er al., 2007). As could be observed
in Fig. 6, the composite with the lowest content of CNT
(2.0%) exhibited the highest sensitivity. In our
investigation, the 2.0 wit% of MWCNT to PMMA was
reasonably considered as the percolation threshold.
Below the threshold, the composite electrical resistivity
became infinite, resulting in unmeasurable sensitivity.

R E:}mwz-..

However, with a higher MWCNT content, significant
quantity of conductive path still remained even though
the composite would swell after exposed to toluene.
Comprehensive investigation on the optimal content of
MWCNT o MMA, which would provide sensor with
the consistent and accurate performance, would be the
issue to conduct further.

0 35
ONT[w4

- of composites polymer as a function of

1.0 15 20 25 3.0

Tame (min)

sti i change of PMMAJCNT sensors when
500 ppm toluene (2.5% CNT by weight
MMA, 40 °C)

B~y PP . i 2.5%
BRI
E 204 S5 el 3.0%
“ 1.0 1¢ O 3.5%
0.0 T |
0.0 1.0 2.0 1.0
Tme ()

Fig. 6 Comparison of sensitivity of PMMA/CNT with 2.0,
2.5, 3.0 and 3.5 wit% of MWCNT when exposed to
500 ppm loluene at 40 °C



4. Conclusions multi-walled carbon nanotubes/polystyrene,”
With the assistance of ultrasonication, conductive Sensors and Actuators B, 109, 323-328 (2007)

composites could be prepared from the in-situ

polymerization of MMA mixed with MWCNT. With

the increasing MWCNT content, the conductive path

became more uniform, leading to the lower electrical

resistivity of the prepared composites. When the

composilte was exposed to toluene vapor, polymer

matrix would swell, resulting in a destruction of

conductive path and change of the electrical resistivity

of the composites,  Dependence of the sensor

sensitivity on the MWOCNT was experimentally

investigated. With the lowest MWCNT content, degree

of swelling in the composite matrix became much

higher. Therefore, the electrical resistivity of ' ,
composite with the lowest MWCNT content. chan , /
substantially. e
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Abstract
Change of resistance of MW 3t DMposile expos oluene was experimentally investi-
gated. 3 mg (10%) of MW-CNTs wiih noi gl Size ol 20 .&.'l..... with 30 mg of poly(p-phenylene)

e the optimal condition for homogenizing
ﬁ rtain peried of 3, 10, 20, 30 minutes,
us polymeric composite of MW-CNT

ed 1o examine the dispersion of
composite filim coated on conductive
asite film prepared with 10 minute of ultra-
) respect to the varied concentration of toluene.

all constituents, ultrasonication wi
respectively. With FT-IR analysis. i
and poly(p-phenylene) could be prepar
MW-CNT in the matrix of the comp@Siig
substrate was experimentally investigais
sonication could provide the comparati
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