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Abstract: The gas sensors fabricated by using conductingnpmety such as polyaniline
(PAnI), polypyrrole (PPy) and poly (3,4-ethylenedithiophene) (PEDOT) as the active
layers have been reviewed. This review discussesahsing mechanism and configurations
of the sensors. The factors that affect the perdmcas of the gas sensors are also addressed.
The disadvantages of the sensors and a brief mbspéhis research field are discussed at
the end of the review.
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1. Introduction

Conducting polymers, such as polypyrrole (PPy)ygaline (Pani), polythiophene (PTh) and their
derivatives, have been used as the active layega®fsensors since early 1980s [1]. In comparison
with most of the commercially available sensorseobusually on metal oxides and operated at high
temperatures, the sensors made of conducting paylmeve many improved characteristics. They
have high sensitivities and short response timpe@ally, these feathers are ensured at room
temperature. Conducting polymers are easy to bthesized through chemical or electrochemical
processes, and their molecular chain structurebeamodified conveniently by copolymerization or
structural derivations. Furthermore, conductingypars have good mechanical properties, which
allow a facile fabrication of sensors. As a resalgre and more attentions have been paid to the
sensors fabricated from conducting polymers, ahat af related articles were published. There are
several reviews emphasize different aspects ofsgasors [2-4], and some others discussed sensing
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performance of certain conducting polymers [5-7lit bew of them paid special attention to
summarizing gas sensors based on different comduptlymers. This is the main aim of this review.
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Scheme 1. Several typical conducting polymers.

The conducting polymers mentioned in this revielwrefer to intrinsic conducting polymers. Their
main chains consist of alternative single and deubbnds, which leads to broamelectron
conjugation. Scheme 1 presents several typical wcimd) polymers used as the active layers in gas
sensors. However, the conductivity of these pureluoting polymers are rather low (€18 cm?). In
order to achieve highly conductive polymers, dogingcess is necessary. The concept of doping is the
central theme which distinguished conducting polgnigom all other polymers [8]. Conducting
polymers can be doped by redox reaction or prokemgain which the latter is only applicable to PAni
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Scheme 2. Oxidation doping of PPy.
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Scheme 2 demonstrates the oxidation process of B&wye electrons are removed from PPy
backbones by chemical or electrochemical oxidatiteeving positive charges on them. The resulted
cation radicals are called polarons, acting asctierge carriers. Counter ions, Xare also induced
close to the polymer chains to balance the positive chard®sped conducting polymers are
semiconductors or conductos~1(’-10 S cm®). This doping process is reversible, that is,dbped
PPy can be turned into its undoped state by chémiadectrochemical reductions.

For PAni, the doping process is different. PAnusture shown in Scheme 1 is in a totally reduced
state. Generally, PAni chains consist of two typestructural units: Quiniod and Benzenoid (Scheme
3A). These two units can be transformed into eablerdby redox. Not all types of doped PAni are
conductors; the protonated PAni is electrically dwetive only when x:y=1:1 (Benzenoid:
Quiniod=3:1). The protonic acid doping processllissirated in Scheme 3B. Doping and undoping
play key roles in the sensing mechanism of condggiblymer based sensors.
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Scheme 3. Structure (A) and protonic acid doping processdBpAnNi.

2. Synthesis of conducting polymersand preparation of conducting polymer films
2.1. Synthesis of conducting polymers

Conducting polymers usually can be synthesized Hmmacal or electrochemical oxidizing the
corresponding monomers, and the electrochemicategso of synthesizing a typical conducting
polymer, polythiophene, is demonstrated in schemf®]4 Chemical oxidation involves mixing
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monomer and oxidant in solution, and for PAni, proacid is necessary to ensure producing a linear
structured polymer product. The most widely usedianxts are ammonium persulfate, ferrum chloride,
hydrogen peroxide, potassium dichromate, ceriufatyland so on. Both aqueous and organic media
are used. For electrochemical synthesis, sever#ihade can be used: galvanostatic, potentiostatic,
cyclic voltammetry and other potentiodynamic methoHor all these techniques, a three-electrode
system is the best choice to realize syntheses. shistem composes of a working electrode, a counter
electrode and a reference electrode. Working @des made of various materials have been
successfully applied in depositing conducting paysn such as platinum, stainless steel, gold, mdiu
tin oxide (ITO) glass; in many cases, the polyntagosited on the electrode surface can be peeiled of
into their self-stand states.

@ anodizing 4@* BFEE=Boron trifluoride diethyl ether
S In

S BFEE
Scheme 4. Electrosynthesis of Polythiophene in BFEE.

Many conducting polymers such as poly (phenylemg/lene), poly (phenylene ethynylene) and
their derivatives are usually synthesized througheio chemical routes, rather than oxidation
polymerization. That is because their backbonesarenly consisted of aromatic rings but also C-C
double or triple bonds. These reactions includetigViteaction [10], Heck reaction[11] and Gilch
polymerization[12] etc. Polythiophene and its datives can also be synthesized via coupling
reactions [13]. These chemical syntheses are algeotuce structural regular conducting polymers, o
well-defined copolymers.

2.2 Preparation of conducting polymer films

Active layer is the heart of a sensor. Various meghes have been developed to prepare conducting
polymer films, in order to adapt to different sewsimaterials and different types of sensor
configurations. Thus herein we first discuss howleposit conducting polymer films [14].

Electrochemical deposition. Electrochemical deposition is the most convenmathod to deposit
conducting polymer films. The thickness of the fitan be controlled by the total charge passed
through the electrochemical cell during film grogiprocess. Moreover, the film can be deposited on
patterned microelectrodes [15]. Of course, the di#éjom must be carried out on a conducting
substrate. However, if the insulating gap betwéenneighboring electrodes is close enough (~several
tens of micrometer), the growing film can cover theulated gap and connect electrodes [16]. This is
important in fabricating chemiresistors (see 3.2.1)

Dip-coating. When dipping a substrate into a chemical polypation solution, part of the polymer
will be deposited onto its surface [17, 18]. Thiogess occurs on different substrates, and the
thickness of the film is usually controlled by dipgp time. Another similar process involves
alternatively immersing a substrate into the monoars oxidant solutions. The adsorbed monomer
will be polymerized on the surface of substrate PA@.

Spin-coating. Spin-coating is a simple method for preparing $ilfrom soluble conducting
polymers. In this process, the conducting polynwdutson is spread on a rotating substrate [21, 22].
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After evaporation of solvent, a thin film was forthdRepeating above process is feasible, which can
control the thickness of the film. Concentrationtioé solution and rotating rate of the substrate ar
also play important roles in adjusting the thickhed the formed film. This method can coat
conducting polymers on both conducting and insagpsiubstrates.

Langmuir-Blodgett (LB) technique. LB technique is a famous method to produce a filim of
polymer and surfactant. The operation of LB tecbaichas been described in many books and
literatures. Two different ways are reported to ad#pa conducting polymer film by LB technique:
directly depositing polymer and depositing monoriudiowed by polymerization on the substrate. A
LB film is ultrathin (monomolecular layer), andtadk film can be obtained by repeating the procedur
of LB deposition.

Layer-by-layer (LBL) self-assembly technique. By alternative immersing the substrate into a
polymeric anion solution and a polymeric catiorusioh, an alternative composite film (layer by Igye
consists of the two polymeric electrolytes is fabted [23, 24]. Doped conducting polymers, such as
PAnI, bring positive charge on their backbone, Whadlow it possible to deposit with a polymeric
anion. The thickness of the LBL film depends onnhenber of repeating times.

Thermal evaporation. This technology can be realized by heating condgcpolymer under
vacuum, and the evaporated conducting polymer dspms the target substrate. The thickness of the
film is determined by the evaporation duration [25]

Vapor deposition polymerization. This technology consists of two steps: preparexatant film
and then place the film into monomer vapor [26]e Thionomer diffuses into the film and polymerized
on it. This technique is useful not only in prepgra pure conducting polymer film, but also in cogt
composite films of different conducting polymers.

Drop-coating. A polymer solution is drop dried [27, 28], or sordeps of the monomer and
oxidant solutions are dropped and reacted on arstdsThis technology is rather simple. However,
the resulting film is usually not uniform.

Other methods. An electric field induced electrochemical polynzation can fabricate patterned
conducting polymer film. The polymerization of pyl& occurs between an electrode gaprt§ when
a voltage is applied in the saturated vapor ofgdgrf29]. Colloidal suspension of PAni is contrall®
directionally deposited on microelectrodes at culgd voltages [30]. For soluble conducting
polymers, inkjet-print also is a convenient metli@dproducing thin films [31]. Some researcher®als
packed conducting polymer powders into pelletatwitate the active layers [32, 33].

3. Sensing Principles

Chemical sensors transform the concentrations alfyges to other detectable physical signals, such
as currents, absorbance, mass or acoustic variabites exposing to the vapor of an analyte, the
active sensing material of the sensor interactatl thie analyte, which causes the physical property
changes of the sensing material. The interacticetsvden the analytes and sensing materials are
multiform, according to different analytes and eiéint active materials, and they are discusselen t
following sections.
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3.1 Interactions between gas molecules and conducting polymer films
3.1.1 Chemical reactions between analytes and atindupolymers

As described above, the physical properties of gotiinlg polymers strongly depend on their doping
levels. Fortunately, the doping levels of condugtipolymers can be easily changed by chemical
reactions with many analytes at room temperaturd,this provides a simple technique to detect the
analytes.

Most of the conducting polymers are doped/undopgdeox reactions; therefore, their doping
level can be altered by transferring electrons fosrto the analytes. Electron transferring can edhs
changes in resistance and work function of theisgnmmaterial. The work function of a conducting
polymer is defined as the minimal energy needegkmoove an electron from bulk to vacuum energy
level. This process occurred when PPy, PTh andinescase PAni films exposed in jIHNO,, I,

H.S and other redox-active gases [34-42]. Electrote@ors, such as NOand b, can remove
electrons from the aromatic rings of conductingypwrs. When this occurs at a p-type conducting
polymer, the doping level as well as the electanductance of the conducting polymer is enhanced.
An opposite process will occur when detecting atteb-donating gas. However, this mechanism has
not been understood clearly. Ammonia is an eleeti@mor; when PPy reacts with ammonia, its
electric resistance dwindles down sharply. Howewdter washing with dry nitrogen or air, the
resistance of the sensing layer can be totally astlyprecovered. Following reactions are possibly
involved in the ammonia sensing process [43, 44]:

PPy +NH, -~ PPy +NH;  Adsorption

PPy +NH; - PPy +NH,  Desorption

Based on this mechanism, all p-type conductingrpelg are expected to dedope under ammonia
atmosphere. In fact, some different phenomenonaokasrved in thin polycarbazole film sensor [45].
It was found that a resistance decrease occurresh wdacted with ammonia. Further studies are still
needed to make the mechanism clear.

Except for the pure redox reactions, partial chargesferring also leads to an alternation in the
conductivity of a conducting polymer. Accordingthe results reported by Josowicz et al., the
direction of partial electron transfer was detemrxify the electronegativity of the vapor and thekwo
function of the polymer [46]. Some toxic gas, sashCO, was rather inert to redox at room
temperature. However, response of PAni towards @® also observed [47-50]. A resistance decrease
of a PAni film was detected when it exposed to G®. grurthermore, Densakulprasert et al. compared
the UV-vis spectrums and XRD patterns of the filefidse and after exposing to CO, no discernable
difference were found [48]. Thus, they speculatssig mechanism as following [48, 50]:

Qo ot o Oyorto ok

+

O+ <= (Z2-T

11
(@)
+
0O------Z-I

O+ - :Z-T
11
(@]

11
(@)

N
|
-

C=0



Sensors 2007, 7 273

The stable resonance structuré @O with the positive charge at the carbon atom withairaw a
lone pair electrons at the amine nitrogen: —NH-e pbsitive charge at the carbon atom is transferred
to amine nitrogen, which results in a net increzfgaositive charge carriers on the polymer backksone
and therefore an increase in conductivity. Theradion between chlorinated hydrocarbon and PAni

was also studied, and similar phenomena were obd¢bd].

Another explanation to the response of PAni to GQalso based on the redox reaction. The
decrease in resistance was interpreted as redudgtithre barrier height between grains [47, 49], @nd
is a common model in metal oxide sensors [4]. Tlledaoctance of sensing film was governed by
potential barriers between polymer grains. The axich happened at the grain surfaces in the presenc
of CO gas caused the surface coverage of adsorbggeo decrease. Thus, the surface potential,
barrier height and the depletion length are reduatdith lead to a decrease in resistance.

In some cases, electron transfer occurs on the a@oemp mixed in conducting polymers.
Phthalocyanines are goadelectron donors, so when a composite film of ploityanine (Pc) and
conducting polymer exposed to Blectrons will transfer from Pc to NQOeading to a increase in
charge carriers (hole) [22, 52, 53]. In other wdflgO3; was found to be the chief active material in
Fe,0s/PPy composite film [54].

In some cases, a catalyst incorporated in the atimdupolymer film can help in detecting some
inert analytes. Athawale et al. prepared nanocoitgpo$ Pd/PAni, and found its electrical resistance
responses rapidly and reversibly in the presenceeathanol [33]. They assumed that the effective
positive charges on the imine nitrogen atoms wedeiced by the methanol molecules in the presence
of Pd nanoparticles:
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Ram et al. gave a different explanation on detgd@i® by catalytic oxidation [23]. They believedttha
CO is able to oxide PAni with the assistance of St{@wever, there is no experimental proof
supporting both of the two mechanisms describedebborsi et al. reported that the conducting
polymers doped with metallic inclusions performetitér than pure polymers [55]; a possible catalytic
process may occur in these sensors.

Sweger at al. used poly (phenylene ethynylenejléecting 2,4,6-trinitrotoluene (TNT) [56]. This
process involves electron transfer from photoindueeited stated of electron-donor, poly (phenylene
ethynylene) to the electron accepter, TNT. Somerotonducting polymers have also been used to
detect TNT and other nitroaromatic explosives [9fese conducting polymers have high fluorescent
efficient, and when they react with electron acegpthe electron transfer process mentioned above
will lead to a quenching of fluorescent. The detigit of this method can be very low (several gpb
TNT).
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PAni is a special conducting polymer since its dbpeate can be controlled by acid/base reactions.
This is widely used to detect acidic and basic glagéhen exposed in ammonia gas, PAni undergo
dedoping by deprotonation [58-63]:

_ - X X
X
X NH,4* NH,*

The protons on —NH- groups were transferred tg Midlecules to form ammonium ions while PAni
itself turned into its base form. This processegersible, and in fact, when ammonia atmosphere is
removed, the ammonium ion can be decomposed to amngas and proton. After reaction with
acidic gases, such as HCL3and CQ (in present of water) PAni will be doped [25, 68L6Water is
also able to transfer protons to PAni [69]. Weikeral. reported that Htan be adsorb on the positive-
charged nitrogen atoms of PAni, and then dissoaritehydrogen atoms. The following formation of
new N-H bonds between the hydrogen atoms and emi®gan reduce the resistance of PAni [70].

Proton transfer is also present in PPy. Krivanleblaserved a decrease in resistance of PPy film
when it was exposed to the vapor of weak acid xS and CHCOOH, indicating a proton
transfer from acidic gas to PPy and a increasepingj level of the polymer [71]. Geng et al. gake t
same interpretation [72]. Furthermore, Nas reported to be able to remove protons from [PBy
74]. If the formed ammonium was bind close to tleairter anion, the proton transfer process is
reversible. However, in fact, a nucleophilic aktaan the carbon atom of PPy backbones usually
occurs, which may cause an irreversible changé&in[P5].

Not only polymer chains but also the counter ionghe side chains may involved in the acid-base
reaction. A decrease in resistance was found wbei@acid doped PAni reacted with NH6]. The
authors explained it as that the removal of protsam the free acrylic acid dopants by ammonia
render free conduction sites in the polymer maiviekhammad and Jung et al. considered the response
of PTh film to ammonia as the result of formatidniroeversible ionic pairs between the positively
charged electric barrier of NHions and the doped anions [77, 78]. In anothez,dd€| protonates the
carboxylate groups on poly(thiophene-3-alkanoidacnd allows the polymer chains to relax from
twisted conformation to a violet-stacked conformation [79]. The sensors fabricétech PAni with
boronate groups showed poor reversibility for disigcammonia, mainly due to ammonia reacted with
boronate to form ion pairs [80].

£
B
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3.1.2 Weak interactions between analytes and cdimgugolymers.

Many important organic analytes, such as benzevlegrie and some other volatile organic
compounds (VOCSs) are not reactive at room temperand under mild conditions. Therefore, it is
difficult to detect them by their chemical reacsomith conducting polymers. However, they may have
weak physical interactions with the sensing polysnémnvolving absorbing or swelling the polymer
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matrixes, etc. These interactions do not changextiwation levels of conducting polymers, but can
also influence the properties of the sensing malseand make these gases detectable.

Air and gas (y=0 or 1)

X=L v=1

Conducting polymer
X=0 =

Substrate (y=0)

Figure 1. Device configuration used by Bartlett to investégadsorption of conducting polymer
films in chemresistor type sensor.

Absorbing of the analyte molecules on the surfdcgeasing film is widely used in gas sensing. In
fact, absorption is the first step in all the segstechniques, especially in same quartz crystal
microbalance sensors. The absorption of organicesgasn conducting polymers has been
experimentally studied. Bartlett's group presentedasic model for polymer gas sensors which
consists of a thin uniform polymer film lying onethtop of a pair of coplanar electrodes supporied b
an insulating substrate [81]. They assumed thatts®rption process is described by the Langmuir

adsorption isotherm, that is:
k

A+(site) - (A (1)
where k and k are the forward and backward reaction rate, rés@dyg, A is the analyte. Based on the
device illustrated in Figure 1, a modified diffusiequation in dimensionless form can be established
to describe the adsorption process:

2

oy oy _n2e @

ox® o0r Aor
wherex is the dimensionless distance parameté) ris the dimensionless time parame®@t/[(?), y
the normalized gas concentratioa/a,) and a, is the external gas concentratiop.and 7 are
dimensionless parameters given K and Ka,, respectively, and thus depend upon material
properties such as the equilibrium constar{i/k,) and the density of sitds. On the other hand, the

gas also obeys a sorption kinetics equation:
06

qumy(l—e)—/(e (3)
where k is a dimensionless parameter that equals the oatiorward reaction-rate to diffusion-rate,
kNL?/D. Equa. 2 and 3 may now be solved with suitablenbaty conditions to obtain the adsorption
and desorption concentratiofx, 1), and site occupanc¥ x, T) profiles. However, these two
nonlinear partial differential equations have neem analytically solved exactly. The authors got
approximate analytical solutions in six limiting ses [82, 83], which are pure diffusion
(A<1,n<l1 k>n), slow diffusion A<1, n7<1, k>1), unsaturated (linear) reaction Kkinetics
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(A<1,n<1, k<p), saturated reaction kineticgy €1, k<n, A>1), saturated (nonlinear) reaction
kinetics «>1,k>n,A>1,A°>n) and mix diffusion reaction process*1,1<A’<n, n>1).
Considering the electrode widtth and the gap widthw, conducting response can be obtained
numerically by some complicated operation.

Sensing film ~ _ Electrode \\ rl r2 1 r(m-1) r(m)
~ A TR W

/

S\ \
>| [\ )
I Current——» \ M 2 r(m-1) r(m)
> > -
+ Lt -\ R I
Substrate
rl r2 n r(m-1) r(m)
—AM—AW

Figure 2. Device configurations and the corresponding edentecircuit used by Hwang and Lin to
investigate adsorption of conducting polymer filmchemresistor type sensor.

Bartlett’'s model is more or less too complex thaisihard to be applied for understanding the
sensing performance directly. There are severatratineories to interpret the sensing mechanism.
Another simple model based on Langmuir isotherm dexeloped by Hwang and Lin et al.[84-86].
Their study only involved equilibrium state rathban dynamic cases. As shown in Figure 2, the
overall resistance of the sensing film can be d®rsid as resistances dR in parallel and eacR is
composed oM resistances af in series. Herd, r, n represent the resistance of a layer, the resistance
of a site, the number of conduction paths, respelgti while m is the number of active sites in a
monolayer. Thus the resistarRehould be:

R=mé, +m(1-8)r, (4)
where p is the vacant site resistance andisr the occupied site resistanag;is site coverage of
adsorption. According to Langmuir isotheréhcan be expressed as

—_ KmCO
T 1+K,C,
whereKy, is the adsorption equilibrium constant abglthe concentration of the analyte. Combination
of Equa. (4) and (5) gives the expression of sgneeponse
_ m K.C,

AR =(r, - rO)Fm
Eq. 6 has been used to explain the experimentaltseported by the Hwang. They also found that
the addition of poly(ethylene oxide) into polypyecdfiim can change the adsorption equilibrium
constanK, and further change the sensing performance.

Charlesworth et al. investigated the relationshigpwieen mass and conductance changes of PPy
film, and found that the fractional change in risise varies linearly with fractional mass uptake
below about 5% mass change [87]. They assumedPiatilm behaved like a uniform sheet, thus, the
uptake of mass during exposure to vapors is desthly Fick’s equation for diffusion:

AR/IAT&)) i 1_(%2 (2n:-L+1)2 EX‘{_ D(ZZF)Z nﬂ (7)

(5)

(6)
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whereM(t) is the mass taken up by the film at titp&i(c) is the equilibrium mass uptake by the film,
L is the film thickness, anD is the diffusion coefficient. For rapidly risinggion of the adsorption
curves, the equation can be predigested as
1

M(t) _ 2[ Dt jz @®)

M (o) 722
Least-squares fitting the factional mass incregsénatt’” gives the value db, and the value of some
alcohols were calculated in their paper. The alcomalkeculars with small size fit better to Equa 8. The
further analysis of mass increase data concludedtunauer-Emmett-Teller (BET) isotherm is
obeyed in this adsorption process. This is diffefearh Bartlett's models.

Bissell and Persaud paid attention to saturatedrvppessure (SVP) of organic gases [88]. They
pointed out that the absorption of analyte molexugea partition process between gas phase and
polymer phase. The VOC partition between gaseousandensed phase has been well described in
the field of gas chromatography [89], and the particoefficient can be described as

Cicrr_ P 9)

Cg M.y, P,
where o, andM; are the density and molecular weight of the polymespectively,s is the vapour
activity coefficient,p; is the saturated SVP of the solute vap®uis the molar gas constant amds
temperature defined in Kelvin. Since fractionalmipain resistance varies linearly with fractionass
uptake at low mass change, the change in sensstarese can be expressed as

AR =k,C, (10)

wherek; is a constant. Combining Egs. 9 and 10, equationaslderived,;

K=

IogCi = Iogi+log£+b (11)

g 2 Y2

whereb=log(RTo:/M14R) and is a constant. Considering a homologousssefi@nalyte vaporgy is
the concentration in each case required to genéxaie amplitude of sensing response. According to
Eg. 11, a plot of lod{Cy) against logl/p,) will be linear with a gradient of unity if thetra ki/)s is a
constant across the series. The authors measureesiienses of several types of sensors to differenc
vapors, including alcohols, esters, alkanes anthatic compounds, and found that all these sensors
displayed linear correlations between the vaporcentrations producing fixed amplitude of sensor
response and the analyte saturated vapor presstiel indicate that VOC partition and signal
transduction are typically non-specific processethese materials.

The equilibrium and kinetics of adsorption were weNestigated. To detect the adsorption of
analyte and further the concentration of them giifiects of adsorption and desorption on the progsert
of the sensing film were studied. A simple methodrtonitor the adsorption-desorption is measuring
the mass uptake. By recording the response freguelmange of a conducting polymer film coated
quartz microbalance, water vapor, hydrocarbon oaegtorganic acids, benzene, toluene, ethylbenzene
and xylene (BTEX compounds) can be detected [90Bd$ides, The mass increase measurement is
usually combined with other techniques to give &ddal information in sensing processes [95-97].
Nigorikawa and Hwang, used PPy and PPy-based cotagis respectively, successfully recognized
different molecules based on thR(4f) value, wheredR and 4f are the resistance change of the film
and response frequency change of the crystal [98, Analyte adsorption also may enhance the
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potential barrier at the boundaries between thmgyraventually changing the electric propertiethef
sensing materials [100]. Athawale et al. reportead adsorption-desorption of chloroform molecule on
Cu clusters in a copper/polyaniline composite déar és resistance, and the change was found to be
reversible [101].

In addition to adsorption, another widely obsery@tenomenon in the process of conducting
polymer contacting vapors is swelling. Like othetymers, conducting polymers can swell in many
organic solvents, and this has been detected by KFEI]. This is controlled by the vapor molecular
volume, the affinity of the vapor to the sensindypter and the physical state of the polymer [103,
104]. At ambient temperature, most conducting pegnare in their glassy state, thus some
researchers pointed out that a low sorption andlisgydevel are expected and their contributiorthie
overall electrical resistance decrease is minof16bwever, swelling of the polymer film is an
important mechanism to interpret sensing behaviarooducting polymer to organic vapors [16, 17,
64, 105-110]. For a pure conducting polymer, insgrtanalyte molecule into polymer matrix
generically increases interchain distance, whidbctd the electron hopping between different polyme
chains. Zotti and Berlin tried to using Mott’s tmgdo describe the interchain electron transfei:[95

-1
(mi] = 1.1 (12)
o, Ble,-¢,)X B

whereo and o is the conductivity before and after exposed toest vapor, respectivelys ands, is
the relative permittivity of the solvent and thdymoer, X is the molar fraction of absorbed vapor for
sensing polymer and is a constant. They found that the experimental ttdlowed the equation well.
According to their results, the electric condudsivahange depends @nandg,: conductivity increases
for &>& while decreases fag, >&.

The swelling process of a composite conducting pelyrm complicate. One or more components
can be swollen to different extents, which resirtsarious changes in overall conductivity. In some
cases, the analyte dissolve conducting polymeeb#tan the other component, and it will be swollen
first. Spinks synthesized polyaniline/polystyrei®S) composite films and tested their response to
alcohols [104]. Because PAni has a higher solyhiitpolar alcohols, it swelled much more than PS
which in fact increased the effective volume of d@acting PAni. This resulted in increasing the
conductivity of PAni. In some cases, other compomamther than conducting polymers in the
composite swelled more. For example, when PPy/PMiddposite film exposed in acetone, PMMA
swelled much more than PPy and separated conduefyg Thus, the conductivity of the composite
film was decreased [106]. Similar results were adddained in PAni/PVA composite sensor to
humidity [17] and PPy/Polyvinyl acetate (PVAc), PP$, PPy/Polyvinyl chloride (PVC) to some toxic
gases [111].

Hydrogen bonding and dipole-dipole interactionsase reported to play important roles in sensing
process. The infrared spectra of a PPy film aftggosing to acetone indicated the formation of
hydrogen bonds (H-bonds) between C=0 groups ofoaeemolecules and N-H groups of pyrrole
units [112]. Tan et al. investigated the interacti@iween methanol and PAni salt and base [113].
They found that the H-bonds in the two types PAnerendifferent. In PAni base, one methanol
molecule forms two H-bonds as a bridge between Rohains. Twisting caused by these H-bonds
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localized the polarons and decrease the conduc@inBéni. Furthermore, the weak intermolecular
force is also used to distinguish enantionmer aftlyas by PPy with chiral side group [114] .

Experimental results demonstrated that some anagigtes, especially alcohols [32, 115] and
ketones [112], can change the crystallinity of amtohg polymers. This fact has been confirmed by X-
ray diffractions. Small alcohols such as methamal athanol interact and diffuse more efficiently in
the polymeric matrixes than the alcohols with higieolecular weight do. Moreover, the high
dielectric constants of small alcohols make thewrgfly interact with the nitrogen atoms of
polyanilines, leading to an expansion of the corhpami chains into more stretching conformations.
This in turn, is expected to increase the crysi@jliof the polymer and decrease its electric rasice.

In contras, alcohols molecules with high moleculgights can not diffuse into polymer matrix
efficiently like small ones due to their long ch#&mgths and non-polar nature, they are likelydibas
barriers among PAni chains, which results in arrease in resistance [32]. In another work, the
authors proved that, acetone can weaken the dispefgrce between aromatic pyrrole units and
increased the content of the disorder sectionsPn Which hinders the electron mobility and hence
decreased conductivity of PPy [112].

Another possible interaction between analytes amtlacting polymer films is dissolving of the
counter ions of conducting polymers in analytesur@er ions are usually bound along the polymer
chains and their mobility is rather low. The analgifused into the film can act as a solvent foraim
counter ions, eventuating in an ionic conductiob31116]. Besides, solvent molecular can resud in
delocalization of counter ion, which in some caflews easier intra-chain electron transfer and
reduces the resistance of the film [17, 117, 1H®\wever, in some cases, with the help of bias, wate
vapor can cause the dedoping of conducting polymaifield-effect transistor [119].

3.2 The configurations and sensing principles of different sensors.

For an over view in classification of gas sensard eonfiguration of different sensors, IUPAC’s
report [120] and Nylander’s review[121] are two iongant literatures. Here, we will discuss only the
widely used sensors based on conducting polymers.

3.2.1 Chemiresistors

Surface
m (@) o) m
© o o ©
SBE  Conducting pol o S
3 g onducting polymer g 3
[« - - [«
® Interface @

Substrate

Figure 3. Configuration of chemresistor.

Chemiresistors are the most common type of sefi@8r1, 118, 122-127]. They can be fabricated
through a cheap and convenient process [128]. Aksistor is a resistor, whose electric resistasce
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sensitive to the chemical environment. Chemiresisbnsists of one or several pairs of electrodels a

a layer of conducting polymer in contacting witle #lectrodes, as illustrated in Figure 3. The atsdtr
resistance change of the sensing material is medsis the output, so a simple ohmmeter is enough to
collect the data. Usually, a constant current dempital is applied on the sensor, and the measuring
signal is potential or current change, respectivetyimprove the performance, interdigitated eledsro

is widely used [25, 30, 44, 129], and a typical ar@s shown in Figure 4. This type of sensor is sempl
but efficient.

Figure 4. Interdigitated electrodes. The dark pattern is cotidg electrode and the white part is
insulating substrate.

Figure 5. Equivalent circuit diagram of the device shown iguFe 3.

An equivalent circuit diagram is presented in Fggbr[130, 131]. The change in any parts of the
sensor will cause a consequential change of ovesalstance of the device. Of course, the most
important part is the bulk resistance. For a dagadlucting polymer, its conductivity consists afeid
component:

1 1 1 1

o o, 0, O,
where g is overall conductivityg: the intermolecular conductivityg, the intramolecular hopping
conductivity andg; the ionic conductivity, respectively. Accordingtte description in 3.1, when react

with analytes,g. can be altered by changing doping levels of condggtolymers by both redox and
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acidic/basic doping/dedopingsis usually modulated through adjusting intrachastashce of polymer
chains. This is achieved by swelling the polymégrgying crystallinity, forming H-bonds and dipolar-
dipolar interactionsg; is controlled by mobility of counter ions, which effected by the interaction
between the ions and analytes.

The contact resistance was studied by Mirsky e{18P, 133]. They designed a four-point
interdigital electrode to reduce the contact rasisé and enhance the response of a chemiresistor.
Other researchers reported that the sensors basedmulucting polymer nanofibers have a worse
performance than those of ordinary films. They pednout that a bad contact between nanofibers and
electrodes is the main reason [134]. The irrevéigilmf chemiresistor was increased as the polymer
film was peeled off from electrodes because of ittease of contact resistance, and it can be
efficiently restrained by using the technique afrfpoint measurement [87].

Alternating current (AC) also has been used assitpeals of chemiresistor sensors [71, 135-137].
When AC current is applied, the capacitance anddtmt should be included in equivalent circuit
model. Both of these two variables are relateda® igteraction with the sensing film. Thus, notyonl
resistance, but also capacitance and inductancéeaneasured to detecting gases. Furthermore, the
value of dissipation factor (resistance/absoluleevaf reactance) changes with the current frequenc
and the peak in the dissipation-frequency curvéissiihen the sensor is exposed to different gases.
The peak position is unique for different gasesaseful in distinguishing them [138, 139].

Chemresistors are the most popular device confiiguraf gas sensors, and many commercialized
devices are based on it. The related technologiekiding fabrication and measurements, have been
maturely developed. Thin films, fibers and bulk eratls can be utilized as the sensing elements of
chemresistors and their output signals are resisgariJsing conducting polymer as the sensing film
brings several advantages in device fabrication @meration. Conducting polymers are easy to be
processed into films by many techniques as sumedabove; most of these methods are operated in
room temperature. The disadvantage of chemressstbat the resistance of a device is influenced by
many ambient factors, and not only determined lgyrtsistance of the conducting polymer sensing
film, but also the contact resistance of the etefg#s. Moreover, little information other than resice
can be obtained; this is unfavorable in distingumgldifferent analytes.

3.2.2 Transistor and diode sensors

The well known organic thin-film transistors (OTHFeve been applied in sensing field just after it
was first developed [140]. There are some reviewdFTs [141] and their application in sensors
[130, 131, 140]. In general, a TFT consists of misenductor active layer in contact with two
electrodes (“source” and “drain”), and a third &lede (“gate”) which is separated with the actiagelr
by an insulating film. When it works, a source-drabltage was applied and a source-drain current
was measured. The gate is used to modulate thentuoy a gate potential. The source-drain curient i
changed when sensing film interacts with analyte:o Ttypes of conducting polymer transistor,
classified by whether the current flow through gwymer [128, 131], were used to detect gases, as
illustrated in Figure 6. Figure 6A shows the coafafion of a thin film transistor (TFT), its active
layer is made of conducting polymer, and Figurerépresents the structure of insulated gate field-
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effect transistor (IGFET), whose gate electrodem&e of conducting polymer and the current flows
through the other semiconducting layer, e. g.ailic

(A)

Gases \' (B)
Gases
Gate (Conducting \

polymer)

Insulator

Conducting Polymer
Si semiconductors

Source Drain Insulator

Gate

Figure 6. Configuration of TFT (A) and IGFET (B).

The modulation of source-drain current is interpdedis that an appropriate gate potential can enrich
charge carriers in the semiconducting layer clasgdte electrode, forming a current channel. The
heart of a TFT is the gate capacitor in which sitidorms one plate while the conducting polymenfil
forms the other [130]. When the two chemically eiéint plates are electronically connected, an
electric field is createdt their interface. This field is proportional teetdifference of work functions
of the two plate materials [142], and both sour@rdcurrent and turn-on voltage are governed by it
Electron transfer between analyte molecules andirsgrpolymer layer is able to change the work
function of the polymers, which causes respons®urce-drain current or gate voltage.

For a IGFET devices (Figure 6B), the gate-to-souaitage,Vs, source-drain currenty, follow the
normal equations valid for IGFET [131]. W < Vc— V1, In the so-called subthreshold (or linear)
region, the current is linearly dependent on thes®drain voltagd/p :

_ HCW v
ID_ |i) VG_VT_7D D

in the saturation regioNp > Ve —Vr, Ip is independent dfp but is related t&/c—Vr:
Iy = IUCZ:OLW (VG Vi )2

Whereu is the mobility of minority carrierCy is the gate capacitandd, andL are the width and
length of the channel, respectivelf. is called turn-on voltage. In IGFET, the conduityiwf polymer
gate does not influent the source-drain currentheaesponse ilp or Vr are caused by the modulation
of work function of the conducting polymer gate.iSltype of sensors has been used to detect various
gases [119, 143-148].

In OTFT, the current is modulated by both work filmre and the conductivity of polymer, so it is
hard to make sure which is the key factor. Theentrequation and sensing principle are the same as
IGFET. This configuration of sensor is also widesed [100, 109, 110, 119, 149].
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Figure 7. Configuration of diode device.

Diode is a rather simple device, as shown in Figur@nd can been employed to detect gas analytes.
Conducting polymers that are stable in the airuaally p-type semiconductors. When a conducting
polymer film contact to a n-type semiconductor,eéehojunction will form at their interface [35, 150
151]. Alternatively, a so-called Schottky barrieeincbe formed at the conducting polymer/metal
interface [34, 152-154]. The relation between aquirgensity and voltage is described by Richardson’s

equation:
J=J,ex eV
nk,T

in which the saturation current densityis defined as:

J, =AT? exp{—&j
k,T

where A" is the effective Richardson's constag, the effective barrier heighk, the Boltzmann's
constantn the ideality factore the electronic charge, afids the absolute temperature.

The effective barrier heigh$ys can be modulated by analyte, through changing dpjemel of
conducting polymer. Thus, after exposing to anyeakeveral electric parameters of the diode will
change, such as current density (can be measurgdsbynduced voltage shift, that is the voltagdt shi
before and after exposing to analyte at a constamént density) and rectification ratio.

In comparison with chemresistors, transistors andde$ provide more parameters for
measurements, thus, may give more detailed infoomabout the semiconductor natures of the
conducting polymer sensing films. Moreover, theedgbn limit and sensitivity of the sensors based o
transistor are better than those of chemresistrause of the signal amplification of transistorides.
The beneficial of using conducting polymer as teasing layer is the convenience in fabrication.
Besides, easy modification in conducting polymendtires provides facile route to sensing materials
with different work functions and selectivitiesdoalytes, which insure high performance of trapnsist
configured sensors. The disadvantages of theseatewre, as other semiconductor devices, their
preparation is slightly complicate, and the chamazation of a transistor is more difficult than a
chemresistor.
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3.3.3 Optic devices

UV-vis and NIR spectra can reflect the electronfigumations of conducting polymers. During the
doping process, the spectral absorbance of comduptlymer film will change and new bands will
appear due to the formation of polarons and bipoks while the spectrum can return to its original
shape after dedoping [155]. Thus, analyte gas ctontaconducting polymer film can be detected by
recording the UV-vis or NIR spectral changes. Atrauthin film is suitable for fabricating an optic
sensor, because the spectrum of a thin film is &agg recorded by using commercial spectrometers.
In fact, the simplest senor is just a glass coverigtd an ultra thin conducting polymer film. In @dto
online measure the spectral change with commetalis or NIR spectrometer, a special vessel is
necessary. The responses of the sensors are utualtyansmittance or absorbance changes of the
sensing films [41, 59, 60, 79, 102, 156, 157].

(A) (B)

PAni film
\ /]7 Lens

|

Optic fiber

LED Photodiode

Optic fiber

LED | Photodiode |

Figure 8. Configuration of two typical optical sensors usomgical fibers.

Long distance detection can be carried out by uaimgptical fiber to measure the absorbance of the
polymer layer. Two typical configurations of optickevices are shown in Figure 8. One is placing the
sensing film on the cross-section of the fiberillastrated in Figure 8A [158]. The mechanism afkth
device is the same as that of direct measuringhtqabs. The other is removing a small fractionhaf t
cladding on the fiber and coating this section vatimducting polymer, as shown in Figure 8B [159-
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161]. Bansal at al. described the details of yp® tof sensors [161]. The light reflects on thdaste of
conducting polymers, and the output light brings #bsorption property of the conducting polymer
cladding. Exposing the modified section of optleefi will cause the change in output light.

Measuring the spectra of conducting polymers calp hes to directly study their electron
configuration. And as we know, colorimetry is assligal technique in analytical chemistry. The senso
is only a piece of glass covered by a thin film aginducting polymer, whose configuration and
fabrication procedures are very simple. Howeves,dbnsitivity of this kind of sensors is low, ahe t
need of special spectrometers is expensive andomvenient.

Glass Substrate

Sensing film

Figure 9. Kretschmann-type configuration of surface-plasmesonance sensor device.

Surface-plasmon resonance (SPR) is another metha@pmr detection utilizing light. Surface
plasma waves are collective oscillations of the feéectrons at the boundary of metal and dielectric
material; their quanta are known as surface plasmany changes in the properties of the dielectric
layer near the interface will influence the excegatof the plasmons [162]. Near the resonancéeang
small change of the conditions (incidence angley cause the reflected intensity change acutely. A
SPR sensor has a typical configuration illustrateBigure 9 (Kretschmann-type configuration) [163].
On exposing to analytes, the minimum in the reflece curve will shift, which indicates the existenc
of the analytes. The sensitivity of this type ohsars is high, but the detecting procedures are
complicate.

3.3.4 Piezoelectric crystal sensors

Two types of sensors fall into this category; tlaeg quartz crystal microbalance (QCMB) and
surface acoustic wave (SAW) sensors. The prin@pig applications of piezoelectric crystal sensors
are well reviewed by Chang et al. [164].
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Figure 10. Configuration of quartz crystal microbalance semvice.

A typical schematic diagram of QCMB is shown in uig 10. It consists of a conducting polymer
coated quartz crystal and a pair of electrodes.rébenant frequency of a quartz crystal changds wit
its mass load, which was described as following]16

AMF?
HPq

whereAF is the resonant frequency shiftresonant frequencyym the mass change on the surface of
device, i the shear modulusp the density of the quartz crystal, aAdis its surface area. Thus,

measuring the frequency shiff can determine the adsorption mass and furtherdheentration of
analyte [90, 91, 94, 166-169].

AF = -

| Frequency
| couter

RF amplifier

Receptor IDT = 7~ _ _ =~ Transmitter

~ —

gy I g IDT
J:j Piezoelectric substrate J:—

Figure 11. Configuration of surface acoustic wave sensoraevi

A standard design for a SAW device is shown in Fegll [164]. A transmitter interdigital
electrode (interdigital transducers, IDTs) and eeptor interdigital electrode are attached onto a
piezoelectric crystal. The polymer film is coatenl the gap between these two electrodes. An input
radio frequency voltage is applied across the traar IDTs, inducing deformations in the
piezoelectric substrate. These deformations gse 1@ an acoustic wave, traversing the gap between
two IDTs. When it reaches the receptor IDTs, theclmeics energy was converted back to radio
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frequency voltage [164, 170]. The adsorption arebdaion of gas on the polymer film on the gap will
modulate the wave propagation characters. A pbaseequency shift will be recorded between the
input and output voltages [170-172].

The detect limits of above two types of devicesvamg low (<1 ppm). Because piezoelectric crystal
is rather sensitive to mass uptake, adsorbing y sreall amount of analyte can be detected through
frequency change. For the same reason, the sdlgcti/ piezoelectric crystal devices is poor.
Conducting polymers here act only as active layetsch tune the surface property of crystal and
improve both detect limit (by adsorbing more aralytolecules) and selectivity (by introducing specia
interaction with analytes) of the sensors. In father polymer can also play this role. However, as
described above, this technique can be combined wliemresistor (see 3.1.2), to give useful
information in distinguishing analytes.

3.2.5 Amperometric sensors

Amperometric method also has been applied for tlategases. This sensor usually has a divided
cell, with conducting polymer/metal/Nafidnas working electrode [173-175]. The supporting
electrolyte usually is an inorganic acid to provideions for ionic conductance in Nafidrilm. The
configuration of the cell is presented in Figure 12

Reference
electrode
Counter
electrode
Working
electrode
k Gas
—
\_ 4

Nafion®/Metal/Conducting polymer

Figure 12. Configuration of a type of electrolytic cell foag sensing.

The sensing mechanism is the same as other ampei@Eensors used in solutions. When an
appropriate potential is applied on the electraode,analyte molecules are anodic oxidized or cathod
reduced, resulting in a current change.
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3.3 The Parameters I nfluence the Performance of the Gas Sensors Based on Conducting Polymers

Many factors are expected to influence or imprdwe performances of conducting polymer based
sensors. Here, we will just list several import@ators.

3.3.1 Sensing materials

Much attempt has been devoted to improve the séhgiresponse time and stability of gas sensors
by modifying the sensing materials. Nearly all thielely studied conducting polymers such as PPy,
PTh and PAni have been used as the active mateniadensors (see Table 1). The methods of
adjusting the sensing materials include modifyimg polymer molecular structures, changing dopants

and incorporating second component into condugioigmers.

An advantage of using conducting polymer as théveanaterial is that the chain structure of
conducting polymer can be easily modified. Tabldisis the derivatives of different conducting

polymers reported in recent literatures.

Table 1. Modified conducting polymers for gas sensing

Backbone Side chain Reference
PPy S: alkyl [95], [176], [37]
S: alkoxy [95], [133]
S: hydroxyalkyl [90]
S: carboxyalkyl [90]
S: alkyl sulfonic acid [95]
S: amine [95]
S: ester group [95], [177], [114]
S: other [90]
G: to PVA [97]
C: with thiophene [37]
PANI S: alkoxy [91], [96], [178]
S: sulfonic acid [179], [61]
S: phenyl [180]
S: boronate [80]
G: to SWNT [61]
PTh S: alkyl [166], [181], [168], [110], [53], [105
[182], [127], [109]
S: alkoxy [183], [110], [157], [168], [184], [185]
[100]
S: ester group [166]
S: alkthio [186]
S: carboxyl alkyl [79]
C: poly(3-octylthiophene- [181]

co-thienylethanol)
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(Table 1 continued)

C: with PS [182]
C: with PMA [182]
C: with PBA [182]
PEdot S: alkoxy [187]
S: ether group [95]
PA S: amine [188]
Poly(diethylyl S: alkoxy [189]
benzene) (PEB)

S: Sidechain; C: Copolymer; G: Graft

The introduction of grafts to the backbones of aantishg polymers has two effects. Firstly, most of
the side chains are able to increase the solulgfitponducting polymers. This makes them can be
processed into the sensing film by LB technologyn-soating, ink-printing or other solution-assigta
method. Secondly, some functional chains can adipesproperties of conducting polymers, such as
space between molecules [182] or dipole moment®][16 bring additional interactions with analytes,
which may enhance the response, shorten the respioms, or produce new sensitivity to other gases.
These interactions have been discussed in 3.1ist&sllin Table 1, many sensors employ substituted o
copolymerized conducting polymers as the activeensls.

Dopants can influence the physical and chemicapgmges of conducting polymers. Conducting
polymers doped with different ions may give distiresponses to a specific analyte. A representative
example of conducting polymer is that PAni dopedhwsmall inorganic ions showed a resistance
increase to ammonia, while acrylic acid doped Pextiibited an inverse response [76]. The chemical
reaction and weak interaction between dopants aatjtes have been discussed above; herein some
other examples are listed. It should be noted tinadifferent sensing systems, the dopants played
different roles. The conductivities of conductingypners are directly determined by the doping Isvel
and the properties of counter ions. For example,cttnductivity of CIQ doped PPy is higher than
that of p-toluenesulphonate (Tsfadoped PPy. High conductivity resulted in a lovtiah resistancdR,
and high relative responsedR/R,), for initial resistance is the denominator [19®Jowever,
Subramanian et al. reported a opposite trend ini Based chemiresistor, the relative change in
conductance decreased with the increase of origimadluctance [191]. Potje-Kamloth et al. reported
the gas sensing performance of a heterojunctioa $gmsor was strongly influenced by the nature of
dopants [35]. In another case, camphosuphonic @®A) doped PAni shows the best response
comparing with those doped with diphenyl phosptigiePH) and maleic acid (Mac) when detecting
water vapor [69]. However, they did not give cleaplanation. Hong et al. studied the reversibibity
PAni-based chemiresistor, and found that strond dopants resulted in better reversibility, while a
worse response [62]. Differences in sensing perdmces between Gl SQ? and NQ™ doped PPy
composites are also studies by Ratcliffe group J1Farther, de Souza et al. tried to find the
relationship between the response and the molesidas of dopants [192]. Zhu and Tang examined
the critical reduction charge {Q which is defined as the charge required for fibvenation of a
continuous partially reduced phase in the PAni filim two PAni films doped with ClQ and
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dodecylbenzene sulphate, respectively. They fohadatter PAni yielded a smaller,Qherefore has a
higher response to ammonia gas [193]. Moreoverdtpeng levels of conducting polymers are also
able to influence the sensitivity of chemiresisti@$, 112, 183].

Incorporating second component into conducting mpely film is one of the most important
methods to develop new sensors. In comparisonmitiification of molecular structure of conducting
polymers, the advantage of this technique is thatan avoid complicated chemical syntheses.
Insulating polymers, carbon nanotubes, metal adssé@d metal oxides are usually used to prepare
conducting polymer composites. Some recent compbsised sensors are summarized in Table 2.

Table 2. Conducting polymer composite used in gas sensors

Conducting Second component Texture Reference
polymer
PPy PS Blend [194], [111], [27]

High density polyethylene (HDPE) Blend [27]
PEO Blend [195], [27]
PVA Blend [196], [84], [43]
PMMA Blend [38], [106], [27]
PMMA Coated [74]
Poly(etheretherletone) (PEEK) Coated [74]
PVDF Blend [197]
PVAC Blend [111]
PVC Blend [111]
Poly(acrylonitrile-co-

butadiene-co-stryrene) (ABS) Blend [27]
Polyurethane (PU) Coated [19]
Coo Blend [198]
SWNT Coated [39]
Nafion®/metal Coated [175], [199], [200]
Calixarene Blend [122]
Various of plasticized polymers Blend [194]
Pb-phthalocyanine Blend [52], [22]
SnGQ Blend [176]
FeOs Blend [54], [201], [72]
MoOs Layered [107]
WO;3 Blend [202]
0, Blend [203]

PAnNI PS Blend [204], [205], [104],
[20]
PVA Blend [117], [118], [67],
[68], [17]

PMMA Blend [60], [204], [205]
PVDF Coated [206]
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(Table 2 continued)

Poly(butyl  acrylate-co-vinyl  acetate) Blend [17]
(PBUA-VAC)
PP + Carbon black + Thermoplastic PU
PS + Carbon black + Thermoplastic PU Blend [207]
Ethylene  vinyl acetate  copolymer
(EVA)/copolyamide (CoPA) Blend [208]
Nylon 6 Coated [62]
Polyimide (PI) Blend [50]
PEDOT Coated [65]
Carbon black Blend [209]
SWNT Coated [210]
MWNT Blend [211]
Cu(Il)-exchanged hectorite Blend [212]
PtO, Blend [213]
TiO, Blend [23]
SnGQ Blend [42]
MoOs Layered [214]
CuCb Blend [66]
CeQ Blend [215]
IN,03 Blend [216]
Zeolite and Cti Blend [48]
Nafion®/metal Coated [173], [217]
Cu Blend [101]
Pd Blend [33]
PTh 4-t-butyl-Cu-phthalocyanine Blend [53]
MWCN Blend [127]
SnGQ Blend [42]
Cu Blend [55]
Pd Blend [55]

The functions of incorporating another componett ihe conducting polymers are manifold. We
can classify these sensors according to sensingpanems. In some cases, the second components
play an important role in sensing process. They inggrove the properties of sensing film (i.e.
partition coefficient [85]), help in electron orqton transfer [33, 118], or directly interact with
analytes by swelling [104] or electron/proton exu[22]. These effects have been described in 3.1.

In other cases, the second components are indudgdooimprove the device configuration, e. g.:
change the morphology of the film (i.e. act as eops matrix; as what will be seen in next section,
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morphology is expected to influence the performawéethe sensors) [20, 205], improve the
mechanical property [19] or protect sensing filnDgR It should be noted that the content of the
additional component (or conducting polymer) widainfluence the performance of the sensor [48,
50, 54, 127, 195].

3.3.2 Device Fabrication

In this section, we first focus on the morpholodytlee sensing “film”. For transistors, optical
sensors and piezoelectric crystal sensors, a tiim &ctive layer is most suitable. However,
morphology change of sensing layer can strongliuémice the performances of chemresistors and
diodes. These effects are usually attributed tahleeresults of changing the ratio of surface acea t
volume €av) [218]. A film with higherray makes analyte molecules diffuse and interact with
sensing layer more easily, which lead to a higkasgivity and shorter response time.

To increase theay of a flat film, we can either thin the film or makt porous. Many results
demonstrated that sensors with thinner or moreysoaative films have higher sensitivities [219-221]
However, this trend is not obvious in porous filmcreasing the volume ratio of micropores in the fi
is able to enhance the response [205]. Howeveheaporosity of the film is high enough, the resgmn
of the film is insensitive to its thickness [220].

On the other hand, as a thin film fabricated by teBhnique was used as the sensing layers, the
sensitivity of the sensor increased with the nundfdiB layer [21, 36]. It is possible due to diffas
of analytes is not the key step in the ultrathinfilB, and the sensitivity of the device determirgd
the amount of the polymer. Nanfibers (wires, tubbaye hugeray values, so they are perfect
candidates for preparing sensors with high seis#tsvand fast responses. We can use ether fabric o
nanofibers or a single nanofiber. The first desigreasy to realize, but efficient in promoting the
sensitivity of chemiresistors [44, 64, 66, 70, 1381, 222, 223]. The single nanowire is more dliff
to be utilized in sensors [63, 224, 225]. Recer@lyi et al. developed a new technology combined wit
nanoinprint lithography and lift-off process to fedate a PPy nano wire between microelectrodes,[226
227]. It is also reported that the sensitivity aesgponse time of single nanowire were influencedsy
diameter [63, 226]. Whatever the morphology ofwactayer is, the response time is always decremse a
the thickness of layer decrease [21, 36]. The rtreat of electrodes surface treatment sometimes is
able to minish the contact resistance, as welhassensitivity. On a rough Au electrode surface, th
electrodeposited PPy adhered is much better tharsnoooth Au electrode [228]. By chemical
modification of the surface, the PAni could be tgdfonto Si with good adherence [229]. These
technologies are useful in the fabrication of etetiemical sensors.

Pretreatment of sensing film may also affect thefgpmance of the sensors. Soaking PPy in
methanol solution can shorten the response timadthhanol gas, which could be interpreted as the
removal of exceed counter ions [230]. Heating isth@r way to change the sensitivity of sensors [72,
230].
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3.3.3 Working environment

The first factor must be noted here is temperatuie other semiconductors, the conductance of
conducting polymers increases with the increasdeonfperature. For a chemiresistors, the initial
conductance of conducting polymer is changed astdhwerature alters [231, 232]. However, the
change of initial value is not the key issue. Ascdssed above, sensing process involves two steps:
adsorbing of analyte molecules in sensing film #&meh the reaction between them. Temperature is
able to influence both of the two steps. Adsorptaiways prefers low temperature; increasing
temperature will shift the equilibrium to desorptioVhen adsorption/desorption is the preponderant
step, sensitivity will dwindle down as temperatunereases [16, 18, 75, 204, 210, 233]. The
performance of the sensors based on redox reacaisraly increase with the increase of temperature
[55, 129, 213], mainly due to the accelerationezction. In some case, two opposite effects destrib
above resulted in a peak value of sensitivity imsgevity-temperature curve [52].

The sensitivity of a sensor also strongly depemdthe ambient humidity. In fact, water vapor itself
is an important analyte, and many sensors aretsensd humidity. Thus, the signal of other gas in
humid atmosphere is a corporate response of tHgtarzad water. Sometimes change of humidity can
produce a similar response as analyte does, whiay oonfuse the results [158]. Generally,
competitive adsorption between water and the amaiyblecules occurs; consequentially water
molecules will consume some active sites, so theiety to the analyte is expected to decreaserwh
humidity increases [18, 88, 106]. However, in saases, humidity is able to increase sensitivity\8[10
180, 206]. These results demonstrate that theserse cooperative effect of water vapor and analytes
in sensing film. To reduce the influence of humjdintroducing hydrophobic substituted groups on
polymer backbone was reported [88].

There are other factors should be considered. iheessfect is one of them. Fedorko found that
when pressure changes, a phase transition willrand@Py, causing alternation of conductivity [234]
When designing a chemiresistor, the influence oferu also should not be neglected. Stronger curren
flow through conducting polymer will produce heatich can affect the response as described above
[136].

4. Summary and prospect

In conclusion, conducting polymers have been widskd as the sensing layers of gas sensors. The
advantages of using conducing polymers as thersgtegrers are listed as following:

Room-temperature operations. As discussed above, the interaction between caimgupolymer
and gas analyte is rather strong at room temperailinerefore, the sensors based on conducting
polymers can give remarkable signals, while thogsetl on inorganic metal oxide nearly have no
sensitivity at room temperature. This endows cotidgc polymer sensors with low energy
consumption and simple device configuration.

Facile property adjustment. The backbones of common conducting polymers aii o with
aromatic rings, which are easy to attach variouaftgrthrough electrophilic substitutions. By
introducing different substituents, or copolymergiwith different monomers, it is facile to adjust
both the chemical and physical properties of cotidgcpolymers; these adjustments are useful for
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promoting selectivity of sensors, and convenierfabricating sensor arrays. From Table 1 we caah fin
that many different derivatives of conducting pogmhwere synthesized and used in gas sensing.

High sensitivity and short response time. The detect limits are rather low for sensors based
conducting polymers. For redox active or acid-bastéve analytes, the detect limit is smaller than 1
ppm, and for inert organic analytes, that limittsout several ppm or lower. These data are listed i
Table 3.

The response times of these sensors are usualtirédsof seconds, and especially for some ultra
thin film sensors, this time can be as short asieeveral seconds.

Table 3. Detect limits of sensors based on conducting pergm
and their composites to several gas analytes

Analyte Sensing material Detect limit Sensor type  efeRence
NH3 PANI/SWNT 50 ppb Chemresistor [210]
NO, PPyY/PET <20 ppm Chemresistor [36]
PTh/CuPc 4.3 ppm Chemresistor [53]
PAnNi/In,O3 <0.5 ppm SAW [216]
HCI PAni/FeAl 0.2 ppm Chemresistor [235]
H.S PAni/heavy metal salts <10 ppm Chemresistor [66]
CcO PAni/FeAl 10 ppm Chemresistor [47]
PAnNIi/In,O3 <60 ppm SAW [216]
Water PANI < 25 ppm Chemresistor [30]
Methanol PAnNi/Pd <1 ppm Chemresistor [33]
Methane halide Poly(3- Several ppm Chemresistor [127]
methylthiophene)/MWNT
PAnNI/Cu <10 ppm Chemresistor [101]
Acetone PTh copolymer 200~ 300 ppm Chemresistor 2][18
Toluene PTh copolymer 20 ppm Chemresistor [182]
Butylamine Poly(anilineboronic acid) 10 ppb Chenses [80]

Easy device fabrication. The fabrication of sensors based on conductingnpeids is much easier
than that based on other sensing materials. Coindugblymers inherit the good mechanics property
from polymers, so most mechanical processing tecles are suitable for processing them.
Furthermore, by introducing long side chains, tbiilsility of conducting polymers can be greatly
improved, which make they are able to be proces#edfiims from their solutions by casting, layer-
by-layer deposition, spin-coating or LB technigéd. these techniques are easy to be operated and
repeated. This is an important superiority ovessenbased on inorganic materials.

Conducting polymers lead us to a new stage of tetegases. However, they have several
disadvantages need to be improved:

Long-time instability and irreversibility. Long-time instability is a main drawback of thensers
based on conducting polymers. It has been mentioneaany literatures, however, few articles have
reported the lifetime of the sensors [180]. Thefqremances of this kind of sensors decreased
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dramatically as they were stored in air for a reéy long time. This phenomenon can be explaired a
de-doping of conducting polymers. Many conductimdymers such as PPy and PTh, are easy to be
dedoped when they are exposed to air. Besideseoxytpy cause degeneration of some conducting
polymers. It was reported that PPy doped with big@s can remain conductivity in twenty years
[236], and PPy doped with or amphiphilic anion caduce the influence of water and oxygen [237].
These may be considered when designing sensingiatate

Another problem is the irreversibility of these sers. The response of sensors gradually fall down
in the sensing cycles, or the signal can not retoittie original value after exposed to analytesn&
literatures reported these results [65, 224]. & Wwealieved that the irreversibility of PPy in amnzois
caused by nucleophilic attack on carbon backbobg [fhe mechanism of irreversibility is still not
clear now.

Low selectivity. Not only the sensors based on conducting polyniersalso the other sensors
have to face this problem. A single sensor candigitnguish different analytes, and the response is
easy to be influenced by the presence of othersg&ensors based on conducting polymers usually
sensitive to water, so humidity must be consides@n detect other gases in air. Nearly all the
conducting polymers are sensitive to redox-actageg, such as Nknd NQ, and for organic vapors.
Swelling effect often occurs in conducting polyrtegrers, which can cause electrical resistance @&ang
in chemresistor. These are the disbennifits of@snsased on conducting polymers.

According to the discussion above, further workshis field may mainly include following three
aspects. First of all, sensing mechanisms, inctuthie mechanisms of instability and irreversibititg
sensors are not fully clear now. Most of the medrmaa mentioned above are presumptions of the
authors. The interactions between analyte and atimdupolymer need further investigations. Second,
Relative lower stability of conducting polymerstie main drawback of these sensors. Both chemical
and physical properties of conducting polymer silprdepend on the ambient conditions, such as
temperature and humidity. Thus, how to prolongliteéime of sensors is the crisis in application of
conducting polymers, and the main challenge torésearchers in the field. Third, a great deal of
effort has been devoted to adjusting the side ckaimctures of conducting polymers, to promote
sensing performance. However, most of these atteamgt concentrated in inducing several common
side chains. Molecule design has not been widedg iis developing new sensing materials. Inducing
new functional side chains on conducting polymeckbane is expected to obtain new class of
materials with special sensing capability. Condwgtpolymer nanocomposites, especially nanofibers
and nanotubes, are good sensing materials dueeip ltigh surface/volume ratio. Although the
fabrications of these nanomaterials are more caaigi than flat film, they can enhance the
performance of gas sensors efficiently. Thus, sgifing new nanocomposites is still a focus ofrieitu
works in gas sensing field.

Acknowledgements

This work has been financially supported by Natidwatural Science Foundation of China
(50533030, 90401011, 20604013) and 863 Projects{®8032105).



Sensors 2007, 7 296

References and Notes

1.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nylabder, C.; Armgrath, M.; Lundstrom, I. An amonia detector based on a conducting polymer.
Proceedings of the International Meeting on Cheh8easors, Fukuoka, Japd®83, 203-207.
Dubbe, A. Fundamentals of solid state ionic migas sensor&ens. Actuators B 2003, 88, 138-
148.

Zakrzewska, K. Mixed oxides as gas sendidns Solid Films 2001, 391, 229-238.

Timmer, B.; Olthuis, W.; van den Berg, A. Ammargensors and their applications - a review.
Sens. Actuators B 2005, 107, 666-677.

Nicolas-Debarnot, D.; Poncin-Epaillard, F. Poljiae as a new sensitive layer for gas sensors.
Anal. Chim. Acta 2003, 475, 1-15.

Maksymiuk, K. Chemical reactivity of polypyrroland its relevance to polypyrrole based
electrochemical sensoiilectroanalysis 2006, 18, 1537-1551.

Ameer, Q.; Adeloju, S.B. Polypyrrole-based elmuic noses for environmental and industrial
analysis.Sens. Actuators B 2005, 106, 541-552.

MacDiarmid, A.G. "Synthetic metals": A novel edlor organic polymers (Nobel lecturéngew.
Chem. Int. Edit. 2001, 40, 2581-2590.

Shi, G.Q.; Jin, S.; Xue, G.; Li, C. A conductipglymer film stronger than aluminuricience
1995, 267, 994-996.

Yang, Z.; Hu, B.; Karasz, F.E. Polymer Eleatminescence Using Ac or Reverse Dc Biasing.
Macromolecules 1995, 28, 6151-6154.

Jung, S.H.; Kim, H.K.; Kim, S.H.; Kim, Y.H.; deng, S.C.; Kim, D. Palladium-catalyzed direct
synthesis, photophysical properties, and tunab&rtmluminescence of novel silicon-based
alternating copolymeradacromol ecules 2000, 33, 9277-9288.

Gilch, H.G.; Wheelwright, W.L. Polymerizatioh 0-halogenated p-xylenes with bage Polym.

Soi. A 1966, 4, 1337-1349.

McCullough, R.D. The chemistry of conductindgypliophenesAdv. Mater. 1998, 10, 93-116.

The classification of film preparation methedrom Ref 5, and for film preparation of PAni,als
see Ref 5.

Lu, G.W.; Qu, L.T.; Shi, G.Q. Electrochemicabfication of neuron-type networks based on
crystalline oligopyrene nanoshedisectrochim. Acta 2005, 51, 340-346.

Reemts, J.; Parisi, J.; Schlettwein, D. Elettemical growth of gas-sensitive polyaniline thin
films across an insulating gaphin Solid Films 2004, 466, 320-325.

McGovern, S.T.; Spinks, G.M.; Wallace, G.G. Mitiumidity sensors based on a processable
polyaniline blendSens. Actuators B 2005, 107, 657-665.

Cho, J.H.; Yu, J.B.; Kim, J.S.; Sohn, S.O.;,led.; Huh, J.S. Sensing behaviors of polypyrrole
sensor under humidity conditiofens. Actuators B 2005, 108, 389-392.

Brady, S.; Lau, K.T.; Megill, W.; Wallace, G;GDiamond, D. The development and
characterisation of conducting polymeric-based isgndevicesSynth. Met. 2005, 154, 25-28.
Silverstein, M.S.; Tai, H.W.; Sergienko, A.;ralsky, Y.L.; Pavlovsky, S. PolyHIPE: IPNs,
hybrids, nanoscale porosity, silica monoliths a@dPJbased sensorBolymer 2005, 46, 6682-
6694.

Prasad, G.K.; Radhakrishnan, T.P.; Kumar, IX8shna, M.G. Ammonia sensing characteristics
of thin film based on polyelectrolyte templatedyaoliline. Sens. Actuators B 2005, 106, 626-631.
Tongpool, R.; Yoriya, S. Kinetics of nitrogefoxide exposure in lead phthalocyanine sensors.
Thin Solid Films 2005, 477, 148-152.

Ram, M.K.; Yavuz, O.; Lahsangah, V.; Aldissi, ®O gas sensing from ultrathin nano-composite
conducting polymer filmSens. Actuators B 2005, 106, 750-757.



Sensors 2007, 7 297

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Nohria, R.; Khillan, R.K.; Su, Y.; Dikshit, R.vov, Y.; Varahramyan, K. Humidity sensor based
on ultrathin polyaniline film deposited using laymy-layer nano-assemblysens. Actuators B
2006, 114, 218-222.

Agbor, N.E.; Petty, M.C.; Monkman, A.P. Poljare Thin-Films for Gas-SensingSens.
Actuators B 1995, 28, 173-179.

Stussi, E.; Cella, S.; Serra, G.; Venier, G=&orication of conducting polymer patterns for gas
sensing by a dry techniqgudater. Sci. Eng. C-Biomimetic Mater. Sens. Syst. 1996, 4, 27-33.
Ruangchuay, L.; Sirivat, A.; Schwank, J. Sélectonductivity response of polypyrrole-based
sensor on flammable chemicaReact. Funct. Polym. 2004, 61, 11-22.

Sandberg, H.G.O.; Backlund, T.G.; OsterbackaJbssila, S.; Makela, T.; Stubb, H. Applications
of an all-polymer solution-processed high-perforoggriransistorSynth. Met. 2005, 155, 662-665.
Su, M.; Fu, L.; Wu, N.Q.; Aslam, M.; Dravid,®.Individually addressed large-scale patterning of
conducting polymers by localized electric fieldgpl. Phys. Lett. 2004, 84, 828-830.

Li, G.F.; Martinez, C.; Semancik, S. Controligléctrophoretic patterning of polyaniline from a
colloidal suspensionl. Am. Chem. Soc. 2005, 127, 4903-49009.

Mabrook, M.F.; Pearson, C.; Petty, M.C. Inlgented polypyrrole thin films for vapour sensing.
Sens. Actuators B 2006, 115, 547-551.

Athawale, A.A.; Kulkarni, M.V. Polyaniline ants substituted derivatives as sensor for aliphatic
alcohols.Sens. Actuators B 2000, 67, 173-177.

Athawale, A.A.; Bhagwat, S.V.; Katre, P.P. Nemwmposite of Pd-polyaniline as a selective
methanol sensofens. Actuators B 2006, 114, 263-267.

Nguyen, V.C.; Potje-Kamloth, K. Electrical ancthemical sensing properties of doped
polypyrrole/gold Schottky barrier diodeghin Solid Films 1999, 338, 142-148.

Van, C.N.; Potje-Kamloth, K. Electrical and NOygas sensing properties of
metallophthalocyanine-doped polypyrrole/silicon énejunctions. Thin Solid Films 2001, 392,
113-121.

Xie, D.; Jiang, Y.D.; Pan, W.; Li, D.; Wu, Z.MLi, Y.R. Fabrication and characterization of
polyaniline-based gas sensor by ultra-thin filmhtemlogy. Sens. Actuators B 2002, 81, 158-164.
Mello, S.V.; Dynarowicz-Latka, P.; Dhanabal@n, Bianchi, R.F.; Onmori, R.; Janssen, R.A.J.;
Oliveira, O.N. Langmuir and Langmuir-Blodgett filnfiiom the N-hexyl-pyrrole-thiophene (AB)
semi-amphiphilic copolymetolloid Surf. A-Physicochem. Eng. Asp. 2002, 198, 45-51.

Bhat, N.V.; Gadre, A.P.; Bambole, V.A. Inveatign of electropolymerized polypyrrole
composite film: Characterization and applicatiomé&s sensord. Appl. Polym. Sci. 2003, 88, 22-

29.

An, K.H.; Jeong, S.Y.; Hwang, H.R.; Lee, Y.HhHanced sensitivity of a gas sensor incorporating
single-walled carbon nanotube-polypyrrole nanocositps.Adv. Mater. 2004, 16, 1005-1009.

Li, G.F.; Josowicz, M.; Janata, J.; SemancikEfect of thermal excitation on intermolecular
charge transfer efficiency in conducting polyargliAppl. Phys. Lett. 2004, 85, 1187-1189.
Elizalde-Torres, J.; Hu, H.L.; Garcia-ValenajeA. NO2-induced optical absorbance changes in
semiconductor polyaniline thin film&ens. Actuators B 2004, 98, 218-226.

Ram, M.K.; Yavuz, O.; Aldissi, M. NO2 gas sewgibased on ordered ultrathin films of
conducting polymer and its nanocomposigth. Met. 2005, 151, 77-84.

Bhat, N.V.; Gadre, A.P.; Bambole, V.A. Struelurmechanical, and electrical properties of
electropolymerized polypyrrole composite filndsAppl. Polym. Sci. 2001, 80, 2511-2517.

Yoon, H.; Chang, M.; Jang, J. Sensing behawbrgolypyrrole nanotubes prepared in reverse
microemulsions: Effects of transducer size andsglantion mechanisnd. Phys. Chem. B 2006,
110, 14074-14077.

Saxena, V.; Choudhury, S.; Gadkari, S.C.; GUpii.; Yakhmi, J.V. Room temperature operated
ammonia gas sensor using polycarbazole Langmuidggits film. Sens. Actuators B 2005, 107,
277-282.



Sensors 2007, 7 298

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

Blackwood, D.; Josowicz, M. Work function angestroscopic studies of interactions between
conducting polymers and organic vapaxs?hys. Chem. 1991, 95, 493-502.

Dixit, V.; Misra, S.C.K.; Sharma, B.S. Carbornomoxide sensitivity of vacuum deposited
polyaniline semiconducting thin film&ens. Actuators B 2005, 104, 90-93.

Densakulprasert, N.; Wannatong, L.; Chotpattang D.; Hiamtup, P.; Sirivat, A.; Schwank, J.
Electrical conductivity of polyaniline/zeolite comgites and synergetic interaction with CO.
Mater. Sci. Eng. B-Solid State Mater. Adv. Technol. 2005, 117, 276-282.

Misra, S.C.K.; Mathur, P.; Srivastava, B.K. Wam-deposited nanocrystalline polyaniline thin
film sensors for detection of carbon monoxi8ens. Actuators A 2004, 114, 30-35.
Watcharaphalakorn, S.; Ruangchuay, L.; Chapattont, D.; Sirivat, A.; Schwank, J.
Polyaniline/polyimide blends as gas sensors andtredal conductivity response to CO-N-2
mixtures.Polym. Int. 2005, 54, 1126-1133.

Anitha, G.; Subramanian, E. Recognition andositn of intermolecular interaction between
CH2H2CI2 and CHCI3 by conducting polyaniline medési Sens. Actuators B 2005, 107, 605-
615.

Tongpool, R. Effect of nitrogen dioxide and parature on the properties of lead phthalocyanine
in polypyrrole.Thin Solid Films 2003, 438, 14-19.

Chyla, A.; Lewandowska, A.; Soloducho, J.; GkeeDrzazga, A.; Szablewski, M. 4-t-butyl-
CuPc-PODT molecular composite material for an ¢iffecgas sensorlEEE Trns. Dielectr.
Electr. Insul. 2001, 8, 559-565.

Suri, K.; Annapoorni, S.; Sarkar, A.K.; TanddhP. Gas and humidity sensors based on iron
oxide-polypyrrole nanocomposite®ens. Actuators B 2002, 81, 277-282.

Torsi, L.; Pezzuto, M.; Siciliano, P.; Rella; Babbatini, L.; Valli, L.; Zambonin, P.G. Condunct
polymers doped with metallic inclusions: New matkrifor gas sensorSens. Actuators B 1998,

48, 362-367.

Yang, J.S.; Swager, T.M. Fluorescent porougrpet films as TNT chemosensors: Electronic and
structural effects]. Am. Chem. Soc. 1998, 120, 11864-11873.

Toal, S.J.; Trogler, W.C. Polymer sensors fooaromatic explosives detectioh.Mater. Chem.
2006, 16, 2871-2883.

Jin, Z.; Su, Y.X.; Duan, Y.X. Development opalyaniline-based optical ammonia sensgmns.
Actuators B 2001, 72, 75-79.

Nicho, M.E.; Trejo, M.; Garcia-Valenzuela, Aaniger, J.M.; Palacios, J.; Hu, H. Polyaniline
composite coatings interrogated by a nulling opiensmittance bridge for sensing low
concentrations of ammonia g&ens. Actuators B 2001, 76, 18-24.

Hu, H.; Trejo, M.; Nicho, M.E.; Saniger, J.M3arcia-Valenzuela, A. Adsorption kinetics of
optochemical NH3 gas sensing with semiconductoyapoline films. Sens. Actuators B 2002, 82,
14-23.

Bekyarova, E.; Davis, M.; Burch, T.; Itkis, M;EZhao, B.; Sunshine, S.; Haddon, R.C. Chemically
functionalized single-walled carbon nanotubes amania sensorsl. Phys. Chem. B 2004, 108,
19717-19720.

Hong, K.H.; Oh, K.W.; Kang, T.J. Polyanilineloly 6 composite fabric for ammonia gas sensor.
J. Appl. Polym. Sci. 2004, 92, 37-42.

Liu, H.Q.; Kameoka, J.; Czaplewski, D.A.; Clagd, H.G. Polymeric nanowire chemical sensor.
Nano Lett. 2004, 4, 671-675.

Virji, S.; Huang, J.X.; Kaner, R.B.; Weiller,B. Polyaniline nanofiber gas sensors: Examination
of response mechanisnid¢ano Lett. 2004, 4, 491-496.

Hao, Q.L.; Wang, X.; Lu, L.D.; Yang, X.J.; Mkyg V.M. Electropolymerized multilayer
conducting polymers with response to gaseous hydradnloride.Macromol. Rapid Commun.
2005, 26, 1099-1103.



Sensors 2007, 7 299

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Virji, S.; Fowler, J.D.; Baker, C.O.; HuangX.J.Kaner, R.B.; Weliller, B.H. Polyaniline manofibe
composites with metal salts: Chemical sensorsydrdgen sulfideSmall 2005, 1, 624-627.

Ogura, K.; Shiigi, H. A CO2 sensing compositen fconsisting of base-type polyaniline and
poly(vinyl alcohol).Electrochem. Solid Sate Lett. 1999, 2, 478-480.

Ogura, K.; Shiigi, H.; Oho, T.; Tonosaki, T.@Q02 sensor with polymer composites operating at
ordinary temperatured. Electrochem. Soc. 2000, 147, 4351-4355.

Jain, S.; Chakane, S.; Samui, A.B.; Krishnahyit/.N.; Bhoraskar, S.V. Humidity sensing with
weak acid-doped polyaniline and its composigess. Actuators B 2003, 96, 124-129.

Virji, S.; Kaner, R.B.; Weiller, B.H. Hydrogesensors based on conductivity changes in
polyaniline nanofibersl. Phys. Chem. B 2006, 110, 22266-22270.

Krivan, E.; Visy, C.; Dobay, R.; Harsanyi, ®erkesi, O. Irregular response of the polypyrrole
films to H2S.Electroanalysis 2000, 12, 1195-1200.

Geng, L.; Wang, S.R.; Zhao, Y.Q.; Li, P.; Zha&gM.; Huang, W.P.; Wu, S.H. Study of the
primary sensitivity of polypyrrole/r-Fe203 to toxgasesMater. Chem. Phys. 2006, 99, 15-19.
Gustafsson, G.; Lundrom, I.; Liedberg, B.; VEUR.; Inganas, O.; Wennerstom, O. The interaction
between ammonia and polypyrrofynth. Met. 1989, 31, 163.

Guernion, N.; Ewen, R.J.; Pihlainen, K.; Réfeli N.M.; Teare, G.C. The fabrication and
characterisation of a highly sensitive polypyrrensor and its electrical responses to amines of
differing basicity at high humiditie§ynth. Met. 2002, 126, 301-310.

Kemp, N.T.; Kaiser, A.B.; Trodahl, H.J.; Chapma.; Buckley, R.G.; Partridge, A.C.; Foot,
P.J.S. Effect of ammonia on the temperature-depgndenductivity and thermopower of
polypyrrole.J. Polym. Sci. B 2006, 44, 1331-1338.

Chabukswar, V.V.; Pethkar, S.; Athawale, A.Arflic acid doped polyaniline as an ammonia
sensorSens. Actuators B 2001, 77, 657-663.

Mohammad, F. Compensation behaviour of eledlyiconductive polythiophene and polypyrrole.
J. Phys. D: Appl. Phys. 1998, 31, 951-959.

Jung, H.S.; Shimanouchi, T.; Morita, S.; KubRi, Novel fabrication of conductive polymers
contained micro-array gas sensitive films using i@remanipulation methodElectroanalysis
2003, 15, 1453-1459.

Ewbank, P.C.; Loewe, R.S.; Zhai, L.; Reddindger,Sauve, G.; McCullough, R.D. Regioregular
poly(thiophene-3-alkanoic acid)s: water soluble dimting polymers suitable for chromatic
chemosensing in solution and soild stdwrahedron 2004, 60, 11269-11275.

English, J.T.; Deore, B.A.; Freund, M.S. Biogenamine vapour detection using
poly(anilineboronic acid) filmsSens. Actuators B 2006, 115, 666-671.

Gardner, J.W.; Bartlett, P.N.; Pratt, K.F.E. ddbng of Gas-Sensitive Conducting Polymer
Devices.lee Proceedings-Circuits Devices and Systems 1995, 142, 321-333.

Gardner, J.W.; Bartlett, P.N. Design of conthgcpolymer gas sensors: modeling and experiment.
Synth. Met. 1994, 57, 2665-2670.

Bartlett, P.N.; Gardner, J.W. Diffusion andding of molecules to sites within homogeneous thin
films. Philosophical Transactions of the Royal Society of London, Series A: Mathematical,
Physical and Engineering Sciences 1996, 354, 35-57.

Lin, C.W.; Hwang, B.J.; Lee, C.R. Charactetstand sensing behavior of electrochemically
codeposited polypyrrole-poly(vinyl alcohol) thidnfi exposed to ethanol vapois.Appl. Polym.

Sci. 1999, 73, 2079-2087.

Hwang, B.J.; Yang, J.Y.; Lin, C.W. A microscogias-sensing model for ethanol sensors based on
conductive polymer composites from polypyrrole grudy(ethylene oxide)J. Electrochem. Soc.
1999, 146, 1231-1236.

Lin, C.W.; Liu, S.S.; Hwang, B.J. Study of thetions of BTEX compounds on polypyrrole film as
a gas sensod. Appl. Polym. Sci. 2001, 82, 954-961.



Sensors 2007, 7 300

87. Charlesworth, J.M.; Partridge, A.C.; N., G. Maugistic studies on the interactions between
poly(pyrrole) and organic vapord.Phys. Chem. 1993, 97, 4518-5423.

88. Bissell, R.A.; Persaud, K.C.; Travers, P. Thiguence of non-specific molecular partitioning of
analytes on the electrical responses of conduatimggnic polymer gas sensomhys. Chem.
Chem. Phys. 2002, 4, 3482-3490.

89. Littlewood, A.B. Gas Chromatography; Academied?: New York, 1970; pp 44-121.

90. Deng, Z.P.; Stone, D.C.; Thompson, M. Charaagon of polymer films of pyrrole derivatives
for chemical sensing by cyclic voltammetry, X-rdyopoelectron spectroscopy and vapour sorption
studies Analyst 1997, 122, 1129-1138.

91. Chen, ZK.; Ng, S.C.; Li, S.F.Y.; Zhong, L.; Xu.G.; Chan, H.S.0. The fabrication and
evaluation of a vapour sensor based on quartzatnystrobalance coated with poly(o-anisidine)
Langmuir-Blodgett layersSynth. Met. 1997, 87, 201-204.

92. Appel, G.; Mikalo, R.; Henkel, K.; Oprea, A.fantis, A.; Paloumpa, I.; Schmeisser, D. Polymeric
electrodesSolid-Sate Electron. 2000, 44, 855-861.

93. Rizzo, S.; Sannicolo, F.; Benincori, T.; Schiav G.; Zecchin, S.; Zotti, G. Calix[4]arene-
functionalized poly-cyclopenta[2,1-b;3,4-b ']bitpleenes with good recognition ability and
selectivity for small organic molecules for apptioa in QCM-based sensor3. Mater. Chem.
2004, 14, 1804-1811.

94. Mirmohseni, A.; Rostamizadeh, K. Quartz crystahobalance in conjunction with principal
component analysis for identification of volatileganic compoundssensors 2006, 6, 324-334.

95. Vercelli, B.; Zecchin, S.; Comisso, N.; Zoi8,; Berlin, A.; Dalcanale, E.; Groenendaal, L.B.
Solvoconductivity of polyconjugated polymers: Tldes of polymer oxidation degree and solvent
electrical permittivity. Chem. Mater. 2002, 14, 4768-4774.

96. Paterno, L.G.; Mattoso, L.H.C. Influence offeliént dopants on the adsorption, morphology, and
properties of self-assembled films of poly(o-ethaniine). J. Appl. Polym. Sci. 2002, 83, 1309-
1316.

97. Hosseini, S.H.; Entezami, A.A. Chemical andctetechemical synthesis of conducting graft
copolymer of vinyl acetate with pyrrole and studadsts gas and vapor sensinly.Appl. Polym.

Sci. 2003, 90, 40-48.

98. Nigorikawa, K.; Kunugi, Y.; Harima, Y.; Yamashi K. A Selective Gas Sensor Using a
Polypyrrole Thin-Film as a Sensitive Matrix on ae®ielectric CrystalJ. Electroanal. Chem.
1995, 396, 563-567.

99. Hwang, B.J.; Yang, J.Y.; Lin, C.W. Recognitioh alcohol vapor molecules by simultaneous
measurements of resistance changes on polypyrasledbcomposite thin films and mass changes
on a piezoelectric crystebens. Actuators B 2001, 75, 67-75.

100.Torsi, L.; Tanese, M.C.; Cioffi, N.; Gallaz2¥].C.; Sabbatini, L.; Zambonin, P.G. Alkoxy-
substituted polyterthiophene thin-film-transistass alcohol sensor§ens. Actuators B 2004, 98,
204-207.

101.Sharma, S.; Nirkhe, C.; Pethkar, S.; Athaw#@e). Chloroform vapour sensor based on
copper/polyaniline nanocompositgens. Actuators B 2002, 85, 131-136.

102.Lee, Y.S.; Joo, B.S.; Choi, N.J.; Lim, J.Ouyhd J.S.; Lee, D.D. Visible optical sensing of
ammonia based on polyaniline filiens. Actuators B 2003, 93, 148-152.

103.Segal, E.; Tchoudakov, R.; Narkis, M.; Siegmai. Thermoplastic polyurethane-carbon black
compounds: Structure, electrical conductivity ardsing of liquidsPolym. Eng. Sci. 2002, 42,
2430-2439.

104.Segal, E.; Tchoudakov, R.; Narkis, M.; Siegmak; Wei, Y. Polystyrene/polyaniline nanoblends
for sensing of aliphatic alcoholSens. Actuators B 2005, 104, 140-150.

105.Sakurai, Y.; Jung, H.S.; Shimanouchi, T.; g, T.; Morita, S.; Kuboi, R.; Natsukawa, K.
Novel array-type gas sensors using conducting pedgmand their performance for gas
identification.Sens. Actuators B 2002, 83, 270-275.



Sensors 2007, 7 301

106.Ruangchuay, L.; Sirivat, A.; Schwank, J. Patyge/poly(methylmethacrylate) blend as selective
sensor for acetone in lacqué&alanta 2003, 60, 25-30.

107.Matsubara, I.; Hosono, K.; Murayama, N.; SNih; Izu, N. Synthesis and gas sensing properties
of polypyrrole/MoO3-layered nanohybridBull. Chem. Soc. Jpn. 2004, 77, 1231-1237.

108.Hosono, K.; Matsubara, |.; Murayama, N.; ShW,; lzu, N. The sensitivity of 4-
ethylbenzenesulfonic acid-doped plasma polymeripedypyrrole films to volatile organic
compoundsThin Solid Films 2005, 484, 396-399.

109.Chang, J.B.; Liu, V.; Subramanian, V.; Siviia, Luscombe, C.; Murphy, A.; Liu, J.S.; Frechet,
J.M.J. Printable polythiophene gas sensor arrajofercost electronic nosed. Appl. Phys. 2006,
100,

110.Torsi, L.; Tafuri, A.; Cioffi, N.; Gallazzi, MC.; Sassella, A.; Sabbatini, L.; Zambonin, P.G.
Regioregular polythiophene field-effect transistensployed as chemical sensdgans. Actuators
B 2003, 93, 257-262.

111.Hosseini, S.H.; Entezami, A.A. Conducting pody blends of polypyrrole with polyvinyl acetate,
polystyrene, and polyvinyl chloride based toxic gassorsJd. Appl. Polym. Sci. 2003, 90, 49-62.

112.Ruangchuay, L.; Sirivat, A.; Schwank, J. HEieat conductivity response of polypyrrole to aceto
vapor: effect of dopant anions and interaction raadms Synth. Met. 2004, 140, 15-21.

113.Tan, C.K.; Blackwood, D.J. Interactions betwegolyaniline and methanol vapougens.
Actuators B 2000, 71, 184-191.

114.Costello, B.P.J.D.; Ratcliffe, N.M.; SivanaRlS. The synthesis of novel 3-substituted pyrrole
monomers possessing chiral side groups: a studthef chemical polymerisation and the
assessment of their chiral discrimination propertgnth. Met. 2003, 139, 43-55.

115.Svetlicic, V.; Schmidt, A.J.; Miller, L.L. Coictometric sensors based on the hypersensitive
response of plasticized polyaniline films to orgavepors Chem. Mater. 1998, 10, 3305-3307.

116.Miller, L.L.; Bankers, J.S.; Schmidt, A.J.; \®lp D.C. Organic vapors, organic polymers and
electrical conductivityd. Phys. Org. Chem. 2000, 13, 808-815.

117.0gura, K.; Shiigi, H.; Nakayama, M.; Ogawa, Bhermal properties of poly(anthranilic acid)
(PANA) and humidity-sensitive composites derivednir heat-treated PANA and poly(vinyl
alcohol).J. Polym. Sci. A 1999, 37, 4458-4465.

118.0gura, K.; Saino, T.; Nakayama, M.; Shiigi, Fhe humidity dependence of the electrical
conductivity of a soluble polyaniline-poly(vinylahol) composite filmJ. Mater. Chem. 1997, 7,
2363-2366.

119.Kang, H.S.; Kang, H.S.; Lee, J.K.; Lee, JV¥9, J.; Ko, J.M.; Kim, M.S.; Lee, J.Y. Humidity-
dependent characteristics of thin film poly(3,4y&hedioxythiophene) field-effect transistor.
Synth. Met. 2005, 155, 176-179.

120.Adam, H.; Stanistaw, G.; Folke, I. Chemicahs®&s definitions and classificatioRure Appl.
Chem. 1991, 63, 1274-1250.

121.Nylabder, C. Chemical and biological sensarBhys. E: Sci. Instrum. 1985, 18, 736-750.

122.Lavrik, N.V.; DeRossi, D.; Kazantseva, Z.l.alddk, A.V.; Nesterenko, B.A.; Piletsky, S.A;
Kalchenko, V.I.; Shivaniuk, A.N.; Markovskiy, L.NComposite polyaniline/calixarene Langmuir-
Blodgett films for gas sensinblanotechnology 1996, 7, 315-319.

123.Bearzotti, A.; Foglietti, V.; Polzonetti, Gucci, G.; Furlani, A.; Russo, M.V. Investigatioos the
response to humidity of an interdigitated electrosieucture coated with iodine doped
polyphenylacetylenéMater. Sci. Eng. B-Solid State Mater. Adv. Technol. 1996, 40, 1-4.

124.Penza, M.; Milella, E.; Alba, M.B.; Quirini,.AVasanelli, L. Selective NH3 gas sensor based on
Langmuir-Blodgett polypyrrole filmSens. Actuators B 1997, 40, 205-209.

125.Dobay, R.; Harsanyi, G.; Visy, C. Conductimyymer based electrochemical sensors on thick film
substrateElectroanalysis 1999, 11, 804-808.

126.Jin, G.; Too, C.O.; Norrish, J.; Wallace, Glrected electrochemical deposition of conducting
polymer filament on screen-printed arr&mnth. Met. 2003, 135, 29-30.



Sensors 2007, 7 302

127.Santhanam, K.S.V.; Sangoi, R.; Fuller, L. Aermical sensor for chloromethanes using a
nanocomposite of multiwalled carbon nanotubes waly(3-methylthiophene)Sens. Actuators B
2005, 106, 766-771.

128.Janata, J.; Josowicz, M. Conducting polymeedectronic chemical sensoiat. Mater. 2003, 2,
19-24.

129.Liu, D.M.; AguilarHernandez, J.; PotjeKamloth; Liess, H.D. A new carbon monoxide sensor
using a polypyrrole film grown on an interdigitagacitor substrat&ens. Actuators B 1997, 41,
203-206.

130.Janata, J. Electrochemical microsenstnac. |[EEE 2003, 91, 864-869.

131.Chen, H.; Josowicz, M.; Janatax, J. Chemitfat®s in organic electronic€hem. Mater. 2004,

16, 4728-4735.

132.Hao, Q.L.; Kulikov, V.; Mirsky, V.A. Investig@n of contact and bulk resistance of conducting
polymers by simultaneous two- and four-point teghei Sens. Actuators B 2003, 94, 352-357.

133.Krondak, M.; Broncova, G.; Anikin, S.; Merz,;Mirsky, V.M. Chemosensitive properties of
poly-4,4'-dialkoxy-2,2'-bipyrrolesl. Solid Sate Electrochem. 2006, 10, 185-191.

134.Li, G.F.; Martinez, C.; Janata, J.; Smith,.;JJosowicz, M.; Semancik, S. Effect of morphology
on the response of polyaniline-based conductomefaie sensors: Nanofibers vs. thin films.
Electrochem. Solid State Lett. 2004, 7, H44-H47.

135.Musio, F.; Ferrara, M.C. Low frequency a.spanse of polypyrrole gas sensdsans. Actuators
B 1997, 41, 97-103.

136.Harris, P.D.; Arnold, W.M.; Andrews, M.K.; Radge, A.C. Resistance characteristics of
conducting polymer films used in gas sens8ess. Actuators B 1997, 42, 177-184.

137.Musio, F.; Amrani, M.E.H.; Persaud, K.C. Higrequency Ac Investigation of Conducting
Polymer Gas SensorSens. Actuators B 1995, 23, 223-226.

138.Amrani, M.E.H.; Persaud, K.C.; Payne, P.A. HHiggequency Measurements of Conducting
Polymers - Development of a New Technique for Sen¥folatile ChemicalsMeas. Sci. Technol.
1995, 6, 1500-1507.

139.Amrani, M.E.H.; Payne, P.A. Multi-frequencytdrrogation technique applied to conducting
polymer gas and odour sensdiE Proc.-Sci. Meas. Technol. 1999, 146, 95-101.

140.Mabeck, J.T.; Malliaras, G.G. Chemical andldgmal sensors based on organic thin-film
transistorsAnal. Bioanal. Chem. 2006, 384, 343-353.

141.Dimitrakopoulos, C.D.; Mascaro, D.J. Orgatiofilm transistors: A review of recent advances.
IBM J. Res. Dev. 2001, 45, 11-27.

142.Janata, J.; Josowicz, M. Chemical modulatiowark function as a transduction mechanism for
chemical sensor#ccounts of Chemical Research 1998, 31, 241-248.

143.Liess, M.; Chinn, D.; Petelenz, D.; JanataRrdperties of insulated gate field-effect tramsist
with a polyaniline gate electrodéhin Solid Films 1996, 286, 252-255.

144 .Barker, P.S.; Monkman, A.P.; Petty, M.C.; Bri@R. A polyaniline/silicon hybrid field effect
transistor humidity sensoBynth. Met. 1997, 85, 1365-1366.

145.Barker, P.S.; Monkman, A.P.; Petty, M.C.; PBridR. Electrical characteristics of a
polyaniline/silicon hybrid field-effect transistgas senson.ee Proceedings-Circuits Devices and
Systems 1997, 144, 111-116.

146.Domansky, K.; Baldwin, D.L.; Grate, J.W.; Hall.B.; Li, J.; Josowicz, M.; Janata, J.
Development and calibration of field-effect tramsisbased sensor array for measurement of
hydrogen and ammonia gas mixtures in humidAmal. Chem. 1998, 70, 473-481.

147.Meijerink, M.G.H.; Koudelka-Hep, M.; de Rooll.F.; Strike, D.J.; Hendrikse, J.; Olthuis, W.;
Bergveld, P. Gas-dependent field effect transistith an electrodeposited conducting polymer
gate contactElectrochem. Solid Sate Lett. 1999, 2, 138-139.

148.Covington, J.A.; Gardner, J.W.; Briand, D.;Rieoij, N.F. A polymer gate FET sensor array for
detecting organic vapourSens. Actuators B 2001, 77, 155-162.



Sensors 2007, 7 303

149.Bufon, C.C.B.; Heinzel, T. Polypyrrole thitrii field-effect transistorAppl. Phys. Lett. 2006, 89,

150.Tuyen, L.T.T.; PotjeKamloth, K.; Liess, H.DleEirical properties of doped polypyrrole/silicon
heterojunction diodes and their response to NOxTas Solid Films 1997, 292, 293-298.

151.Laranjeira, J.M.G.; Khoury, H.J.; de Azevedd,M.; da Silva, E.F.; de Vasconcelos, E.A.
Fabrication of high quality silicon-polyaniline leebjunctions.Appl. Surf. Sci. 2002, 190, 390-
394.

152.Pinto, N.J.; Gonzalez, R.; Johnson, A.T.; Maciid, A.G. Electrospun hybrid organic/inorganic
semiconductor Schottky nanodiodeapl. Phys. Lett. 2006, 89,

153.Campos, M.; Bulhoes, L.O.S.; Lindino, C.A. Gassitive characteristics of metal/semiconductor
polymer Schottky deviceens. Actuators A 2000, 87, 67-71.

154.vVan, C.N.; Potje-Kamloth, K. The influencethfckness and preparation temperature of doped
polypyrrole films on the electrical and chemicahsiag properties of polypyrrole/gold Schottky
barrier diodesJ. Phys. D: Appl. Phys. 2000, 33, 2230-2238.

155.Brédas, J.L.; Scott, J.C.; Yakushi, K.; Stre@tB. Polarons and bipolarons in polypyrrole:
Evolution of the band structure and optical speuntupon doingPhysical Review B 1984, 30,
1023.

156.Inaoka, S.; Collard, D.M. Chemical and eledtemical polymerization of 3-alkylthiophenes on
self-assembled monolayers of oligothiophene-sulistit alkylsilanesLangmuir 1999, 15, 3752-
3758.

157.Gallazzi, M.C.; Tassoni, L.; Bertarelli, C.jofgia, G.; Di Francesco, F.; Montoneri, E.
Poly(alkoxy-bithiophenes) sensors for organic vapdsens. Actuators B 2003, 88, 178-189.

158.Christie, S.; Scorsone, E.; Persaud, K.; Kikagh Remote detection of gaseous ammonia using
the near infrared transmission properties of paliysn Sens. Actuators B 2003, 90, 163-169.

159.Yuan, J.M.; El-Sherif, M.A. Fiber-optic chemicsensor using polyaniline as modified cladding
material.|EEE Sens. J. 2003, 3, 5-12.

160.Cao, W.Q.; Duan, Y.X. Optical fiber-based esent ammonia sens@ns. Actuators B 2005,
110, 252-259.

161.Bansal, L.; EI-Sherif, M. Intrinsic opticabBr sensor for nerve agent sensifd:E Sens. J. 2005,
5, 648-655.

162.Agbor, N.E.; Cresswell, J.P.; Petty, M.C.; Moran, A.P. An optical gas sensor based on
polyaniline Langmuir-Blodgett filmsSens. Actuators B 1997, 41, 137-141.

163.Sih, B.C.; Wolf, M.O.; Jarvis, D.; Young, J$urface-plasmon resonance sensing of alcohol with
electrodeposited polythiophene and gold nanopartityothiophene filmsJ. Appl. Phys. 2005,
98,

164.Chang, S.M.; Muramatsu, H.; Nakamura, C.; MgyaJ. The principle and applications of
piezoelectric crystal sensoidater. Sci. Eng. C-Biomimetic Supramol. Syst. 2000, 12, 111-123.

165.Sauerbrey, G. Verwendung von Schwingquarzen \&é@gung dunner Schichten und zur
Mikrowagung.Z. Phys. 1959, 155, 206-222.

166.Kim, S.R.; Choi, S.A.; Kim, J.D.; Kim, K.J.gk, C.; Rhee, S.B. Preparation of Polythiophene Lb
Films and Their Gas Sensitivities by the QuartzstalyMicrobalanceSynth. Met. 1995, 71, 2027-
2028.

167.Syritski, V.; Reut, J.; Opik, A.; Idla, K. Eimonmental QCM sensors coated with polypyrrole.
Synth. Met. 1999, 102, 1326-1327.

168.Torsi, L.; Tanese, M.C.; Cioffi, N.; Gallaza¥.C.; Sabbatini, L.; Zambonin, P.G.; Raos, G.;
Meille, S.V.; Giangregorio, M.M. Side-chain role ghemically sensing conducting polymer field-
effect transistorsl. Phys. Chem. B 2003, 107, 7589-7594.

169.Henkel, K.; Oprea, A.; Paloumpa, |.; Appel, &chmeisser, D.; Kamieth, P. Selective polypyrrole
electrodes for quartz microbalances: NO2 and gas gensitivities.Sens. Actuators B 2001, 76,
124-129.



Sensors 2007, 7 304

170.Penza, M.; Milella, E.; Anisimkin, V.. Gasnsing properties of Langmuir-Blodgett polypyrrole
film investigated by surface acoustic wavdSEE Trans. Ultrason. Ferroelectr. Freq. Control
1998, 45, 1125-1132.

171.Penza, M.; Milella, E.; Anisimkin, V.. Monitmg of NH3 gas by LB polypyrrole-based SAW
sensorSens. Actuators B 1998, 47, 218-224.

172.Milella, E.; Penza, M. SAW gas detection udiaggmuir-Blodgett polypyrrole filmsThin Solid
Films 1998, 329, 694-697.

173.Do, J.S.; Chang, W.B. Amperometric nitrogeoxiie gas sensor: preparation of PAn/Au/SPE and
sensing behaviougens. Actuators B 2001, 72, 101-107.

174.Diab, N.; Schuhmann, W. Electropolymerized gaarese porphyrin/polypyrrole films as catalytic
surfaces for the oxidation of nitric oxid&l.ectrochim. Acta 2001, 47, 265-273.

175.Liu, Y.C.; Hwang, B.J.; Hsu, W.C. Charactécstof Pd/Nafion oxygen sensor modified with
polypyrrole by chemical vapor depositiah Solid Sate Electrochem. 2002, 6, 351-356.

176.Guernion, N.; Costello, B.P.J.D.; Ratcliffe, MM The synthesis of 3-octadecyl- and 3-
docosylpyrrole, their polymerisation and incorp@atinto novel composite gas sensitive resistors.
Synth. Met. 2002, 128, 139-147.

177.Park, Y.H.; Kim, S.J.; Lee, J.Y. Preparatiod aharacterization of electroconductive polypygrol
copolymer Langmuir-Blodgett filmghin Solid Films 2003, 425, 233-238.

178.Vvalentini, L.; Bavastrello, V.; Stura, E.; Aemtano, I.; Nicolini, C.; Kenny, J.M. Sensors for
inorganic vapor detection based on carbon nanotwes poly(o-anisidine) nanocomposite
material.Chem. Phys. Lett. 2004, 383, 617-622.

179.Stella, R.; Barisci, J.N.; Serra, G.; WallaBeG.; De Rossi, D. Characterisation of olive gildn
electronic nose based on conducting polymer senSanrs Actuators B 2000, 63, 1-9.

180.Kondratowicz, B.; Narayanaswamy, R.; Persakd;. An investigation into the use of
electrochromic polymers in optical fibre gas seass@ans. Actuators B 2001, 74, 138-144.

181.Schottland, P.; Bouguettaya, M.; Chevrot, Gule polythiophene derivatives for NO2 sensing
applicationsSynth. Met. 1999, 102, 1325-1325.

182.Li, B.; Sauve, G.; lovu, M.C.; Jeffries-El, Mhang, R.; Cooper, J.; Santhanam, S.; Schuliz, L.
Revelli, J.C.; Kusne, A.G.; Kowalewski, T.; Snydéd,.; Weiss, L.E.; Fedder, G.K.; McCullough,
R.D.; Lambeth, D.N. Volatile organic compound détet using nanostructured copolymers.
Nano Lett. 2006, 6, 1598-1602.

183.Kawai, T.; Kojima, S.; Tanaka, F.; Yoshino, Klectrical property of poly(3-octyloxythiophene)
and its gas sensor applicatiddapanese Journal of Applied Physics Part 1-Regular Papers Short
Notes & Review Papers 1998, 37, 6237-6241.

184.Tanaka, F.; Kawai, T.; Kojima, S.; Yoshino, Electrical and optical properties of poly(3-
alkoxythiophene) and their application for gas serf3/nth. Met. 1999, 102, 1358-1359.

185.Hosseini, S.H.; Entezami, A.A. Chemical andcebchemical synthesis of homopolymer and
copolymers of 3-methoxyethoxythiophene with anilitttophene and pyrrole for studies of their
gas and vapour sensirfgplym. Adv. Technol. 2001, 12, 524-534.

186.Rella, R.; Siciliano, P.; Toscano, G.; Valli; Schenetti, L.; Mucci, A.; larossi, D. Langmuir-
Blodgett films of poly[3-(butylthio)thiophene]: dpal properties and electrical measurements in
controlled atmospher&ens. Actuators B 1999, 57, 125-129.

187.Schottland, P.; Fichet, O.; Teyssie, D.; Cbgve. Langmuir-Blodgett films of an alkoxy
derivative of poly(3,4-ethylenedioxythiophen8ynth. Met. 1999, 101, 7-8.

188.Quartarone, E.; Mustarelli, P.; Magistris, Rysso, M.V.; Fratoddi, I.; Furlani, A. Investigaiis
by impedance spectroscopy on the behaviour of NgN{dimethylpropargylamine) as humidity
sensorSolid Sate lon. 2000, 136, 667-670.

189.Bearzotti, A.; Fratoddi, I.; Palummo, L.; Reto, S.; Furlani, A.; Lo Sterzo, C.; Russo, M.V.
Highly ethynylated polymers: synthesis and appilicet for humidity sensorssens. Actuators B
2001, 76, 316-321.



Sensors 2007, 7 305

190.Brie, M.; Turcu, R.; Neamtu, C.; PruneanuTIse effect of initial conductivity and doping angon
on gas sensitivity of conducting polypyrrole filnesNH3. Sens. Actuators B 1996, 37, 119-122.

191.Anitha, G.; Subramanian, E. Dopant inducedcifpgy in sensor behaviour of conducting
polyaniline materials with organic solveng&ns. Actuators B 2003, 92, 49-59.

192.de Souza, J.E.G.; dos Santos, F.L.; Barros;NBet dos Santos, C.G.; de Melo, C.P. Polypyrrole
thin films gas sensor§ynth. Met. 2001, 119, 383-384.

193.Xu, K.; Zhu, L.H.; Li, J.; Tang, H.Q. Effead$ dopants on percolation behaviors and gas sensing
characteristics of polyaniline filntlectrochim. Acta 2006, 52, 723-727.

194.Freund, M.S.; Lewis, N.S. A Chemically DiverSenducting Polymer-Based Electronic Nose.
Proc. Natl. Acad. Sci. U. S A. 1995, 92, 2652-2656.

195.Unde, S.; Ganu, J.; Radhakrishnan, S. Comduptlymer-based chemical sensor: Characteristics
and evaluation of polyaniline composite filndglv. Mater. Opt. Electron. 1996, 6, 151-157.

196.Lin, C.W.; Hwang, B.J.; Lee, C.R. Methanols®s based on the conductive polymer composites
from polypyrrole and poly(vinyl alcoholMater. Chem. Phys. 1998, 55, 139-144.

197.Bhat, N.; Geetha, P.; Pawde, S. Preparationcharacterization of composites of polypyrrole.
Polym. Eng. Sci. 1999, 39, 1517-1524.

198.Bouchtalla, S.; Auret, L.; Janot, J.M.; Derenz A.; Moutet, J.C.; Seta, P. [60]Fullerene
immobilized in a thin functionalized polypyrroldrfi. Basic principles for the elaboration of an
oxygen sensoMater. Sci. Eng. C-Biomimetic Supramol. Syst. 2002, 21, 125-129.

199.Liu, Y.C.; Hwang, B.J.; Hsu, W.C. Improveméntanti-aging of metallized Nafion (R) hydrogen
sensors modified by chemical vapor deposition dfpgarole. Sens. Actuators B 2002, 87, 304-
308.

200.Liu, Y.C.; Hwang, B.J.; Chen, Y.L. Nafion bddgydrogen sensors: Pt/Naflon electrodes prepared
by Takenata-Torikai method and modified with polyple. Electroanalysis 2002, 14, 556-558.

201.Brezoi, D.V.; lon, R.M. Phase evolution inddicby polypyrrole in iron oxide-polypyrrole
nanocompositeSens. Actuators B 2005, 109, 171-175.

202.Geng, L.N.; Huang, X.L.; Zhao, Y.Q.; Li, P.;a"g, S.R.; Zhang, S.M.; Wu, S.H. H2S sensitivity
study of polypyrrole/WO3 materialSolid-Sate Electron. 2006, 50, 723-726.

203.Geng, L.N.; Zhao, Y.Q.; Huang, X.L.; Wang, S.Rhang, S.M.; Huang, W.P.; Wu, S.H. The
preparation and gas sensitivity study of polypfoihc oxide Synth. Met. 2006, 156, 1078-1082.

204.Matsuguchi, M.; lo, J.; Sugiyama, G.; SakaiEffect of NH3 gas on the electrical conductivafy
polyaniline blend filmsSynth. Met. 2002, 128, 15-19.

205.Matsuguchi, M.; Okamoto, A.; Sakai, Y. Effe€thumidity on NH3 gas sensitivity of polyaniline
blend films.Sens. Actuators B 2003, 94, 46-52.

206.Kim, J.S.; Sohn, S.O.; Huh, J.S. Fabricatinod aensing behavior of PVF2 coated-polyaniline
sensor for volatile organic compoun&sns. Actuators B 2005, 108, 409-413.

207.Segal, E.; Tchoudakov, R.; Mironi-Harpaz, Markis, M.; Siegmann, A. Chemical sensing
materials based on electrically-conductive immikxiolymer blendsPolym. Int. 2005, 54, 1065-
1075.

208.Cooper, H.; Segal, E.; Srebnik, S.; Tchoudak®y Narkis, M.; Siegmann, A. Electrically
conductive sensors for liquids based on quaternaeghylene vinyl acetate
(EVA)/copolyamide/maleated-EVA/polyaniline blendsAppl. Polym. Sci. 2006, 101, 110-117.

209.Sotzing, G.A.; Phend, J.N.; Grubbs, R.H.; IsswN.S. Highly sensitive detection and
discrimination of biogenic amines utilizing arragé polyaniline/carbon black composite vapor
detectorsChem. Mater. 2000, 12, 593-595.

210.Zhang, T.; Nix, M.B.; Yoo, B.Y.; Deshusses, AM. Myung, N.V. Electrochemically
functionalized single-walled carbon nanotube gasaeElectroanalysis 2006, 18, 1153-1158.

211.Ma, X.F.; Li, G.; Wang, M.; Cheng, Y.N.; Ba&R.; Chen, H.Z. Preparation of a nanowire-
structured polyaniline composite and gas sensijtatiidies Chem. Eur. J. 2006, 12, 3254-3260.



Sensors 2007, 7 306

212.Porter, T.L.; Thompson, D.; Bradley, M.; EaatmM.P.; Hagerman, M.E.; Attuso, J.L.; Votava,
A.E.; Bain, E.D. Nanometer-scale structure of hetdeaniline intercalatesJournal of Vacuum
Science & Technology a-Vacuum Surfaces and Films 1997, 15, 500-504.

213.Conn, C.; Sestak, S.; Baker, A.T.; UnsworthA Jolyaniline-based selective hydrogen sensor.
Electroanalysis 1998, 10, 1137-1141.

214.Wang, J.Z.; Matsubara, |.; Murayama, N.; Waks'8.; Izu, N. The preparation of polyaniline
intercalated MoO3 thin film and its sensitivity wolatile organic compounddhin Solid Films
2006, 514, 329-333.

215.Parvatikar, N.; Jain, S.; Bhoraskar, S.V.;sRda M. Spectroscopic and electrical properties of
polyaniline/CeO2 composites and their applicatisrhamidity sensord. Appl. Polym. Sci. 2006,
102, 5533-5537.

216.Sadek, A.Z.; Wlodarski, W.; Shin, K.; KanetBR Kalantar-zadeh, K. A layered surface acoustic
wave gas sensor based on a polyaniline/In203 raneoiompositeNanotechnology 2006, 17,
4488-4492.

217.Do, J.S.; Chang, W.B. Amperometric nitrogeoxitle gas sensor based on PAn/Au/Nafion((R))
prepared by constant current and cyclic voltammeteghods.Sens. Actuators B 2004, 101, 97-
106.

218.Milella, E.; Musio, F.; Alba, M.B. PolypyrroleB multilayer sensitive films for odorant3hin
Solid Films 1996, 285, 908-910.

219.Stussi, E.; Stella, R.; De Rossi, D. Chemstiesi conducting polymer-based odour sensors:
influence of thickness changes on their sensinggaties.Sens. Actuators B 1997, 43, 180-185.

220.Huang, J.; Virji, S.; Weiller, B.H.; Kaner,BR.Nanostructured polyaniline sensa@hem. Eur. J.
2004, 10, 1315-13109.

221.Xing, S.X.; Zhao, C.; Jing, S.Y.; Wu, Y.; WagC. Morphology and gas-sensing behavior of in
situ polymerized nanostructured polyaniline filr&sr. Polym. J. 2006, 42, 2730-2735.

222.Zhang, X.Y.; Goux, W.J.; Manohar, S.K. Synikesf polyaniline nanofibers by "nanofiber
seeding"J. Am. Chem. Soc. 2004, 126, 4502-4503.

223.Jang, J.; Chang, M.; Yoon, H. Chemical senbased on highly conductive poly(3,4-ethylene-
dioxythiophene) nanorodédv. Mater. 2005, 17, 1616-1620.

224.Kim, B.K.; Kim, Y.H.; Won, K.; Chang, H.J.; Ci¥.M.; Kong, K.J.; Rhyu, B.W.; Kim, J.J.; Lee,
J.O. Electrical properties of polyaniline nanofitagnthesized with biocatalysanotechnology
2005, 16, 1177-1181.

225.Liu, X.L.; Ly, J.; Han, S.; Zhang, D.H.; Redoa, A.; Thompson, M.E.; Zhou, C.W. Synthesis and
electronic properties of individual single-walledarlson nanotube/polypyrrole composite
nanocablesAdv. Mater. 2005, 17, 2727-2732.

226.Dong, B.; Krutschke, M.; Zhang, X.; Chi, L.Fzuchs, H. Fabrication of polypyrrole wires
between microelectrodeSmall 2005, 1, 520-524.

227.Dong, B.; Zhong, D.Y.; Chi, L.F.; Fuchs, Hiteming of conducting polymers based on a random
copolymer strategy: Toward the facile fabricatidmanosensors exclusively based on polymers.
Adv. Mater. 2005, 17, 2736-2741.

228.Cui, X.Y.; Martin, D.C. Fuzzy gold electrodis lowering impedance and improving adhesion
with electrodeposited conducting polymer filrsns. Actuators A 2003, 103, 384-394.

229.Chen, Y.J.; Kang, E.T.; Neoh, K.G.; Tan, K@xidative graft polymerization of aniline on
modified Si(100) surfaceéacromolecules 2001, 34, 3133-3141.

230.Jun, H.K.; Hoh, Y.S.; Lee, B.S.; Lee, S.TmLiJ.0O.; Lee, D.D.; Huh, J.S. Electrical propertés
polypyrrole gas sensors fabricated under variossrgatment condition$§ens. Actuators B 2003,
96, 576-581.

231.Kemp, N.T.; Flanagan, G.U.; Kaiser, A.B.; Tabt H.J.; Chapman, B.; Partridge, A.C.; Buckley,
R.G. Temperature-dependent conductivity of condgcpolymers exposed to gas&gnth. Met.
1999, 101, 434-435.



Sensors 2007, 7 307

232.Krutovertsev, S.A.; lvanova, O.M.; Sorokin]. &ensing properties of polyaniline films doped
with Dawson heteropoly compoundssAnal. Chem. 2001, 56, 1057-1060.

233.Kukla, A.L.; Shirshov, Y.M.; Piletsky, S.A. Anonia sensors based on sensitive polyaniline
films. Sens. Actuators B 1996, 37, 135-140.

234.Fedorko, P.; Skakalova, V. Low pressure effette electrical conductivity of doped polypyeol
Synth. Met. 1998, 94, 279-283.

235.Misra, S.C.K.; Mathur, P.; Yadav, M.; Tiwahl|.K.; Garg, S.C.; Tripathi, P. Preparation and
characterization of vacuum deposited semiconductangpcrystalline polymeric thin film sensors
for detection of HCIPolymer 2004, 45, 8623-8628.

236.Ricks-Laskoski, H.L.; Buckley, L.J. Twenty-yeaging study of electrically conductive
polypyrrole films.Synth. Met. 2006, 156, 417-419.

237.Bay, L.; Mogensen, N.; Skaarup, S.; Sommesémyr P.; Jorgensen, M.; West, K. Polypyrrole
doped with alkyl benzenesulfonat®acromol ecules 2002, 35, 9345-9351.

© 2007 by MDPI (http://www.mdpi.org). Reproductiapermitted for noncommercial purposes.



