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CHAPTER I 
INTRODUCTION 

 

Ethylene gas, a plant hormone, is the cause of spoilage and over-ripening of 

fruits as well as the inferior quality of other agricultural products. The shelf life of 

many fruits is shortened by the hastening of fruit ripening that is induced by ethylene 

gas at levels of at least 20 ppm [1]. Thus, to prevent the spoilage of fruits in the early 

stage and to estimate the life expectancy of agricultural product, the ethylene gas level 

needs to be controlled in the local environment of the fruit, but this requires sensitive 

evaluation of the actual local gas levels.  

The high potential of application for conductive polymers in chemical and 

biological sensors at room temperature is one of the main reasons for the intensive 

investigation and development of these materials. Conducting polymers, including 

polyaniline (PANi), have attracted most attention and become important subject of 

most research [2]. PANi exists in a variety of forms that differ in chemical and 

physical properties. The monomer structures of PANi consist of benzenoid diamine 

(reduced repeating unit) and quinoid diamine (oxidized repeating unit). The difference 

of oxidation state provide three forms of PANi which are leucoemeraldine base 

(completely reduced form), emeraldine base (half oxidize form) and pernigraniline 

base (completely oxidized form). The emeraldine base can be rendered to 

polysemiquinone radical (metallic form) by acid doping that has potentiality for 

practical applications in a sustainable way and offers many possibilities for use [3]. 

During the past decades, PANi and its composites were widely investigated as 

gas sensing materials for the detection of a number of chemicals such as ammonia 

(NH3) [4], nitrogen dioxide (NO2) [5], carbon monoxide (CO) [6], organic amine [7], 

chloroform (CHCl3) [8], hydrazine (N2H4) [8], methane (CH 4) [9], methanol vapor 

[10], and etc. 

Typically, after being exposed conductive polymer against analyst gas, the 

conductivity of conductive polymer is responded by a changing in conductivity. The 

interaction of gas with conductive polymer can be classified into two classes which 

are physical absorption and chemical reaction [8]. In case of physical absorption, non-
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reactive volatile organic reagents reveal weak interaction between PANi and gas 

analyst leading to a changing in resistance. For chemical reaction, the oxidation states 

of PANi can be changed with gas analyst either donor or acceptor electron.  

For ethylene gas detection by PANi, the problem is the lack of interfacial 

reaction between PANi and ethylene gas, due to non-reactive and volatile nature of 

this gas, leading to a limitation in the sensing performance.  The physicochemical 

modification of this material is required for improving sensing properties. In general, 

the gas absorption ability, the conductivity of PANi and the effect of counter ion of 

PANi are considered as majority to improve selectivity and sensing against ethylene 

gas. [3,7,8] 

The synthesis of PANi nanostructure as sensitive layer for gas sensor is of 

interest because the high surface to volume ratios of nanostructure increase rapid 

response and reversible resistance change in PANi upon exposure to gas vapor. In situ 

polymerization of  PANi with electrochemical synthesis is one route to obtain the 

layer of nano structure of PANi. As reported by Zhang and coworkers [11] that the 

morphology of PANi film prepared by electrochemistry revealed lamellar structure. 

The bulk filmed was formed at the bottom whereas the nanostructure of fibrillar was 

formed at the middle and the top of the film. In addition, this route reveals several 

advantages compared with the other methods [12]. It is an environmentally friendly 

process because no need of an oxidant is required in the reaction, the doping level and 

thickness of PANi film can be controlled via electrode potential, and the obtained-

PANi film exhibits good simultaneous deposition compared with the other methods. 

A major stimulation for the investigation of alternative paths for type of acid 

doping PANi was the discovery of a variety of sensing and selectivity of PANi sensor. 

Emeraldine base form of PANi can be protonated by aqueous acids with a 

concomitant increase in conductivity of almost 10 orders of magnitude.  After doping, 

the emeraldine salt was created as polysemiquinone radical. The relative content of 

the benzenoid and quinoid of emeraldine salt can be decorated by the type and 

concentration of acid. The type of anion acid doping had effect on sensing and 

selectivity with analyst gas. For example, Ji et. Al. [7] found that doping PANi with 

three different types of acid including toluene sulfonic acid (TSA), sulfosalicylic acid 

(SSA) and hydrochloric acid (HCl) showed different response against triethylamine 
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gas sensing. The order of sensing of doping PANi against triethylamine gas is PANi –

TSA, PANi-SSA, and PANi-HCl, respectively. 

Besides acid doping, another interesting approach to enhance sensing 

properties of PANi is to add some additives. Multiwall carbon nanotubes (MWCNTs) 

have been widely studied as sensing material at room temperature.  Thus, the 

modification PANi with MWCNT is interested to improve sensing properties. The 

increasing sensitivity of the sensor came from an ability of absorption of these 

materials. Due to high surface area of MWCNT and functionalization of MWCNT 

with analyte-specific gas detection, its unique physical and chemical properties can 

enhance sensing performance.  

In addition, PANi modification with metallic particles has been found to 

improve its performances as sensitive layer. For example, Ulmann et al. [13] found 

that the incorporation of platinum microparticles into PANi film can enhance it redox 

switching rate between conducting (oxidized) and isolating (reduced) states. The 

selection of the metal oxide is very important and is based on the reduction potential 

of the particular metals of interest. For this research, tin oxide was selected to increase 

the level of selectivity of the PANi based sensor.  Tin oxide (SnO2) is an n-type 

semiconductor oxide with wide band gap energy due to electronically oxygen 

vacancies act as electron donors.  Moreover, SnO2 also has an ability in gas adsorption 

due to the high reactivity of the SnO2 surface. 

Furthermore, the organic-inorganic hybrid materials have been extensively 

investigated with a view to obtain composite materials with synergistic or 

complementary behaviors. The nanocomposites between CNT and metal oxide 

nanoparticles (NPs) have the potential to be applied in the functional material fields, 

such as gas detection. For example, Qifei et. al. [14] found that nanocomposites 

sensor comprising of multiwall carbon nanotubes, gold nano particles, and PANi.  

Sensor exhibited superior sensitivity, good repeatability and excellent stability in 

detecting ammonia gas.  The sensitivity of sensors displayed a linear response to 

ammonia gas for concentration ranging from 200 ppb to 10 ppm 

This research was divided into four steps which are investigation of the effect 

of deposited amount of polyaniline on ethylene gas detection by varying a number of 

cyclic voltammetry, the effect of acid dopant of PANi in terms of acid type and acid 
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level on ethylene gas detection, the effect of MWCNT nanotube on ethylene gas 

detection and the effect of tin oxide nanoparticles on ethylene gas detection. A hybrid 

sensor includes of modified functional PANi, MWCNT and SnO2 nanoparticles are 

achieved in the last step. This specific hybrid sensor is invented to increase sensing 

property against ethylene gas at near room temperature. 

Therefore, the aim of this research was to fabricate the ethylene gas sensor 

based on PANi and PANi composites containing MWCNT and/or SnO2 by 

electrochemistry with cyclic voltammetry method. This rational point of research is 

due to the physicochemical sensitivity of PANi at room temperature, the high surface 

area of MWCNT and the natural non-stoichiometry of SnO2 nanoparticle, allowing 

expected unique physical and chemical properties to enhance the sensing performance 

of ethylene gas sensors. All of the possible variables including the effect deposited 

amount of PANi, the effect of acid doping in terms of types and concentrations of 

acid, the content of MWCNT, and the amount of tin oxide were investigated.  The 

sensitive layer of PANi, PANi/MWCNT and PANi/MWCNT/SnO2 sensor was 

fabricated at various amounts of PANi, MWCNT and SnO2. 

 



CHAPTER II 

LITERATURE SURVEY 
 

2.1 Ethylene gas: structure features and properties 

 
2.1.1 Nature of ethylene gas 

Ethylene (C2H4) is a gaseous unsaturated hydrocarbon. The four 

hydrogen atoms bound to a pair of carbon atoms that are connected by a double bond. 

All six atoms that comprise ethylene are coplanar. The angle of H-C-H bond is 119°. 

It is close to the 120° (sp² hybridized carbon). The molecule is also relatively rigid 

due to the rotation of the C-C bond needs a high energy process to breaking the π-

bond [15]. 

 

 

 

 

 

 

Figure 2.1 Molecular structure of ethylene [2] 

 

Ethylene is a colorless gas with a faint odor, and a slightly sweet taste.  

The melting is -169 oC and the boiling point is -103.8 oC. The presence of the double 

bond in its molecule of ethylene gas made its very reactive. The π-bond in the 

ethylene molecule is responsible for its useful reactivity. The double bond is a region 

of high electron density, thus it is susceptible to attack by electrophiles. Many 

reactions of ethylene are catalyzed by transition metals, which bind transiently to the 

ethylene using both the π and π* orbitals. Ethylene gas can burn in air with a 

luminous flame and forms explosive mixtures with pure oxygen. It can combine 

directly with the halogens such as chlorine to form 1,2-dichloroethane[16].  

 

 

 



6 
 

2.1.2 Ethylene as a plant hormone 

Ethylene gas is released from plants as a hormone. The biosynthesis of  

hormone plants is started from the conversion the amino acid methionine to S-

adenosyl-L-methionine (SAM) by the enzyme Met Adenosyltransferase.  SAM is 

converted to 1-aminocyclopropane-1-carboxylic-acid (ACC) by the enzyme ACC 

synthase (ACS).  The ethylene gas is formed by the reaction of the enzyme ACC with 

oxygen as known as enzyme ACC-oxidase (ACO). The ACS is the key factor to 

control rate of ethylene gas production [17]. 

Ethylene production is regulated by a variety of development and 

environment factor.  During the life of the plant, the trace level of ethylene throughout 

the life of plant is induced at certain stages of growth such as germination, ripening of 

fruits, abscission of leaves, and senescence of flowers. In addition, a variety of 

external aspects such as mechanical wounding, environmental stress, and certain 

chemical including auxin can also induce production of ethylene [18]. 

Ethylene act physiologically as a hormone and play critically role as 

ripeness in plants. As well known in the past, Crocker proposed that ethylene was the 

plant hormone responsible for fruit ripening as well as senescence of vegetative 

tissues in 1953. In the presence of ethylene, the shelf life of many fruits is shortens by 

hastening fruit ripening and floral senescence. For example, the concentration of 

ethylene about 0.1-0.2 ppm is enough to accelerate banana ripening and ethylene at 

least 0.01 ppm will accurate the blooming of carnation [19]. The flowers and plants 

which are subjected to stress during shipping release ethylene gas results in reduction 

of floral display. This problem always found in carnation, geranium, petunia, rose, 

and many others. It is importance to control and monitor levels of ethylene 

concentration for long-term storage life of fruit, vegetable and flower.  Up to date, 

there are no suitable and compact ethylene-monitoring systems are available on the 

market.  
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2.2 Conductive polymer 

 
The interest of conductive polymers has been recognized by the awarding of 

Nobel prize in chemistry in 2000 to Heeger [20], Macdiarmid [21], and H. Shirakawa, 

who synthesized the first conducting polymers and proved their potentialities in a 

large number of application.  

2.2.1 Basic concepts 

The common electronic feature of conductive polymers is a π-

conjugated structure system which rearranged by the overlap of carbon p-orbital and 

alternating carbon-carbon sigma bonds. For example, the chemical structure of the 

most studies through member of the conductive polymer are shown in figure 2.2  

 

 

  

                                     

                  Polyacetylene                      Polyparaphenylene    

  

 

 

                    Polypyrrole                       Polyparaphenylene sulfide 

 

 

 

                 Polythiophene      Polyparaphenylene vinyl 

 

 

 

 

Polyaniline 

Figure 2.2 Chemical structure of monomer unit of conductive polymer [8] 
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Conductive polymers are inherently conducting in nature due to the 

presence of a conjugated electron system in their structure. All above of them have 

chemical structure for semiconductors. The highest occupied molecular orbital of 

monomer forms the occupied π-band (valence band) and the lowest unoccupied 

molecular orbital of the monomer forms the unoccupied π*-band (conductive band). 

Conductive polymers have a low energy optical transition, low ionization potential 

and a high electron affinity. A high level of conductivity (near metallic) can be 

achieved in conductive polymers through oxidation–reduction as well as doping with 

a suitable dopant. [22] 

The doping process can be increased the conductivity level of 

conductive polymer. A new energy level is created into band gab energy. The 

electronic insulator of polymer will be changed into metal form. The electrical 

conductivity depends on the doping level as donor or acceptor species are 

incorporated. The electrical conductivity can be n-type or p-type. Dopant atoms are 

positioned interstitially between chains and donate charges to or accept charges from 

polymer backbone. For example, Shirakawa et al. [23] found that the conductivity of 

polyacetylene could be increased by several orders of magnitude through chemical 

doping and in reality it can be converted from an insulator to a metal like conductor. 

Following the study on polyacetylene, other polymers such as polypyrrole (PPY), 

polythiophene, PANI, poly(pphenylenevinylene),and poly(p-phenylene), as well as 

their derivatives, have been synthesized and. The conductivity of a number of 

intrinsically conductive polymers relative to copper and liquid mercury is presented in 

Fig. 2.3 

Since it has been found a various conductive polymers and their 

derivatives, it transited when doped with a weak oxidation agent or reducing agent. 

The early work has led to an understanding of the mechanisms of charge storage and 

charge transfer in these systems. 
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Figure 2.3 Logarithmic conductivity ladder locating some metals and conducting 

polymers [22]  

 

2.2.2 Charge storage mechanism 

The explanation of conducting polymers used band theory method 

[24]. For concept of conduction of electricity, a half filled valence band was formed 

from as a continuous delocalized π -system. The bond alteration will lower its energy 

of polymer (alternating short and long bonds). It introduces a band width of 1.5 ev 

making it a high energy gap for semiconductor.  

In addition, the free spins concentration can increase with dopant. The 

concentration of free spins levels is higher at higher concentration dopant. To 

understand the effect of charge is stored along the polymer chain. The polymer may 

store charge in two ways. In an oxidation process, it could either lose an electron from 

one of the bands or it could localize the charge over a small section of the chain. 

Localizing the charge causes a local distortion due a change in geometry, which costs 

the polymer some energy.  

However, the occurring of this local geometry decreases the ionization 

energy of the polymer chain and increases its electron affinity. This phenomenon 

made more able to accommodate the newly formed charges. In this way, the band 



10 
 

energy level is increased but its level was less than it would if the charge was 

delocalized.  

The example for typical oxidizing dopants is iodine, NOPF6 , iron(III) 

chloride and arsenic pentachloride. Sodium naphthalide is used as typical reductive 

dopant.  The main criteria are its ability to oxidize or reduce the polymer without 

initiating side reactions that inhibit the polymers ability to conduct electricity.  

For example of mechanism explanation, the oxidative doping of 

polypyrrole proceeds by following steps [25]. First, an electron is removed from the π 

system of the backbone polymer producing free radical and positive charge. 

Secondary, the radical and cation can couple to each other via local resonance of the 

charge and the radical. In this case, a sequence of quinoid-like rings is used. In finally, 

the distortion was produced and showed higher energy than the remaining portion of 

the chain. The creation and separation of these defects costs a considerable amount of 

energy.  

This limits of the number of quinoid-like rings that can link these two 

bound species together. In the case of polypyrrole, it is expected that the lattice 

distortion extends over four pyrrole rings. This combination of a charge site and a 

radical is called a “polaron”. It could be either a radical cation or radical anion. This 

polaron creates a new localized electronic state in the gap with the lower energy 

states. It was being occupied by a single unpaired electron. The polaron state of 

polypryyole is symmetrically located about 0.5 eV from the band edges.  

Upon further oxidation the free radical of the polaron is removed, 

creating a new spinless defect called a “bipolaron”. This is lower energy than the 

creation of two distinct polarons. At higher doping levels, it can be showed that two 

polarons combine to form a bipolaron. Thus at higher doping levels the polarons are 

replaced with bipolarons. The band gap of bipolarons symmetrically polypyrrole are 

located at 0.75 eV. This eventually, with continued doping, forms into a continuous 

bipolaron bands. Their band gap also increases as newly formed bipolarons are made 

at the expense of the band edges. For a higher dope level, it is conceivable that the 

upper and the lower bipolaron bands will merge with the conduction and the valence 

bands respectively to produce partially filled bands and metallic like conductivity. 

This mechanism explanation is shown in figure 2.4. 

In addition, the ground state structure of such polymers are twofold 

degenerate, the charged cation are not bound to each other by a higher energy bonding 
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configuration and can freely separate along the chain. The effect of this is that the 

charged defects are independent of one another and can form domain walls that 

separate two phases of opposite orientation and identical energy. These are called 

solitons and can sometimes be neutral. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 mechanism explanation of charge storage of polypyrrole 
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2.2.3 Charge transfer [25] 

The main source of charge carriers are known to be solitons and 

bipolarons, the precise mechanism is still unsolved. The problem lies in attempting to 

trace the path of the charge carriers through the polymer. All of these polymers are 

highly disordered, containing a mixture of crystalline and amorphous regions. It is 

necessary to consider the transport along and between the polymer chains and also the 

complex boundaries established by the multiple numbers of phases. This has been 

studied by examining the effect of doping, of temperature, of magnetism and the 

frequency of the current used. These test show that a variety of conduction 

mechanisms are used. The main mechanism used is by movement of charge carriers 

between localized sites or between soliton, polaron or bipolaron states. 

Alternatively, where inhomogeneous doping produces metallic is land 

dispersed in an insulating matrix, conduction is by movement of charge carriers 

between highly conducting domains. Charge transfer between these conducting 

domains also occurs by thermally activated hopping or tunneling. This is consistent 

with conductivity being proportional to temperature 

However, many conducting polymers can degrade even in dry or in 

free oxygen atmosphere. This intrinsic instability is thermodynamic in origin. It can 

cause by irreversible chemical reaction between charged sites of polymer. It may be 

occurred either the dopant counter ion of anion or the π-system of an adjacent neutral 

chain. It produces a sp3 carbon, breaking the conjugation. Intrinsic instability can also 

come from a thermally driven mechanism which causes the polymer to lose its 

dopant. This happens when the charge sites become unstable due to conformational 

changes in the polymer backbone.  

Among various conducting polymers, polyaniline is unique and 

promising candidate for practical applications due to its good process ability, 

environmental stability and reversible control of electrical properties by both charge-

transfer doping and protonation. It has attracted most attention and become important 

subject of most research.  Because of potentiality for practical applications, good 

environment stability, low cost and ease of synthesis. The attention of heterogeneous-

conducting polymer nanocomposites has drawn over decade. These materials show 

special mechanical, electronic, optical and magnetic properties.  
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2.3 Polyaniline (PANi) 

 
2.3.1 Structure features  

Polyaniline is the conductive polymer. Chemical structure of 

polyaniline is shown in figure 1. It consists of two units. First unit is reduced 

repeating unit and another one is oxidized repeating units. The different form of 

polyaniline is proportion to ratio of unit, y-value [26].   

 

 

 

 

 

Figure.2.5 The chemical structure of polyaniline 

 

The different repeating units in two forms make 3 forms of polyaniline. 

First is completely reduced form (y=1) of Leucoemeraldine base, second is half 

oxidized form (y=0.5) of emeraldine base and the last form is completely oxidized 

form (y=0) of Pernigraniline base.  

 

For y = 0.5; half oxidized form (Emeraldine base) 

  

 

 

 

For y= 0; completely reduced form (Pernigraniline base) 
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For y=1; completely oxidized form (Leucoemeraldine base) 

 

 

 

 

Figure 2.6 the three different electronic form bases on polyaniline structure 

 

 

Among of three forms of polyaniline, emeraldine base can be rendered 

into a conductive form of emeraldine salt by chemical or electrochemical doping 

processes result in increasing electronic conductive about ten orders of magnitude. 

The emeraldine-based form of PANi is also the most stable of the three states because 

leucoemeraldine is easily oxidized when exposed to air and pernigraniline is easily 

degraded. 

 

2.3.2 Doping in polyaniline  

The doping process can be achieved by partial oxidation or partial 

reduction of the π-system of the polymer. In general, the doping process leads to 

either increase or decrease in the number of electrons associated in polymer [27]. The 

uniqueness of PANi arises from the sensitivity of its emeraldine oxidation state 

towards the pH which yields emeraldine base (EB) and emeraldine salt (ES) forms of 

PANi. An interesting feature of PANi arises from the fact that the non-conducting EB 

form of PANi can be doped to a highly conducting regime (ES) without changing the 

total number of electrons associated with it [28]. Such a doping is achieved by a 

simple protonation of the –NH group of EB by mineral or organic protonic acids and 

is known as “acid doping”.  

The conductivity of PANi is increased more than eight orders of 

magnitude by acid doping process [29]. Positive charges accumulated on the polymer 

backbone during protonation of PANi are neutralized by the negatively charged 

counter ions of the dopant. The protonation is also accompanied by the drastic change 
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in the electronic structure, crystallinity, solubility, and etc.  The degree of protonation 

and the resulting conductivity can be readily controlled by changing the pH of the 

dopant acid solution. Inorganic mineral acids such as HCl, H2SO4, H3PO4, etc. are the 

most frequently used dopants.  

PANi has a special characteristic amongst conductive polymers in the 

fact that its most highly conducting doped form can be reached by two completely 

different processes; protonic acid doping of emeraldine base and oxidative doping of 

leucoeraldine base as shown in figure 2.7 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

                             A- : Represent anion of acid 

 

 

Figure 2.7 the emeraldine salt formation of polyaniline (a) protonic acid doping 

of emeraldine base and (b) oxidative doping of lecoemeraldine base 
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2.3.3 Charge carrier mechanism of polyaniline 

In polyaniline, nitrogen pz orbitals and carbon in aromatic rings are 

also part of the conjugation system. The conjugated double bonds permit easy 

electron mobility throughout the molecule because the electrons are delocalized. 

Delocalization is the condition in which π -bonding electrons system are spread over a 

number of atoms rather than localized between two atoms. This condition allows 

electrons to move more easily, thus making the polymer electrically conductive.  

The undoped PANi is a poor semiconductor that has conductivity of about 

10-8 S/cm. When it is doped, its conductivity could increase by a factor of 10 S/cm or 

more depending on the type and concentration of dopant.  

For sample [30], doping with acid such as HCl can increase conductivity 

of PANi due to relocalize charge form of  polaron/bipolaron structure. The protonating 

PANi EB with HCl lead to bipolaron structure. In initiation, the hydrogen ions from HCl 

will attach themselves to the quinoid nitrogen atoms. This is highly unstable because of 

the high energy this structure possesses. Thus, the C=N bonds of the quinoid imine 

structure will break, transforming the quinoid ring into a more stable benzenoid ring, with 

lower energy, by aromatization, creating the bipolaron structure of doped PANi. 

The new benzenoid ring, although more stable than it was previously. 

However, it still has high energy because of the repulsion force from the adjacent positive 

charges. To stabilize this structure, the positive charge of one of the hydrogen ions will 

attract electrons from the neighboring benzene ring, neutralizing the charge. This will 

create a new positively charged nitrogen group with a neutral nitrogen atom in between 

the two positive ones. The increased distance between the two positive charges results in 

the polaron structure, which has a lower energy level than the bipolaron structure. 

The overall structure are expected to have extensive spins and charges 

delocalization resulting in a half-filled polaron conduction band and an increase in the 

electrical conductivity by over ten orders of magnitude without any changes in in the 

number of electrons on the polyaniline backbone[31]. 

  Since initially, the ionic interactions between PANi and Cl- anions are 

weak, the Cl-  anions are able to migrate to the newly formed positively charged nitrogen 

atom as the doped PANi complex stabilizes itself by transforming into the polaron 
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structure. The migration of Cl- ion tends to be easier when in solution form. This charge 

carrier mechanism is showed as in figure 2.8 
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Figure 2.8 charge carrier evolution of emeraldine base as a function of protonation 

[17] 
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2.4 Synthesis polyaniline: nanostructure as sensitive layer for gas 

sensor 
 

The ongoing of synthesis nanostructure of polyaniline as sensitive layer for 

gas sensor was interested because the high surface to volume ratios of nanostructure 

increased rapid respond and reversible resistance changed in polyaniline upon 

exposure to gas vapor. Up to date, the methods to synthesize nanostructure of 

polyaniline were developed in many ways.  

For example, Zhang and coworker [32] synthesized nanofibers polyaniline 

using toluene as organic solvent, acidic ammonium peroxydisulfates as aqueous phase 

and camphorsulfonic acid as acid dopant.  The average diameter of polyaniline 

nanofibers were investigated by comparing two type of cis-1,2-alkylethene sulfonate 

structure (alkyl = C5H11 or C7H13). It found that diameter of polyaniline nanofibers 

decreased in the order 48 nm (no surfactant) > 35 nm (C5H11-twin-tailed) > 28 nm 

(C7H13-twin-tailed). 

Yan and coworker [33] synthesized polyaniline nanofibers by an interfacial 

polymerization method for NO2 detection. The results showed that the high surface 

area, porosity and small diameters structures of nanofibers enhance diffusion rate of 

the molecules resulting into high sensitivity and short response time for NO2 

detection. The nanofibers polyaniline increased in resistance-greater than three orders 

of magnitude in 100 ppm with comparing bulk polyaniline. 

However, the drawback of synthesis nanostructure polyaniline from interfacial 

polymerization is toxicity of solvent. Therefore, there were many researcher tried to 

synthesize nanostructure of polyaniline without the presence of organic solution.   

For example, in 2001 Wei et.al [34] synthesized nanotube polyaniline without 

organic phase in the presence of β-naphthalene sulfonic acid (β-NSA) as a dopant. 

The nanostructures of polyaniline were controlled by mole ratio of of β-NSA-aniline. 

The results showed that the formations of the precipitate β-NSA-aniline salts were 

formed as “template-like” to create formations of nanotube structure with the mole 

ratio of β-NSA-aniline was higher than 2. While the “template-like” were played as 

the NSA-aniline micelle, when the mole ratio of β-NSA-Aniline was lower than 0.5. 
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Up to date, there are many methods to synthesize and deposit nanostructure of 

polyaniline such as interfacial polymerization [35], Langmuir-Blodgett [36], 

electrospining [37], self-assembly method [38] and etc. Another method to synthesize 

nano-morphology of polyaniline is electrochemical. The electrochemical is 

widespread method to synthesize and deposit polyaniline in range of micro to nano-

structure scale due to this route presents several advantages compared with other 

method.  

 

2.4.1 Electrochemical: principle [40,41,42] 

 Electrochemical is a branch of chemistry that studies chemical 

reactions which involve electron transfer between the electrode and the electrolyte or 

species in solution. The electrochemical take place in a solution at the interface of an 

electron conductor (a metal or a semiconductor) and an ionic conductor (the 

electrolyte). 

The electrochemical reaction is driven by an external applied voltage, 

as in electrolysis, or chemical reaction created a voltage as in a battery, In contrast, 

chemical reactions where electrons are transferred between molecules are called 

oxidation/reduction (redox) reactions. In general, electrochemistry deals with 

situations where oxidation and reduction reactions are separated in space or time, 

connected by an external electric circuit.  

-At the cathode, ions or molecules are transformed within the interface via 

reaction with electrons (from the electrode) to produce reduced molecules or ions.  

-At the anode, molecule or ions (from the solution) are transformed within the 

interface to produce electrons (at the electron surface) and oxidized ions and 

molecules. 

 The resulting electrons move from the anode though the wire of 

external circuit to the cathode as electronic current.  An electrical circle is required for 

measuring current and potential (voltage) created by movement of charged particles. 

Galvanic cell serves as a sample of such system. 

For example in figure 2.9, Sample cell consists of solutions of ZnSO4 

and CuSO4. The metallic Zn and Cu electrodes are immersed in respective solutions. 

Electrodes have two contacts: 

 a) Through wires connected to voltmeter 

 b) Through solutions and salt bridge.  
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Salt bridge consists of a tube filled with saturated salt solution (e.g. 

Na2SO4 solution). The ends of the tube are capped with porous frits that prevent 

solutions from mixing, but permit movement of ions 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 A galvanic electrochemical cell [43] 

 

 

For the system in figure 2.9, three steps of distinct charge transfer processes are 

described:  

1. Electrons transfer in electrodes and wires from zinc electrode to copper 

electrode 

2. Ions transfer in solutions: 

 

a. zinc ions move away from the electrode and sulfate ions move 

towards it. 

b. copper ions move towards the electrode and negatively charged ions 

(sulfate) away from it. 

c. In salt bridge positive ions move right and negative ions left. 

 

3. On the surfaces of electrodes electrons are transferred to ions or vice versa: 

a. Zinc electrode dissolves 

 Zn              Zn2+ + e – 
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b. Metallic copper is deposited on the electrode surface 

  Cu + e -           Cu(s) 

 

There are two types of electrochemical techniques, namely 

potentiometry and amperometry[44]. 

Potentiometry is one type of electrochemical analysis methods. 

Electrochemistry is a part of chemistry, which determines electrochemical properties 

of substances.  Potentiometry is the field of electro analytical chemistry in which 

potential is measured under the conditions of no current flow (zero). The measured 

potential may then be used to determine the analytical quantity of interest, generally 

the concentration of some component of the analyte solution. The potential that 

develops in the electrochemical cell is the result of the free energy change that would 

occur if the chemical phenomena were to proceed until the equilibrium condition has 

been satisfied 

 The amperometric  technique relies on the current passing through a 

polarizable electrode. The magnitude of the current is direct proportional to the 

concentration of the electro analyte, with the most commom amperometric techniques 

being polarography and voltammetry. The amperometric measurement can be overly 

sensitive to impurities such as gaseous oxygen dissolved in the solution, and 

capacitance effects at the electrode. However, amperometry is a much more versatile 

tool than potentionmetry because the amperometric measurements are generally more 

precise and more versatile that those made by using potentiometry. 

 

2.4.2 Voltammetry [45,46,47]  

Voltammetry is one of the techniques which electrochemists employ to 

investigate electrolysis mechanisms. There are typically three forms of voltammetry 

which are potential step, linear sweep and cyclic Voltammetry. For each of these 

cases a voltage or series of voltages are applied to the electrode and the corresponding 

current that flows was monitored.  

 

2.4.2.1 Potential step voltammetry 

  The essential elements needed for an electrolysis measurement 

are as follows: 
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• The electrode: made of an inert metal (such as Gold or Platinum) 

• The solvent:  high dielectric constant solution (such as water or 

acetonitrile) to enable the electrolyte to dissolve and help aid the passage of 

current. 

• A background electrolyte: This is an electrochemically inert salt 

(such as NaCl or Tetra butylammonium perchlorate, TBAP) and is usually 

added in high concentration (0.1 M) to allow the current to pass. 

• The reactant: Typically in low concentration 10−3 M. 

 

In the potential step measurement, the applied voltage is 

instantaneously jumped from one value V1 to another V2.  The resulting current is 

then measured as a function time. The current rises instantaneously after the change in 

voltage and then begins to drop as a function of time.  

 

 

2.4.2.2 Linear Sweep Voltammetry 

 

In linear sweep voltammetry (LSV) a fixed potential range is 

employed much like potential step measurements. However in LSV the voltage is 

scanned from a lower limit to an upper limit. The characteristics of the linear sweep 

voltammogram depend on a number of factors including: 

 

• The rate of the electron transfer reaction(s) 

• The chemical reactivity of the electroactive species 

• The voltage scan rate 
 

In LSV measurements, the current response is plotted as a 

function of voltage. The scan begins from the left hand side of the current/voltage plot 

where no current flows. As the voltage is swept further to the right (to more reductive 

values) a current begins to flow and eventually reaches a peak before dropping. To 

rationalise this behavior, it need to consider the influence of voltage on the 

equilibrium established at the electrode surface. Here the rate of electron transfer is 

fast in comparison to the voltage sweep rate. Therefore at the electrode surface 

equilibrium is established identical to that predicted by thermodynamics.  
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     The exact form of the voltammogram can be rationalised by 

considering the voltage and mass transport effects. As the voltage is initially swept 

from V1 the equilibrium at the surface begins to alter and the current begins to flow. 

The current rises as the voltage is swept further from its initial value as the 

equilibrium position is shifted further to the right hand side, thus converting more 

reactant. The peak occurs, since at some point the diffusion layer has grown 

sufficiently above the electrode so that the flux of reactant to the electrode is not fast 

enough to satisfy that required by the Nernst equation [49]. In this situation the 

current begins to drop just as it did in the potential step measurements.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Series of linear sweep voltammograms recorded at different scan rates [35] 
 

Each curve has the same form but it is apparent that the total 

current increases with increasing scan rate. This again can be rationalised by 

considering the size of the diffusion layer and the time taken to record the scan. 

Clearly the linear sweep voltammogram will take longer to record as the scan rate is 

decreased. Therefore the size of the diffusion layer above the electrode surface will be 

different depending upon the voltage scan rate used. In a slow voltage scan, the 

diffusion layer will grow much further from the electrode in comparison to a fast 

scan. Consequently the flux to the electrode surface is considerably smaller at slow 

scan rates than it is at faster rates. A point to note from the figure is the position of the 

current maximum, it is clear that the peak occurs at the same voltage and this is a 

characteristic of electrode reactions which have rapid electron transfer kinetics. These 

rapid processes are often referred to as reversible electron transfer reactions.  
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2.4.2.3 Cyclic Voltammetry [50] 

Cyclic Voltammetry (CV) is perhaps the most effective and 

versatile electroanalytical technique available for the mechanistic study of redox systems. 

It enables the electrode potential to be rapidly scanned in search of redox couples. Once 

located, a couple can then be characterized from the potentials of peaks on the cyclic 

voltammogram and from changes caused by variation of the scan rate. CV is often the 

first experiment performed in an electrochemical study. 

Cyclic voltammetry (CV) is very similar to LSV. In this case, 

the voltage is swept between two values at a fixed rate. However, when the voltage 

reaches V2 the scan is reversed and the voltage is swept back to V1.   The solution 

contains only a single electrochemical reactant. The forward sweep produces an 

identical response. When the scan is reversed, converting electrolyte moves back 

through the equilibrium positions.  

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 2.11 Voltage as a function of time and current as a function of voltage for 

CV [50] 

 

The influence of the voltage scan rate on the current for a 

reversible electron transfer can be seen in Fig. 2.12. The influence of scan rate is 
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explained for a reversible electron transfer reaction in terms of the diffusion layer 

thickness. In case of CV where the electron transfers is not reversible show 

considerably different behavior from their reversible counterparts.  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 2.12 the current for a reversible electron transfer at different the voltage 

scan rate [50] 

 

 

2.4.3 Electrochemical synthesis of polyaniline 

The electrochemical synthesis of polyaniline presents several 

advantages as cleanness because no extraction from the monomer–solvent–oxidant 

mixture is necessary, doping and thickness control via electrode potential, 

simultaneous synthesis and deposition of polyaniline thin layer [51]. With this route, 

there are three ways for deposition polyaniline on substrate which include the 

galvanostatic method with a constant current , the pententiostatic method with a 

constant potential and  the potentiodynamic method with current and potential vary 

with deposite time.  

However, whatever the method is used, the three-electrode reactor 

vessel assembly composes a working electrode on which the polymer is deposited, a 

counter electrode also named auxiliary electrode (platinum grid) and a reference 
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electrode (in most cases, a saturated calomel electrode (SCE)). The more common 

working electrode is a platinum, but PANi depositions have also been realized onto 

conducting glass (glass covered by indium-doped tin oxide (ITO) electrode), Fe, Cu, 

Au, graphite, and stainless steel. Polyaniline can be then peeled off from the electrode 

surface by immersion in an acidic solution.   

The electrochemical is a widespread method to synthesis and deposit 

polyaniline in range of micro to nano-structure scale. As reported by Haibin Zhang 

and coworkers [52] that the morphology of polyaniline film prepared by 

electrochemistry revealed lamellar structure. The bulk filmed was formed at the 

bottom whereas the nano-structure of fibrillar was formed at the middle and the top of 

the film. In addition, this route reveals several advantages compared with the other 

methods [53]. It is an environmentally friendly process because no need of an oxidant 

is required in the reaction, the doping level and thickness of polyaniline film can be 

controlled via electrode potential, and the obtained-polyaniline film exhibits good 

simultaneous deposition compared with the other methods 

   Moreover, electrochemistry method is the most suitable for fabrication 

sensor that built in micro circuits. The monomer solution is polymerized and 

deposited on interdigitated substrate in one step. For example in work of Jens Reemts 

and et.al., [54] fabricated conductive layers of emeraldine base polyaniline as 

sensitive layer for organic vapor sensor. These sensing layers were fabricated from 

drop of aqueous aniline in sulfuric acid solution by cyclic voltammetry 

electrochemical polymerization. After exposing NH3, the sensing layers reveal 

significant change with a linear dependence of the signal on concentration in the parts 

per million ranges. 

The mechanism for electrochemical synthesis polyaniline was purposed 

according to work of Am Pharhad hussain  et.al., [55] They prepared   polyaniline 

conducting polymer films from an electrolyte containing HCl by potentiodynamic 

method. The mechanism of oxidative electropolymerization of aniline at 1 V was 

illustrated as shown in figure 2.13. 
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Figure 2.13 mechanism of oxidative electropolymerization of aniline  
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2.5 Polyaniline as sensitive layer for gas sensors 
 

Most of gas sensors available on the market are semiconducting sensors. The 

conductivity of these sensors is altered under gas absorption. However, these sensors 

need to operate at high temperature. To improve gas sensors characteristics, 

conducting polymer reveal increasingly important role in monitoring due to their 

applicability at room temperature. It provided that information on industrial 

manufacturing processes and their emissions, quality control of foods and beverages, 

and a host of other applications. 

Most of gas sensors using PANi as sensitive layer measure, under gas flow, a 

conductivity change to a direct current. The studies of mechanism of interaction 

between conductive polymer and gas are of interested.  The interaction of gas with 

conductive polymer can be classified into two classes which are physical absorption 

and chemical reaction. In case of physical absorption, non-reactive volatile organic 

reagents (such as hexane [56], alcohol [57) reveal weak interaction between 

polyaniline and gas analyst leading to a changing in resistance. For chemical reaction, 

the changing of conductivity of conductive polymer depends on oxidation states. The 

oxidation states can either be controlled by synthetic conditions or oxidation-

reduction reactions. The conductivity of conductive polymer will be changed after 

being exposed to gas analyst, if gas analyst is  reducing gas  (such as hydrazine [53]), 

emeraldine salt of polyaniline will be donated electron to gas analyst, resulting in an 

increase of resistance of polyaniline. Oppositely, if gas analyst is oxidizing gas (such 

as oxygen [56]), emeraldine salt of polyaniline will be accepted electron form gas 

analyst, resulting in a decrease of polyaniline resistance.  

 

2.5.1 Polyaniline doping: Acid doping   

The acidic doping can change the number of electrons associated with 

the polymer backbone. The acidic doping consists to treat the emeraldine base with a 

strong acid (HCl, H2SO4) that induces the protonation of the imine sites to give the 

polyemeraldine salt as see through a mechanism illustrated in figure 2.14.Considering 

the resonant structures, charge and spin can be largely delocalized that explains the 

observed conductivity  
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The development sensitivity and selectivity of polyaniline is 

importance.  By doping polyaniline with different type of acid doping, the polyaniline 

dope revealed different sensitivity and selectivity against various gas detection [53-

58]. 
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Figure 2.14 Mechanism of acid doping of polyaniline[13] 

 

Moreover, the polyaniline doped with some acid types can react with   

specific gas analyst. Typically, polyaniline doped with hydrochloric acid reveals de-

dope reaction after being exposed to NH3, resulted in increasing of its resistance. By 
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doping polyaniline with different types of acid doping, the doped-polyaniline exhibits 

different sensitivity and selectivity with gas detections.    

  As follow work of Shanzuo Ji and coworker[58], they were compared 

the effect of different three types of acid dope polyaniline which include toluene 

sulfonyl acid (TSA), sulfosalicylic acid (SSA) and hydrochloric acid (HCl) on sensing 

triethylamine gas. All three type of doping polyaniline showed linear respond, 

reversible and reproducible against amine vapor in range of 20-5000 ppm. The order 

of sensing of doping polyaniline against triethylamine gas is PANi -TSA, PANi-SSA 

and PANi-HCl, respectively.   

Doping polyaniline with some specifics acid type for specifics gas 

detection is unceasing investigation.  For example, polyaniline dope with 

camphorsulfonic acid (CSA) is one of procedure that is the most refer for hydrogen 

detection as follow. Shabnam Virji and coworker [59], they fabricated hydrogen 

sensors from polyaniline dope camphorsulfonic acid by spying polymer solution on 

interdigitated electrode sensor substrates. The results showed that the resistance of 

dope-polyaniline decrease 3 % for mixture 1% of hydrogen in nitrogen. 

As mention earlier, the effect of acid type for doping polyaniline is an 

importance factor on selectivity and sensing.   There was a report on using the 

polyaniline dope with ionic liquid (IL) for hydrocarbon detection.  For example, as 

reported by Xiaoxia and coworkers [60], polyaniline was deposited on Quartz crystal 

microbalance (QCM) gold substrate by electrochemistry and soaked in IL solution. 

The results revealed an interaction between methane and 

polyaniline/butylmethylimidazolium camphorsulfonate (PANi/BMICS) ionic liquid 

composite. The methane molecules absorbed into the PANi/BMICS inserted in the 

host between the aligned anions and cations of BMICS. This PANi/QCM/BMICS 

revealed respond frequency linearly changing with methane concentration between 

1% and 10% and had current limits detection as low as 115 ppm. This research 

supports that interactions of polyaniline with some specific doping agent create host 

for inserting hydrocarbon molecule. 
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 2.6 Inclusion of material particles into polyaniline for enhance gas 

sensing property 
 

  2.6.1 Inclusion of multiwall carbon nanotube into polyaniline  

  The addition of micro/nanoparticle inclusion such as clays [12], and 

carbon nanotube [61] is most interesting procedures for improve inorganic 

semiconductors gas sensor performance, for example, Qifei Chang and coworker [14] 

were successful preparation of nanocomposites comprise of multiwall carbon 

nanotubes, gold nano particles and polyaniline. This nobel metal was shown to have 

superior sensitivity and good repeatability used in detecting ammonia gas with 

excellent stability.  The sensitivity of sensors exhibited a linear response of ammonia 

gas for concentration ranging from 200 ppb to 10 ppm. 

 

  2.6.1.1 Multiwall carbon nanotube: structure features and 

properties [62,63] 

Carbon nanotubes (CNTs) are allotropes of carbon with a 

cylindrical nanostructure. Nanotubes have been constructed with length-to-diameter 

ratio of up to 132,000,000:1. Multi-walled nanotubes (MWNT) consist of multiple 

rolled layers (concentric tubes) of graphite or single wall nanotube as shown in figure 

2.15. There are two models which can be used to describe the structures of multi-

walled nanotubes which are Russian Doll and Parchment model. In the Russian Doll 

model, the Russian Doll structure is observed more commonly. Its individual shells 

can be described as SWNTs sheets of graphite are arranged in concentric cylinders, 

smaller single-walled nanotube in diameter within a larger single-walled nanotube. In 

the Parchment model, a single sheet of graphite is rolled in around itself, resembling a 

scroll of parchment or a rolled newspaper. The interlayer distance in multi-walled 

nanotubes is close to the distance between graphene layers in graphite, approximately 

3.4 Å. 
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Figure 2.15 the structure of multiwall carbon nanotube consisting of three 

concentric single walled nanotubes  

 

 

2.6.1.2 Effect of the presence of gases in contact with the carbon 

nanotube 

    Basis on principle of single wall nanotube (SWCNT), the 

model of gas absorption on SWCNT is usually used to investigate for the changing of 

the bind energy, tube molecule distance and charge transfer. Peng and Cho [64] 

studied the absorption of NO2 on SWCNT. They found that NO2 gas molecule of this 

configuration is found to bind with SWCNT with absorption energy of 0.3 eV. And it 

also found that the molecule has high diffusion kinetics on nanotubes surface. 

Electron density analysis show that charge transfer induced from C atom to NO2 gas 

molecule leading to hole (p-type) semiconducting of nanotubes. 

   Zhao et al. [65] investigated the effect of absorption of various 

molecules (NO2, O2, NH3, N2, CO2 CH4 H2O H2 Ar) on SWCNT. The results of 

charge transfer, absorption energy show specific value in different gas types. It can be 

used to identify as physisorption. For the SWCNT, there are four distinct sites for gas 

absorption  

 

i. The external surface of the bundle 

ii. The groove formed at the contact between adjacent tube outside 

bundle 
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iii. The interior  pore of individual tubes 

iv. Interstitial channel form between adjacent tube within bundle 

 

 

 

 

 

 

 

 

 

 

Figure 2.16 the active site of single wall nanotube for gas absorption 

 

 

The gas absorption on these sites is decided by the binding 

energy of gas molecule. However, some of these sites are unavailable for some gas 

absorption because of dimension and size diameter. 

In sensor application, the electronic properties of SWCNT 

were subjected to be investigated due to their sensitivity on environment.  For 

example, Collins et al. [66] showed the electrical resistance of SWCNT can be 

reversibly tuned after being exposure to oxygen altering with vacuum.  

Generally, the electronic properties changes of CNT upon 

exposure to gas molecules are attributed to the charge transfer between the molecule 

and nanotube. However, Sumanasekera et al.[67] demonstrated experimentally that 

the degassed SWCNT resistance can be very sensitive to inert gases (N2 and He which 

hardly have electron transfer with CNTs). In this case, it believed that the resistance 

changes are due to the change in the electron and hole free carrier lifetimes. The large 

changes in the carrier lifetime can be caused either by increased carrier scattering 

from dynamic defect states associated with momentarily absorbed gas or due to 

nonthermal, localized SWCNT phonons generated collisions of the gas molecules 

with the tube wall. 
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2.6.2 Inclusion of metallic particles into polyaniline  

The addition of some type of metal oxide was used primarily to 

enhance selectivity of inorganic semiconductors for specifics gas sensor. As the 

results of  Monoj Kumar Ram and coworker[38], they fabricated ultrathin conducting 

polyaniline/ Sno2 or Tio2 film for sensing of CO gas via in situ layer-by-layer (LBL) 

self-assembly technique. Polymerization solution of aniline contained Sno2 or Tio2 

was absorbed on substrate which contained anionic charge layer of sulfonated 

polystyrene. The results show that the nano-composite of polyaniline/ metal oxide 

film revealed excellent candidates for recognition and detection of CO gas.  

The study of SnO2 as gas sensing material is due to its suitable 

physicochemical properties as, for example, it has a high reactivity to reducing gases 

at relatively low operating temperatures.  It can adsorb oxygen at its surface because 

of the natural non-stoichiometry of SnO2. Moreover, SnO2 has a lower cost when 

compared to actual available materials for similar applications.  

 

 2.6.2.1 Tin oxide: structure features and properties [67,68] 

Tin oxide (SnO2) is a very stable material which has tetragonal 

or rutile structure as structure as its most common. In the SnO2 unit cell as shown in 

figure 2.17, the Sn atom is surrounded by six oxygen atoms. Furthermore, each of the 

oxygen anions has four coplanar Sn 4 +   ions as nearest neighbors at the corners of a 

rectangle plus two next-neast neighbor on the remaining two corners of the Sn-

coordinating distorted octahedron. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.17 Unit cell of SnO2 
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Tin dioxide is a semiconductor material, transparent, of high 

chemical and mechanical stability. Only one stable phase (and no metastable one) is 

known, which has a tetragonal arrangement of the atoms receiving the names of rutile 

or cassiterite. 

The donor level of Tin oxide have energies of 0.03-0.034eV 

and 0.14-0.15eV below the conduction band edge, and are generally attributed to 

single and double ionisation of oxygen vacancies, as unrelaxed vacancies are above, 

i.e., within the conduction band. The position of the Fermi level is fixed and would be 

between the conduction band edge and the intrinsic Fermi level position (that is very 

close to the mid of the band gap), because SnO2 presents a negligible concentration of 

electronic band-gap states at their geometrically ideal surfaces. 

The existence of surface or interface traps acting as acceptors 

or donors, each of them having a certain density of states and certain parameters of 

emission and capture, makes that in the thermodynamic equilibrium at each 

temperature, the Fermi level position is determined by this region. The charge trapped 

at grain boundaries or surfaces is compensated by opposite charged depletion regions 

surrounding them.  

However, a direct association between the created states, their 

activity, their location in the band gap and the type of defects from where they are 

caused cannot be predicted a priori. Nevertheless, for an n-type semiconductor, in the 

case of grain boundaries the position of the Fermi level in the grain boundary has to 

be lower than the corresponding position in the bulk material just to generate the band 

bending of the surface.  

 

  2.6.2.2 Effect of the presence of gases in contact with the tin oxide 

surface [69,70,71,72]    

Tin oxide is an n-type semiconductor due to the presence of 

oxygen vacancies.  The electronically oxygen vacancies act as electron donors.   The 

oxygen vacancies in (110) surfaces can increase the surface conductivity by more than 

two orders of magnitude with respect to the bulk conductivity. In the same way, it is 

clearly agreed that the conductance change on exposure to gases arises mainly 

through a surface phenomenon on the SnO2 grains 
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 The sensing behavior of SnO2 can be thought as composed of 

two steps.  Firstly, the reception function recognizes a chemical substance.   Another 

step followed by the transducer function which traduces the chemical signal into an 

output signal.  

When SnO2 is exposed to an atmosphere at moderate 

temperatures, two types can occur, namely, gas adsorption due to the high reactivity 

of the SnO2 surface or reaction of interaction of the gas molecules with the molecules 

chemisorbed at the SnO2 surface.  

 

- Gas adsorption, understood as a direct chemical interaction between the 

gas molecules and the semiconductor surface is accompanied by charge 

exchange. Such interchange is interpreted from the electronic point of 

view as the creation of an inter-band-gap level. Its behavior as acceptor or 

donor will depend on the type of molecule adsorbed. Thus, gases that 

capture electrons from the bulk of SnO2 when they are adsorbed create 

acceptor levels, while gases that give electrons to the SnO2 through the 

creation of an oxygen vacancy introduce donor levels.  
 

- Reaction of molecules in the gas phase with those existing already on the 

semiconductor surface is interpreted as the annihilation of the previously 

created forbidden band-gap states. 

 

Nevertheless in most cases there is not a direct relationship 

between the presence of a certain gas in the ambient and the type of level created or 

annihilated because some intermediate reactions can occur. There are two types of 

adsorption which are physisorption and chemisorption. The type of absorption 

depends on the strength of the binding.   

 

- In case of physisorption, the species are bonded only by weak physical 

forces (van der Waals-type forces, dispersion forces, forces of electrostatic 

nature and electrical image forces) to the surface and is considered when 

the energy of the bond is of the order of 0.01-0.1eV. 
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- Meanwhile, chemical adsorption is considered when the adsorbed 

molecules are bound to the semiconductor with bonding energy as large as 

1eV. The chemisorption is based on the stronger covalent forces 

(overlapping between the adsorbate and adsorbent wave functions) and, 

hence, is connected with a partial electron transfer between adsorbent and 

adsorbate. 

 

Considering of metal oxide body, when a solid is terminated by a 

surface, the surface atoms are incompletely coordinated. One or two nearest neighbors 

are missing, and there are "dangling bonds" that are unsatisfied, that is, unshared with 

neighbors. Specifically, in an ionic crystal like ZnO both cations and anions have poor 

coordination. The positively charged Zn ions on the surface have an incomplete shell 

of negative oxide ions around them. There are many mechanism try to illustrate the 

behavior of   sensing gas of metal oxide sensor. A model rationalizing the behavior of 

the sensor in the measurand environment originally put forward by Mark et al [73] as 

described below 

   In basically, the reaction of gas sensing carried out with 

oxidation-reduction reaction at surface of metal oxide.  The conductivity of metal 

oxide film is controlled by Walter Schottky that block electron transfer between 

grains of metal oxide. The sensing mechanism was started from the oxygen 

absorption on the surface at temperature around 200-400 oC. The electrons in tin 

oxide react with oxygen which leads to reduce state to oxygen anion. The reaction is 

show as below. [74]   

     

                              ½  o2        +  e-
      ⟷    o-

ads 

           R (g)    +   o-
ads     →   RO (g) + e- 

 

In n-type semiconductor, the electron densities concentrate on 

the surface of metal oxide. Oxygen adsorbs on the surface and dissociates to form O-. 

An electron is extracted from the semiconductor by this O-. This electron extraction 

leads to the creation of depletion region near the surface leading to an increase in 

conductivity of metal oxide. After the reducing gas contact at surface of metal oxide, 
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the oxygen absorption at surface of metal oxide is decreased. This result leads to 

decrease in electron density at surface and decrease in conductivity of metal oxide.  

This phenomenon is illustrated as in figure 2.18.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 the effect of Walter Schottky of tin oxide in oxygen atmosphere (left) 

and  in reducing gas (right) [74] 

 

 

The changing of Walter Schottky is expressed with relationship 

as follow equation [75]: 

 

Vs  = σ2
 / 2ɛ ND e  

  

Where Vs is Walter Schottky 

 ND is bulk donor concentration 

 e   is elementary charger 

 ɛ   is dielectric constant 
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2.7 Electrophoretic deposition [76,77,78,79]   
Electrophoretic deposition (EPD) refers as the process that involves the 

movement of the charged particles in a suspension towards an electrode with an 

application of an electric field followed by deposition on the electrode. 

Electrophoretic deposition basically involves two steps which are electrophoresis and 

deposition. The find powder that less than 30 µm in size or colloidal suspension can 

apply for deposition.     A characteristic feature of this process is that colloidal 

particles suspended in a liquid medium migrate under the influence of an electric field 

(electrophoresis) and are deposited onto an electrode. All colloidal particles in form of 

stable suspensions that carry a charge can be used in electrophoretic deposition. This 

includes materials such as polymers, pigments, dyes, ceramics and metals.  

  There are two Type of electrophoretic deposition, namely cathodic and anodic 

eletrodeposition. The two type of electrophoretic deposition is different in term of 

charge particle movement deposition. The schematic diagram of the cathodic 

deposition of electrophoretic deposition was showed in figure 2.19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19 Schematic diagram of the cathodic deposition of electrophoretic 

deposition 

 

 



40 
 

 

2.7.1 Electrophoresis deposition [80,81,82,83] 

 Electrophoresis is the process in electrophoretic deposition. In this 

process, the suspended particles carrying electrical charge move through a fluid in 

respond to an applied electric field. Electrophoresis generally occurs when the 

distance over which the double layer charge falls to zero is large. 

 According to the double layer theory, all surface charges in fluids are 

screened by a diffuse layer of ions, which has the same absolute charge but opposite 

sign depend on the surface charge as shown in figure 2.20. The electric field also 

exerts a force on the ions in the diffuse layer which has direction opposite to that 

acting on the surface charge. This latter force is not actually applied to the particle, 

but to the ions in the diffuse layer, and it is transferred all the way to the particle 

surface through viscous stress. This part of the force is also called electrophoretic 

retardation force.  

When the electric field is applied, the analyzed charged particle is 

steady to move through the diffuse layer, the total resulting force is zero: 

 

Ftotal  =  0  =  Felectrostatic force + Ffiction + F retardation force 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 2.20 Electrophoresis double layer in applied electric field 
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In addition, when electric field is applied the ions and particles, it will 

move in opposite directions to each other. However, some ions would also be 

attracted by the particle and this will be caused the ions to move along with the 

particle. During eletrophoresis, the same situation exists were a thin layer of liquid 

around the stern layer (one of two electrically charged layers of electrolyte ions) 

moves along with the particle. The outer surface of the layer is called the slipping 

plane and electrostatic potential at sipping plane is called the eletrokinetic potential or 

zeta potential. 

The velocity of particle (ʋ) in an applied electric field is relate to the 

electrophoretic mobility of the particle (μe) and electric field (E) as defined as [78] 

 

 μe    =   ʋ/E 

 
The most known and widely used theory of electrophoresis was 

developed in 1903 by Smoluchowski [78]. 

 
μe = ((  2 εr ε0 ζ k)  /3 η)  .f (Ƙ)  

 

where  εr is the dielectric constant of the dispersion medium  

ε0 is the permittivity of free space (C² N−1 m−2) 

η is dynamic viscosity of the dispersion medium (Pa s) 

ζ is zeta potential  

k is dielectric constant  

Ƙ is inverse Debye length   

 

The Smoluchowski theory can be applied for dispersed particles of any 

shape and any concentration. Debye length must be important for electrophoresis, it 

important to note that increasing thickness of the double layer (DL) leads to removing 

point of retardation force further from the particle surface.  

When particle radius a is much greater than the Debye length: a Ƙ >>1; 

This model of "thin Double Layer" offers tremendous simplifications not only for 

electrophoresis theory but for many other electrokinetic theories. This model is valid 

for most aqueous systems because the Debye length is only a few nanometers there. It 
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breaks only for nano-colloids in solution with ionic strength close to water.  The f (Ƙ) 

is value to 1.5. 

If particle is small, the Smoluchowski theory can be neglected 

contribution of surface conductivity. This is expressed in modern theory as condition 

of small Dukhin number.  In the effort of expanding the range of validity of 

electrophoretic theories, the opposite asymptotic case was considered, when Debye 

length is larger than particle radius. The f (Ƙ) is value   to 1.  

 

  2.7.2 Suspension stability [84,85] 

   The electrophoretic depositions are consisted of two type 

suspensions which are aqueous suspension and non –aqueous suspensions. Generally, 

the stable suspensions present minimal tendency to flocculate and upon eventual 

settling pack densely owing to the near-absence of irregular agglomerates.  

   Moreover, there are three mechanisms play important role in 

dispersing and stabilizing suspensions which are electrostatic, steric and electrostatic 

mechanism. 

  -Electrostatic stabilization can be described as repulsive electrostatic 

double layer force at solid force of the solid-liquid interface. It is more effective in 

aqueous suspensions because of non-aqueous suspensions. It has lower dielectric 

constant due to reason that the resultant repulsive energy greatly depends on the 

surface potential energy of the colloid particles and the dielectric properties of 

medium 

  - Steric stabilization can be described as repulsion of polymer chain. 

The addition of polymer induced force to form polymer layer covering particle. The 

steric repulsion depends on structure, the thickness layer, and molecular weight of 

polymer and affinity of polymer on particle surface.    

  -Electrosteric stabilization is combination of both electrostatic and 

steric repulsion stabilization. 
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Figure 2.21 Mechanism stabilization (A) electrostatic (b) steric and (c) 

electrosteric [85] 
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In aqueous suspension, Partho [86] has outline four charing 

mechanism of particle dispersed in water: 

 

i) Dissociation of the surface to yield an ion to the suspension 

ii) Nernstian charging through specific adsorption or desorption of 

lattice ions 

iii) Metal hydrolysis reaction at metal hydroxide and metal oxide 

surface 

iv) Metal hydrolysis with incongruent of at least one cation species 

 

However, to prepare suspension in EPD, the most usual 

practice employed to stabilize an aqueous suspension is by changing the pH of the 

suspension to values that are far from pH at the isoelectric point. The isoelectric point 

is the isoelectric point.  

 

 



CHAPTER III 
EXPERIMENTAL AND PROCEDURE 

 

3.1  Materials and Chemicals 
The chemicals used in this experiment were normal analytical grade and listed 

as follows. Some chemical structures are shown in Table 3.1. 

 

1. Aniline monomer (ANi) 

Aniline monomer was manufactured by Fluka Chemie A. G. 

Switzerland. It was purified by distillation under reduced pressure and 

used as monomer for electrochemically synthesis of polyaniline (PANi). 

 

2. Sulfuric acid (H2SO4) 

Sulfuric acid was purchased from Labscan Asia Co.Ltd., Thailand. 

H2SO4 was used as solvent for preparing aniline solution and as acid 

dopant for PANi. 

 

3. Hydrochloric acid (HCl) 

Hydrochloric acid was purchased from Labscan Asia Co.Ltd., 

Thailand.  HCl was used as acid dopant for PANi. 

 

4. Phosphoric acid (H3PO4) 

Phosphoric acid was purchased from Labscan Asia Co.Ltd., Thailand. 

H3PO4 was used as acid dopant for PANi. 

 

5. p-toluenesulfonic acid (p-TSA) 

p-toluenesulfonic acid was purchased from Labscan Asia Co.Ltd., 

Thailand. p-TSA was used as acid dopant for PANi. 
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6. Dodecyl benzene sulphonic acid (DBSA) 

Dodecyl benzene sulphonic acid was purchased from Labscan Asia 

Co.Ltd.,     Thailand. DBASA was used as acid dopant for PANi. 

 

7. Ammonium hydroxide (NH4OH) 

Ammonium hydroxide was purchased from Labscan Asia Co.Ltd., 

Thailand.  0.1 %w/v of ammonium hydroxide solution was used for tuning 

emeraldine salt PANi to emeraldine base PANi.  

 

8. Multi-wall carbon nanotube (MWCNT) 

Multi-wall carbon nanotube was purchased from Labscan Asia 

Co.Ltd., Thailand. The outer diameter was 10-15 nm with length 0.1-10 

µm and wall 5-15. MWCNT was used as additive for fabrication of 

PANi/MWCNT composite. 

 

9. Tin oxide Nanoparticle (SnO2 NP) 

Tin oxide Nanoparticle was manufactured by Fluka Chemie A. G. 

Switzerland. The diameter of SnO2 NP was 100-200 nm. SnO2 NP was 

used as additive for fabrication of PANi/MWCNT/SnO2 NP composite. 

 

10.  N-methyl-2-pyrrolidone (NMP) 

N-methyl-2-pyrrolidone was purchased from Labscan Asia Co.Ltd., 

Thailand. NMP was used as solvent to dissolve PANi for investigation of 

UV-Visible spectroscopy.  
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3.2 Equipment and Instrument 
Details of each equipment and instrument are described according to 

the experimental procedure as follows. 

 

 3.2.1 Pentiostat/galvanostat 

The pentiostat/galvanostat (PGSTAT30, Metrohm Autolab, Utrecht, 

Netherlands)  interfaced with General Purpose Electrochemical System 

(GPES), as shown in Figure 3.1, was used to electrochemically synthesize 

polyaniline (PANi) and polyaniline composites. A potentiostat is the electronic 

hardware used to control conventional three-dimensional electrodes cells 

which are working electrode, reference electrode, and counter electrode.  In 

this research, cyclic voltammetry technique was used to electrochemically 

synthesize PANi and PANi/MWCNT, whilst chronoamperometric technique 

was used to electrochemically synthesize PANi/MWCNT/SnO2.  The first 

technique is functioned by giving sweeping potential of the working electrode 

with respect to that of the reference electrode (in case of the deposition of the 

PANi and PANi/MWCNT on interdigitated substrate). And second technique, 

the systems is functioned by maintaining the potential of the working 

electrode at a constant level with respect to the potential of the reference 

electrode by adjusting the current at an auxiliary electrode (in case of the 

deposition of PANi/MWCNT on SnO2 NP/interdigitated substrate).  The 

hardware system consists of an electrical circuit which is usually described in 

terms of simple op amps. 

 

 

 

 

 

 

 

 

Figure 3.1 PGSTAT30 Pentiostat/galvanostat 
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3.2.1.1 Gold interdigitated substrate  

Gold interdigitated substrate was manufactured by National 

Electronics and Computer Technology Center, Thailand. It was used as a 

working electrode. The rectangle board size was 1.5 cm x 2.0 cm with 0.5 cm 

thickness. The printed wire board of interdigitated substrate was showed in 

Figure 3.2. The pattern on board was consisted of gold pattern overlapping 

with insulating gap. The total overlap electrode length was 25 mm which 

consisting of 14 µm wide of the gold pattern alternating with 10 µm wide of 

the insulating gap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2   The working substrate for deposition of sensor   (a) gold 

interdigitated substrate (b) gap length between gold gap and insulate gap 

 

 

 

 

 

 

 

 

 

 

(b) (a) 
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3.2.2 Electrophoretic deposition 

Electrophoretic deposition technique is used to deposit tin oxide 

nanoparticle (SnO2) on interdigitated substrate. The 5% (w/v) SnO2NPs 

conductive colloidal in distilled water was prepared by sonification and the pH 

was adjusted to 2 with sulfuric acid. A gold pattern coated wire board of 

interdigitated was used as the anode, whilst aluminum sheet having the size of 

2.0 cm x 3.0 cm with 2.0 mm in thickness was used as the cathode. The 

process involves the movement of SnO2NPs charge particle in suspension 

towards to deposit on anode under electric field at 9 V.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Schematic illustrates the electrophoretic deposition of SnO2NPs on 

gold interdigitated substrate 
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3.2   Experimental Procedure 
In this research work, the sensors for ethylene gas detection were fabricated 

based on PANi.  This research proposed the four step methodologies in order to 

fabricate and improve sensing of ethylene sensor based on PANi and/or PANi 

composite. 

 

1. To fabricate PANi sensor and investigate the effect of deposited amount of 

polyaniline on ethylene gas detection by varying a number of cyclic voltammetry  

2. To investigate the effect of acid dopant of PANi in terms of acid type and acid 

level on ethylene gas detection 

3. To fabricate PANi/MWCNT and investigate the effect of multiwall carbon 

nanotube (MWCNT) on ethylene gas detection  

4. To fabricate PANi/MWCNT/SnO2 and investigate the effect of tin oxide 

nanoparticles on ethylene gas detection 

 

The details of synthesis and fabrication PANi and PANi composite sensor 

were described as follows: 

 

3.3.1 Electrochemical Synthesis of Polyaniline as Ethylene Gas Sensor  

 

The objective of this part was to fabricate PANi sensor and investigate 

the effect of deposited amount of polyaniline on ethylene gas detection by 

varying a number of cyclic voltammetry 

 The deposited film of sensitive layer of PANi was electrochemically 

synthesis by cyclic voltammetry method [4]. Aniline monomer was purified 

by distillation under the reduced pressure before being used by keeping it was 

kept under the N2 atmosphere at 5 oC. The electrolyte solution was prepared 

from the solution of 0.1 M Aniline monomer in 1M aqueous sulfuric solution. 

The interdigitated electrode sensor substrate consisting of gold pattern coated 

on printed wire board was used as a working electrode for deposition. The 

electrolyte solution containing aniline monomer deposited  PANi was 

polymerized by applying sweeping potential within the range of -0.3-1.0 V at 

the scanning rate of 50 mV/s relative to the silver reference electrode and 
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platinum counter electrode. The numbers of cycle scan of cyclic voltametry 

were varied start from 5, 10, 15, 20 and 25 scans.   The growth of deposited-

PANi film on interdigited gold substrate was expected to cover insulating gaps 

between the neighboring electrodes. 

 

The experimental flow diagram for fabrication of PANi sensor for 

ethylene gas detection is showed in Figure 3.4. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Flow diagram for fabrication of PANi sensor for ethylene gas 

detection 
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3.3.2 Electrochemical Synthesis of Sensitive Layer of Polyaniline: Effects of 

acid dopant on ethylene gas sensing 

 

The purpose of this step was to investigate the effect of acid dopant of 

PANi in terms of acid type and acid level on ethylene gas detection. The 

experiment was divided into 2 steps as follows. 

 

3.3.2.1 Electro-deposition of sensitive layer of polyaniline nanofibers 

The deposition of sensitive layer of PANi was fabricated by cyclic 

voltammetry method as previously described in section 3.3.1. The number of 

cyclic voltammetry for deposition PANi was chosen from the optimum 

condition as will be discussed in section 4.1.   

 

  3.3.2.2 Preparation of de-doped and doped polyaniline 

The emeraldine salt form of polyaniline-sulfuric (PANi-H2SO4) on 

interdigitated substrate obtained from section 3.3.2.1 was washed with 

distilled water. Then, the emeraldine salt form of PANi-H2SO4 on 

interdigitated was de-doped to emeraldine base by soaking interdigitated 

substrate in 0.1 M ammonium hydroxide for 3 hours. After that, the 

emeraldine base of PANi was treated with specific acid dopant of particular 

concentration for 12 hours at room temperature. Five different acids which are 

hydrochloric acid (HCl), sulphuric acid (H2SO4), phosphoric acid (H3PO4), p-

toluenesulfonic acid (TSA), and dodecyl benzene sulphonic acid (DBSA) were 

used as acid dopant at different concentrations of 0.1, 0.075, 0.05, 0.025 and 

0.01M. 

 

 

The experimental flow diagram for fabrication of doped PANi sensor for 

ethylene gas detection is showed in Figure 3.5.  
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Figure 3.5 Flow diagram for doped PANi sensor fabrication for ethylene gas 

detection 

 

 

 

 

 

 Electro-deposition of PANi on interdigitated substrate  
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3.3.3 In-situ electrochemical synthesis of sensitive layer of polyaniline/multiwall 

carbon nanotube composite for ethylene gas detection 

 

The aim of this part was to fabricate PANi/MWCNT and investigate 

the effect of multiwall carbon nanotube (MWCNT) on ethylene gas detection. 

Four steps for fabrication of PANi/MWCNT sensor were detailed as follows. 

 

3.3.3.1 Dispersion of multi-wall carbon nanotube in aniline monomer  

       To prepare electrolyte solution from aniline/MWCNTs, the MWCNTs 

were weighted in different percentage weight per volume of aniline at 0.2, 0.4, 

and 0.8. The suspension of MWCNT in aniline monomer was heated to reflux 

in aniline for 7 hours in the dark [87].  The mixing solution was turned to dark 

red and used as the suspension solution. 

 

3.3.3.2 Electro-deposition of sensitive layer of polyaniline nanofibers 

/multiwall carbon nanotube composite film 

The deposition of sensitive layer of PANi/MWCNT was fabricated by 

cyclic voltammetry method as previously explained in section 3.3.1. The 

electrolyte solution was prepared from the solution of 0.1 M aniline/MWCNT 

(0.2, 0.4, and 0.8 % w/v of MWCNT in aniline monomer) in 1M aqueous 

sulphuric acid solution.  

 

     3.3.3.3 De-doped and doped polyaniline/multiwall carbon nanotube 

The obtained emeraldine salt form of polyaniline-sulfuric/multiwall 

carbon nanotube (PANi-H2SO4/MWCNT) on interdigitated substrate was 

washed with distilled water. Then, the emeraldine salt form of PANi-H2SO4 

/MWCT was de-doped to emeraldine base by soaking in 0.1 M ammonium 

hydroxide for 3 hours. After that, the emeraldine base of PANi/MWCNT was 

treated with acid dopant at particular concentration for 12 hours at room 

temperature. The five specific acids dopants at particular concentration were 

chosen form the optimum result from section 4.2.   
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The experimental flow diagram for PANi/MWCNT sensor fabrication for 

ethylene gas detection is showed in figure 3.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Flow diagram for fabrication of PANi/MWCNT sensor for ethylene 

gas detection 
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3.3.4 In-situ electrochemical synthesis of novel sensitive layer of 

polyaniline/multiwall carbon nanotube/tin oxide nanoparticles 

(PANi/MWCNT/SnO2 NPs) hybrid materials for ethylene gas detection 

 

The aim of this part was to fabricate PANi/MWCNT/SnO2 NP and 

investigate the effect of tin oxide nanoparticles on ethylene gas detection. A 

sensitive multilayered PANi/MWCNT/SnO2 NP composite material for 

ethylene gas detection was synthesized in two steps. Firstly, SnO2NPs were 

electrophoretically deposited onto a gold interdigitated substrate and then 

secondly a PANi/MWCNT layer was chronoamperometrically deposited on 

top of the SnO2NP/gold interdigitated substrate. The details of each step are as 

follows. 

 

3.3.4.1 Deposition of SnO2NPs onto the interdigitated gold substrate 

A colloidal suspension of 5% (w/v) SnO2NPs in distilled water was 

prepared by sognification and the pH was adjusted to 2 with sulfuric acid. A 

gold pattern coated wire board, comprised of a 25 mm overlapping electrode 

length and 10 μm insulating gap, was used as the anode, whilst aluminum foil 

was used as the cathode. The colloidal suspension of SnO2NPs was 

electrophoretically deposited onto the gold interdigitated substrate at 9 volts, 

but with different deposition times (0, 60, 90, 120 and 150 sec) to cause 

different SnO2NP loadings.  

 

3.3.4.2 Chronoamperometric deposition of PANi/MWCNT nanofibers on the 

thin film of SnO2NPs  

A 0.2% (w/w) suspension of MWCNT was dispersed in aniline by 

refluxing at 180 oC for 12 hours. The mixing solution turned dark red and was 

used as the suspension solution. The in-situ polymerization of PANi/MWCNT 

onto the thin layer of SnO2NPs was conducted by chronoamperometric 

deposition using a conventional three-electrode set-up in an undivided cell 

(pentiostat/galvanostat of autolab model PGSTAT30 and interfaced with 

General Purpose Electrochemical System). The electrolyte medium was 25 ml 

of 1.0 M sulfuric acid solution containing a suspension of 0.1 mol 

aniline/MWCNT. This electrolyte medium was polymerized to yield a deep 
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green MWCNT/PANi film, that was deposited on the thin anodic film of 

SnO2NPs on top of the interdigitated gold, by polarizing at 1 V for 150 sec 

relative to the Ag/AgCl reference electrode and the platinum counter 

electrode.  

  

 3.3.4.3 De-doped and doped polyaniline/multiwall caron nanotube/tin oxide      

                         nanoparticle 

The oxidizing state of PANi, the emeraldine salt form of PANi-H2SO4 

was changed into emeraldine base (insulator/semi conductive form) by 

soaking into 0.1 M ammonium hydroxide for 3 hr. Then, the emeraldine base 

form of PANi was treated with 0.1 M sulfuric acid for 12 hours in order to 

convert the emeraldine base form of PANi into the conductive emeraldine salt 

(PANi-H2SO4). This oxidized state of the MWCNT/PANi-H2SO4 was the 

optimum condition for ethylene gas detection as reported and discussed in 

section 4.2.  

 

 

The experimental flow diagram for PANi/MWCNT/SnO2NP sensor 

fabrication for ethylene gas detection is showed in Figure 3.7.  
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Figure 3.7 Flow diagram for fabrication of PANi/MWCNT/SnO2NP sensor for 

ethylene gas detection 
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3.4 Characterization and Testing 
 

 3.4.1 Ultraviolet- Visible Spectrometer (UV-VIS) 

         The Ultraviolet-Visible spectra of polyaniline and doped polyaniline 

were recorded with UV-VIS spectrometer (SPECORD S 100, Analytikjena, Jena, 

Germany) to investigate the polaron and bipolaron state of polyaniline (emeraldine 

base of polyaniline) and polyaniline-doped (emeraldine salt of polyaniline). The 

solution of polyaniline was prepared by dissolution of polyaniline in N-methyl-2-

pyrrolidone at concentration of 0.1g/l. The light transmission or absorbance was 

recorded as a function of wavelength in the range of 300-900 nm. 

 

 

 

 

 

 

 

Figure 3.8 SPECORD S 100 Ultraviolet-visible spectrometer 

 

3.4.2 Fourier Transform Infared Spectrometer (FT-IR) 

                    The FT-IR spectra have been taken by using Nicolet 6700, Thermo 

scientific, Madison, Wis. This technique was used to characterize the functional group 

of undoped polaniline (emeraldine base of polyaniline) and doped polyaniline 

(emeraldine salt of polyaniline). The sample was mixed with KBr at the ratio of 

50:1(KBr:PANi) and pelletized into pellet shape by using hydraulic press. The 

absorbance was recorded as a function of wavelength in a range of 400 -4000 cm-1 

with 64 scans at a resolution of 4 cm-1. 
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Figure 3.9 Nicolet 6700 Fourier Transform Infared Spectrometer 

 

3.4.3 Raman Spectroscopy 

         The functional groups of MWCNT/PANi and MWCNT/PANi/SnO2 NPs 

were characterized with Raman spectroscopy (Spectrum-GX NIR, Perkin-Elmer 

(Madison, Wis.)). The sample was mixed with KBr and pelletized into pellet shape by 

using hydraulic press. This pellet was spinned with high speed to protect degradation 

from laser beam. The He-Ne laser was used at 633 nm and recorded wavelength in 

range 0-2000 cm-1.   

  

 

 

 

 

 

 

 

 

 

 

Figure 3.10 GX NIR Raman Spectroscopy 
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3.4.4 Scanning Electron Microscope (SEM) 

                     The morphology of polyaniline, doped polyaniline and polyaniline 

composites was characterized by SEM (JSM 5800 LV, JEOL, Tokyo, Japan). The 

scanning electron microscopy was operated at 15 KV. The surface of the sample was 

sputter-coated with a thin layer of gold before being scanned to avoid surface 

charging under electron beam. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 JSM 5800 LV Scanning Electron Microscope 

 

 3.4.5 Thermo Gravimetric Analyzer (TGA) 

          TGA (SDTA 851e, Mettler Toledo, Greifensee, Switzerland) was used to 

study the thermal stability and decomposition temperature of undope polyaniline, 

doped polyaniline and polyaniline composites. TGA analysis of samples was   carried   

out   under   nitrogen (in case of PANi and doped PANi) or oxygen (in case of PANi 

composites) atmosphere from  

50 oC to 600 oC with a heating rate of 10 oC/min.  The samples were removed from 

interdigitated substrate and weighted in the range of 5-10 mg.  Prior to do the 

experiment, the samples were dried in an oven at 60oC overnight. The thermal 

degradation temperature (Td) was reported as the onset of weight loss of heated 

sample. 
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Figure 3.12 SDTA 851e Thermo Gravimetric Analyzer 

 

3.5 Ethylene gas sensing measurement 

 

     The ethylene gas detection of PANi samples was measured by monitoring a 

change in resistance of PANi sample.   All measurements were monitored a changing 

in resistance of sample by sequentially changing concentration of ethylene gas at 

1000, 500, 200,100, 50,20 and 10 ppm alternating with nitrogen gas. The schematic of 

gas detection system used in this experiment is shown in Figure 3.14.  

 

 The sensing magnitude of the sensors (S) is defined as [7] 

 

                                 S      =    (Rnitrogen – Rgas) x 100                      (Eq.3.1) 

          Rgas 

 

Where  Rgas           is the resistance of the sensors in ethylene gas.  

  Rnitrogen   is the resistance of the sensors in nitrogen gas. 
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Figure 3.14 Schematic of the gas detection system for testing conductive polymer 

 

 

Figure 3.15 Gas detection system for testing conductive polymer 
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CHAPTER IV 
RESULTS AND DISCUSSION 

 

 

In this research, the sensors for ethylene gas detection were fabricated based 

on PANi.  The effects of deposited PANi, acid dopant PANi and some additives (i.e., 

MWCNT and SnO2 NP) on ethylene gas detection were investigated.  This research 

was divided into four parts as list below in order to fabricate and improve sensing of 

ethylene gas sensor base on PANi and/or PANi composites. 

 

1. To fabricate PANi sensor and investigate the effect of deposited amount of 

polyaniline on ethylene gas detection by varying a number of cyclic voltammetry  

 

2. To investigate the effect of acid dopant of PANi in terms of acid type and acid 

level on ethylene gas detection 

 

3. To fabricate PANi/MWCNT and investigate the effect of multiwall carbon 

nanotube (MWCNT) on ethylene gas detection  

 

4. To fabricate PANi/MWCNT/SnO2 and investigate the effect of tin oxide 

nanoparticles on ethylene gas detection 

 

The details of synthesis and fabrication of PANi and PANi composites sensor 

were described as follows: 
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4.1 Electrochemical Synthesis of Polyaniline as Ethylene Gas Sensor  
4.1.1 Electrochemical synthesis of polyaniline 

 
Electrochemical depositions of PANi films were carried out with cyclic 

voltammetry method within the range of -0.3-1 V. The effect of deposited amount of 

PANi on ethylene gas detection was investigated by varying the number of potential 

cycle at 5, 10, 15, 20, and 25 scans. The sensitive layer of PANi was deposited on 

interdigitated gold substrate in order to bridge the gabs between insulating and 

conductive gold pattern with cyclic voltammetry method.    

The resultant amount and resistivity of deposited PANi at different numbers of 

cycle scan from cyclic voltammetry were showed in Table 4.1.  The electrolyte 

solution from 0.1 mole aniline monomer in 1M H2SO4 was oxidized and polymerized 

to polyaniline in potential range of -0.3-1.0 V. The growth of PANi film was 

deposited on interdigitated gold substrate and yielded a deep green film. The 

neighboring gaps between insulating and gold pattern were connected to each other by 

the deposited amount of PANi after applying ten potential cycles.  

With increasing number of potential cycle, weight of deposited-PANi film was 

increased whereas the resistance of the deposited-PANi film was decreased.  The 

decrease of resistance of PANi with increasig number of potential cycle was resulted 

from the regular growth of conductive PANi.  

 

Table 4.1 Weight increase and resistance of deposited PANi films at different 

potential cycles 

 
 
Number of cycle 

 
Weight increase [mg] 

 
Resistance [Ω] 

 

5 

10 

 

less than 25  

           71.45  ±  6.99 

 

                      - 

      8.37×104  ±  81.82 

15            80.59  ±  16.12       3.55×104   ±  43.62 

20 

25 

         122.09  ±  0.02 

         158.64  ±  16.70 

      5.72×102   ±  0.75 

             49.9  ±   0.42 
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   The redox behavior of cyclic voltammogram recorded was investigated during 

applying continuous potential cycle in ranging from -0.3-1V as shown in Figure 4.1.  

The upper peak revealed anodic region and the lower peak revealed cathodic region. 

The voltammogram revealed that the slight shifts of the upper peak to the higher 

potential of anodic peak with the increasing number of potential cycles were resulted 

from the increasing of the regular growth of PANi films during electrochemical 

polymerization. The increasing of their peak height with the increasing number of 

potential cycle was an indication of deposited conductive form of PANi (Emeraldine 

salt) on substrate and also electroactive.  Meanwhile, the slight shifts to the lower 

potential of cathodic peak with the increasing number of potential cycles were 

attributed to the autocatalytic polymerization occurs during electrolysis of aniline 

(Genies et al., 1985) [88].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4.1 Cyclic voltammograms of polyaniline film growth at varing 5 to 25 of 

number of scan with a scanning rates of 50 mV/Sec      

 

In addition, the cyclic voltamogram can be expressed in term of redox 

characteristic behavior.  First, the polymerization carried out by oxidation at 0.2-0.3 V 

as a formation of polaron state of PANi. The reaction continually proceeded by 

formation of diradical dications of biporalon state of PANi at 0.5 and 0.8-1.0 V, 
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respectively. And the reductive peak in reverse direction at 0.4-0.6 and -0.1-0.2 V 

revealed reduction of polaron state as redox reactions of dimers, oligomers, and the 

degradation products such as p-aminophenol and quinoneimine [88].  

 

4.1.2 Characterization of polyaniline 

4.1.2.1 UV-Visible spectral characterization of PANi 

   In this experiment, the UV-Vis absorption was used to 

investigate the optical properties of conductive PANi in term of the absorption 

wavelength.   

   The PANi sample was dissolved in N-methyl-2-pyrrolidone at 

the concentration of 0.1g/l. The UV-Vis absorption spectrum of solution PANi was 

investigated as shown in Figure 4.2. The deposited PANi was obtained from the 

polymerization of aniline monomer in H2SO4 solution with cyclic voltammetry 

method. The obtained-PANi after polymerization is formed as emeraldine salt form of 

sulphonate group as shown in Figure 4.3. 

 

 

 

Figure 4.2 UV-Vis absorption spectra of PANi in N-methyl-2-pyrrolidone 

solution 
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    As shown in Figure 4.2, the characteristic absorption bands of 

PANi-H2SO4 revealed broad peaks around 625 and 350 nm due to the π-π* transition 

of benzenoid ring and the excitation absorption of quinoid ring, respectively [89]. In 

addition, the existance of broad peak around 450 nm confirmed the presence of 

polaron/bipolaron state. This characteristic peak indicated the conducting behavior of 

polyaniline. This result was due to the quinoid ring of PANi was converted to semi-

quinoid radical. The nitrogen atom on imine groups were protonated with hydrogen 

atom as seen in Figure 4.3  

 

 

 

 

 

 

 

 

Figure 4.3 the chemical structure of emeraldine salt form of sulphonate group of 

polyaniline  

 

 
4.1.2.2 Fourier transforms infrared spectroscopy of PANi 

Besides UV-Vis spectroscopy, functional groups of the PANi-H2SO4 

were characterized using FT-IR technique.  The IR vibrations of PANi-H2SO4 are 

given in Table 4.2, whereas its spectrum is shown in Figure 4.4. 
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Table 4.2 Infrared vibration and assignments for emeraldine salt of PANi-H2SO4 

[90] 

 
 

Major IR Bands of PANi-H2SO4 

 

Wavenumber ( cm-1) 

 

Assignment and Remarks 

 

1569 

1470 

1303 

1237 

1135 

1078 

874 

800 

 

C=N stretching of quinoid ring 

C-H stretching of benzenoid ring 

C-N stretching of benzenoid ring 

C-N stretching of benzenoid ring 

C-H bending of quinoid ring 

         SO4
2-

 substitution  

C-H bending of aromatic ring 

C-H bending of aromatic ring 

 

 

  

 

 The FT-IR spectrum of PANi-H2SO4 was presented in Figure 4.4. The results 

showed eight important transmittance peaks. The first peak at 1569 cm-1 corresponded 

to the stretching peak of C=N of quinoid ring. The peak at 1470 cm-1 was due to the 

C-H stretching of benzenoid ring.    The characteristic peaks at 1303 and 1237 cm-1 

can be assigned to C-N stretching of benzenoid ring. The peak at 1135 cm -1 was due 

to the C-H stretching of quinoid ring. The presence of band at 878 cm-1 and 800 cm-1 

was due to C-H bending of aromatic ring of benzenoid structure.   The strong peak at 

1078 cm-1 indicated SO4
2- group on polyaniline which compensated the positive 

charges on the benzenoid ring.  
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Figure 4.4 FT-IR spectrum of obtained-PANi after cyclic voltammetry at 10 

scans 
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 4.1.3 Morphological Studies 

  The PANi was deposited by electrochemistry via cyclic voltammetry 

method at different numbers of cyclic scan (i.e., 5, 10, 15, 20 and 25 scans).  The 

SEM images were used to investigate the morphology of deposited PANi on 

interdigited gold electrode as shown in Figure 4.5 and 4.6.   

    The increasing number of cyclic voltammetry scan led to an increase 

amount of the deposited PANi on the substrate. As seen in figure 4.5, after 5 scans, 

the deposited amount of PANi was not enough to bridge the gaps between conductive 

and insulating gaps of interdigited substrate. The gaps between conductive and 

insulating  gaps of interdigited substrate was bridged by deposited amount of PANi 

after at least 10 scans of cyclic voltammetry.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 SEM images of PANi prepared by cyclic voltammetry on interdigited 

gold substrate at different number of scans of cyclic voltammetry: (a) after 5 

scans (b) after 10 scans 

 

 The effect of number of cyclic voltammetry scan on morphology of PANi 

was shown in Figure 4.6. The morphology of PANi showed porous film with bulk 

microstructure after deposition at 5 scans. The increasing amount of deposited PANi 

from 5 to10 scans revealed development of microstructure of porous film into 

nanofibril structure. 

 In addition, the morphology of PANi film exhibited a combination of 

micro/nano fibril and micro beads after increasing number of cyclic voltammetry up 

to 15 scans as seen in Figure 4.6(c). The increasing number of potential cycles of 

(a) (b) 
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electrochemical polymerization to 25 scans led to greater amount of micro beads 

appearing on the substrate. These results indicated that, upon increasing number of 

potential cycles, the micro/nano fibril structure in PANi was transformed into micro 

beads during regular growth of PANi. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 SEM images of PANi prepared by cyclic voltammetry on interdigited 

gold substrate at different numbers scan of cyclic voltammetry: (a) 5 scans (b) 10 

scans (c) 15 scans (d) 20 scans (e) 25 scans 

 

 

(a) (b) 

(c) (d) 

(e) 
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4.1.4 Ethylene gas detection of PANi via resistance measurement 

The response–recovery characteristics of the PANi-H2SO4 sensor to 

ethylene gas at 1000, 500, and 200 ppm were shown in Figure 4.7. It should be noted 

that, the baseline of PANi-H2SO4 shifted toward higher resistance with constant rate 

in nitrogen atmosphere.  After being exposed to ethylene gas, the entire PANi-H2SO4 

films responded by undergoing a decrease in its resistance.  The resistance of PANi-

H2SO4 recovered to baseline after being exposed to nitrogen gas.   

These results may be due to the interaction of small molecule of 

ethylene diffuses into the PANi-H2SO4, leading to an expansion of the compact 

PANi-H2SO4 chain into linear form of PANi-H2SO4 chain backbone (Anjali A et al., 

2000 [57]).  The sensing magnitude against the concentration of ethylene with 

different numbers of cyclic voltammetry scan was shown in Figure 4.8. The 

sensitivity of the deposited PANi-H2SO4 at 10 cyclic voltammetry (CV) scans showed 

the highest sensitivity, and this sensitivity was decreased in the order of the number of 

cyclic voltammetry scan as 10 CV > 15 CV > 20 CV > 25 CV > 5CV.  The deposited 

PANi-H2SO4 with 10 scans exhibited the highest sensitivity for the detection of 

ethylene gas at 200 ppm, with a change in the sensing magnitude of about 10.79 %.  

In addition, as evidenced by SEM analysis, the less micro beads and 

more micro/nano fibril morphology of the PANi synthesized at in 10 scans facilitate 

greater absorption of ethylene gas than the one synthesized at 15 scans, resulting in 

higher sensitive toward ethylene gas than the others. The increasing number of cyclic 

voltammetry scans to higher than 20 scan leading to a decrease in the sensitivity 

because of the bulky morphology of PANi films.  
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(a)                        (b) 

 

(c)                                                                (d) 

 

 

Figure 4.7 The resistance response behavior against varying concentrations of 

ethylene gas of the PANi-H2SO4 at different number of cyclic voltammetry scans: 

(a) 10 scans, (b) 15 scans, (c) 20 scans and (d) 25 scans 
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Figure 4.8 The sensing magnitude of the PANi-H2SO4 against varying 

concentrations of   ethylene gas prepared from different numbers of cyclic 

voltammetry scan 
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4.2 Electrochemical Synthesis of Sensitive Layer of Polyaniline: 

Effects of Acid Dopant on Ethylene Gas Sensing 

 
 This section investigated the effect of acid dopant on sensing property against 

ethylene gas. As previously reported in section 4.1.4, the deposited PANi at 10 scans 

cyclic voltammetry revealed the highest sensitivity against ethylene gas detection. 

This condition was used as optimum condition to fabricate PANi on gold interdigited 

substrate.  However, without modification, this PANi sensor had been limited to 

detect ethylene gas at lower level than 100 ppm. Generally, the modification of PANi 

with acid doping process was used to improve sensing property. By changing the acid 

doping level and specific acid type, the conductivity of PANi can be tuned for 

enhancing sensing properties. 

 Thus, in this part, the sensitive layer of PANi was modified by acid doping 

process after the deposition of polyaniline at 10 cyclic voltammetry scans. The 

emeraldine salt form of PANi- H2SO4 was changed into emeraldine base 

(insulator/semi conductive form) by soaking in ammonium hydroxide for 3 hr. And 

then The emeraldine base of PANi was treated with five different acids which are 

hydrochloric acid (HCl), sulfuric acid (H2SO4), phosphoric acid (H3PO4), p-

toluenesulfonic acid (TSA) and dodecyl benzene sulphonic acid (DBSA) at various 

concentrations of 0.1, 0.075, 0.05, 0.025 and 0.01M overnight. 

 

4.2.1 Electrochemical synthesis of polyaniline 

The deposited-PANi on interdigited substrate was a prepared by electro-

deposition of 0.1 M aniline monomer in 1M aqueous sulfuric solution at sweeping 

potential in the range of -0.3-1.0 V at 50 mV/s  with 10 scan of cyclic voltammetry 

relative to the silver reference electrode and platinum counter electrode. The working 

electrode is interdigitated electrode sensor substrate consisting of gold pattern coating 

on printed wire board. The overlap electrode length was 25 mm and the insulating gab 

was 10 μm.  

The cyclic voltammograms record was monitored during electro-

polymerization, as shown in Figure 4.9.    The radical cations were formed through 

oxidation as polaron state of PANi at 0.1-0.3 V. The oxidation at 0.5-0.6 and 0.8-1.0 

V indicated further oxidation with the formation of diradical dications of biporalon 
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state of PANi. The reductive peak in reverse direction at 0.4-0.6 and -0.1-0.2 V 

revealed reduction of polaron state as redox reactions of dimers, oligomers, and the 

degradation products such as p-aminophenol and quinoneimine [88].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9 Cyclic voltammograms of polyaniline film growth at scanning rate of 

50 mV/Sec with varying number of potential scan 
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4.2.2 Characterization of emeraldine salt forms of PANi 

4.2.2.1 UV-Visible spectral characterization of PANi and doped PANi  

The UV-Vis absorption was used to illustrate the optical properties of 

conductive polyaniline in term of absorption wavelength.  The chemical properties of 

deposited PANi were modified by doping process.  The emeraldine salt form of 

PANi-H2SO4 was turned into emeraldine base by soaking in 0.1 M ammonium 

hydroxide for 3 hours. After that, the emeraldine base of PANi was treated with five 

different acids (e.g. hydrochloric acid (HCl), sulfuric acid (H2SO4), phosphoric acid 

(H3PO4), p-toluenesulfonic acid (p-TSA), and dodecyl benzene sulphonic 

acid(DBSA) at various concentrations of 0.1, 0.075, 0.05, 0.025 and 0.01M overnight. 

For UV-ViS experiment, the samples were prepared at concentration 0.1g/l in 

N-methyl-2-pyrrolidone. The UV-Vis absorption spectrum of solution undoped PANi 

(emeraldine base) was presented in Figure 4.10. As seen, the characteristic bands of 

undoped PANi were observed at 325 and 640 nm due to the   π-π* transition of 

benzenoid ring and the excitation absorption of quinoid ring. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 UV-Vis absorption spectrum of solution undoped PANi solution 

 

625: Excitation absorption  
        of quinoid ring  

350: π-π* transition of    
       benzenoid 
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 The effect of acid dopant types and acid concentration on the optical 

properties was investigated by doping emeraldine base with different acid dopant 

types and concentrations. Figure 4.11-4.16 showed the UV-Vis spectra of polyaniline 

emeraldine base doped with different acid dopants; hydrochloric acid (HCl), sulfuric 

acid (H2SO4), phosphoric acid (H3PO4), p-toluenesulfonic acid (p-TSA) and dodecyl 

benzene sulphonic acid(DBSA) at various concentrations at 0.1, 0.075, 0.05, 0.025 

and 0.01M. 

 The characteristic optical property of PANi doped with all different acids 

showed similarly significant changes related to acid concentration. As seen in Figure 

4.11-4.15, at lower acid doping concentration, the characteristic bands of PANi doped 

were observed at 325 and 640 nm. The increasing of acid doping concentration led to 

these shift of bands to lower intensity, while the curve at 825 nm was slightly shifted 

to higher intensity.  

The characteristic optical property with increasing concentration of acid 

dopants can be implied that at lower acid doping concentration, the   π-π* transition of 

benzenoid ring and the excitation absorption of quinoid ring are the main 

characterististic structure in molecule. The increasing acid concentration led to the 

protonation of nitrogen atom on imine. The quinoid ring of PANi was converted to 

semiquinoid radical cations as the presence of polaron/bipolaron states of emeraldine 

salts form of polyaniline. This result leads to a decrease in the intensity of excitation 

absorption peak at 640 nm and generates new absorption peaks at 825 nm. This new 

peak confirmed that of presence of polaron/bipolaron state and indicated the 

conducting behavior of polyaniline (Chen S.A. et al., 1995 [89]).  

In addition, this behavior can be clearly observed in strong acid dopants such 

as sulfuric acid and phosphoric acid as seen in Figure 4.12 and 4.13, respectively. The 

sulfuric acid and phosphoric acid dopants revealed higher efficiency to protonate 

emeraldine base of PANi due to high efficient dissociation ability of acid [91]. The 

shift of absorbance band at 825 nm to higher absorbance was resulted from the higher 

efficiencies to protonate H+ on polymer chain. These results confirmed a changing 

structure of quinoid ring emeradind base to polaron/bipolaron states of emeraldine 

salt.  
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Table 4.3 The assignment for UV-Visible absorption peaks of undoped and 

doped polyaniline 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

Figure 4.11 UV-spectrum of PANi doped with HCl at different concentrations 
 

 
 
 
 
 
 
 
 
 
 

 
Wavelength (nm) 

 

 
Assignment 

325 π-π* transition of benzenoid ring 

640 π-π* transition of quinoid ring 

825 Polaron state 
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Figure 4.12 UV-spectrum of PANi doped with H2SO4 at different concentrations 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 4.13 UV-spectrum of PANi doped with H3PO4 at different concentrations 
 
 
 
 
 



83 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14 UV-spectrum of PANi doped with DBSA at different concentrations 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.15 UV-spectrum of PANi doped with TSA at different concentrations 
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4.2.2.2 Fourier transforms infrared spectroscopy characterization of PANi and 

doped PANi 

 
 Functional groups of undoped PANi and doped-PANi were investigated by 

FT-IR technique.  The assignments for FT-IR vibration of undoped PANi are given in 

Table 4.4.  

    

 
Table 4.4 Assignment for IR bands of polyaniline emeraldine base  
 

 
 
 
 

The FTIR spectrum of undoped polyaniline is showed in Figure. 4.16. The 

spectrum of undoped polyaniline exhibited five important transmittance bands. The 

first peak at 1560 cm-1 corresponded to stretching peak of C=N of quinoid ring.  The 

peak at 1472 cm-1 was due to the C-H stretching of benzenoid ring. The characteristic 

peak at 1300 cm-1 can be assigned to the C-N stretching of benzenoid ring. The 

presence of in-plane C-H bending of quinoid ring and C-H out-of-plane in aromatic 

ring can be seen by the intensity at 1081 and 803 cm-1, respectively.   

 

 

 

 

 

 

Major IR Bands of Components 

Wavenumber ( cm-1) Assignment and Remarks 

 

1560 

1472 

1300 

1081 

803 

 

 

C=N stretching of quinoid ring 

C-H stretching of benzenoid ring 

C-N stretching of benzenoid ring 

         C-H bending of quinoid ring 

C-H out of plane of aromatic ring 
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Figure 4.16 The FT-IR spectrum of undoped polyaniline (Emeraldine base) 

 

 

The emeraldine base of PANi was doped with five different acids type. The 

characteristic peak of anion acid on doped PANi with different types of acid was 

illustrated in Figure 4.17-4.21and Table 4.5. 
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Figure 4.17 FT-IR spectrum of PANi-HCl at different acid concentration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 FT-IR spectrum of PANi-H2SO4 at different acid concentration 
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Figure 4.19 FT-IR spectrum of PANi-H3PO4 at different acid concentration 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 4.20 FT-IR spectrum of PANi-DBSA at different acid concentration 
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Figure 4.21 FT-IR spectrum of PANi-TSA at different acid concentration 

 
 

The FITR spectra of doped PANi at different HCl concentrations were showed 

in Figure 4.17. The FT-IR spectrum of 0.01 mol HCl doped PANi showed similar 

characteristic to undoped PANi due to low acid concentration doping, which its 

efficiency was not enough to protonate H+ on PANi molecule.   At 0.01 mol of HCl 

doping, the spectrum of PANi showed five important transmittance bands at 1588, 

1497, 1315, 1165 and 829 cm-1, which were corresponded to C=N stretching of  

quinoid ring, C-H stretching of  benzenoid ring, C-N stretching of benzenoid ring, C-

H in-plane bending of quinoid ring and C-H out-of-plane in aromatic ring, 

respectively.    

Obviously, as the concentration of HCl doping increased to 0.05 and 0.1 mol, 

the new bands were appeared at 1237, 1120, and 876 cm-1. The appearance of these 

peaks increased with increasing of acid concentration due to the high level of acid 

protonation. The presence of new peaks at 1237 and 1120 cm-1
 indicated the broken 

symmetry mode of quinoid structure to benzenoid structure as a presence of C-N 

stretching of benzenoid ring.  The peak at 1120 cm-1 can be assigned to Cl- 
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substitution [55]. The appearance of band at 876 cm-1
 resulted from more C-H 

stretching of aromatic ring structure. 

The FTIR spectra of doped PANi at H2SO4 different concentrations were 

presented in Figure 4.18. The FT-IR spectrum of 0.01 mol PANi-H2SO4 showed five 

important transmittance bands at 1585, 1490, 1310, 1160 and 830 cm-1 similar to 

undoped PANi  due to low efficiency to protonate H+ at low acid concentration. At 

higher H2SO4 concentration (0.05 and 0.1 mol), the news bands were appeared at 

1240, 1141, 1101, 979 and 877 cm-1.  The band at 1240, 1141 and 1101 cm-1
 indicated 

the broken symmetry mode of quinoid structure to benzenoid structure as a presence 

of C-N stretching of benzenoid ring. The presence of new peak at 979 cm-1 of PANi 

doped with H2SO4 can be designated as SO4
2- on PANi, while  the band at 877 cm-1

 

resulted from C-H stretching of aromatic ring structure [92]. 

The FTIR spectra of doped PANi at different H3PO4concentrations were 

displayed in Figure 4.19.  At 0.01 mol of H3PO4 doping, the FTIR spectrum showed 

similar result with the undoped PANi andPANi doped with 0.01 mol HCl and H2SO4. 

At higher H3PO4 concentration (0.05 and 0.1 mol), the news bands were appeared at 

1299, 1141, and 1108  cm-1.  The presence at 1299 and 1119 cm-1
 indicated the broken 

symmetry mode of quinoid structure to benzenoid structure as a presence of C-N 

stretching of benzenoid ring. The peak around 1119 cm-1 revealed vibration mode of 

P=O anion on PANi molecule [92, 93].  

The FTIR spectra of PANi doped with DBSA at different concentrations were 

exhibited in Figure 4.20. At 0.01 mole PANi-DBSA, the FTIR spectrum showed 

similar result with the undoped and other acids doped PANi at 0.01 mol.  As the 

concentration of DBSA doping increased to 0.05 and 0.1 mol, the presence at 1238 

and 1129 cm-1
 indicated a presence of C-N stretching of benzenoid ring. The band at 

877 cm-1
 was resulted from C-H stretching of aromatic ring structure. The presence 

band at 1033 and 1006 cm-1 revealed S=O stretching of sulphinic ester anion and 

sulphoxide anion on PANi, respectively [92, 93].  

The FTIR spectra of PANi doped with TSA were shown in Figure 4.21. The 

designation of its FTIR spectra were similar to those of  PANi-DBSA due to the 

similar structure of acid dope.  The S=O stretching of sulphinic ester anion and 

sulphoxide anion on PANi was observed at 1042 and 1011, respectively.  
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Table 4.5 Assignment for IR bands of polyaniline emeraldine salt with different 
acid dopants 
 

 
 
 
 
 

 

 

Major IR Bands of Components 

 

Wavenumber ( cm-1) 

 

Assignment and Remarks 

 

Emeraldine salt of polyaniline  

1590 

1495 

1299,1237 

874,804 

 

 

polyaniline doped with HCl 

1120 

 

polyaniline doped with H2SO4 

979 

 

polyaniline doped with H3PO4 

1008 

 

polyaniline doped with TSA ,(DBSA) 

1033,(1072) 

1006,(1011) 

 

 

C=N stretching of quinoid ring 

C-H stretching of benzenoid ring 

C-N stretching of benzenoid ring 

C-H bending of aromatic ring 

 

 

 

Cl- 

 

 

SO4
2- 

 

 

PO4
3- 

 

 

sulphinic ester anion 

sulphoxide anion 
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4.2.2.3 Morphological characterization of the deposited PANi with 

different acid dopants 

 
 The SEM images were used to investigate the morphology of undoped PANi 

and doped PANi. The morphology of deposited PANi and undoped PANi on 

interdigitated gold substrate was shown in Figure 4.22. The deposited PANi (at 10 

CV) revealed a formatted three-dimensional nanofibril network structure as shown in 

Figure 4.22(a). Likewise, the undoped PANi also showed similar morphology as 

nanofibril structure Figure 4.22(b). It can then be concluded that the de-doped PANi 

with ammonium hydroxide had no effect on morphology of PANi structure.  

The effects of different types and concentrations of acid dope on morphology 

of PANi were investigated as show in Figure 4.23-4.27.  Clearly, the type and 

concentration of acid dope had strong effect on the morphology of PANi. In case of 

using HCl, the morphology of PANi-HCl revealed fibril network structure when 

doping at concentration 0.01 mol. The increasing of HCl acid concentration, however, 

led to an agglomeration of nanofibril on substrate as seen in Figure 4.23(b-d). This 

result may be attributed to the large Cl- group in HCl incorporated with PANi chain. 

 On the other hand, the doping PANi with H2SO4 and H3PO4 revealed fibril 

network structure at all concentrations of acid doping as shown in Figure 4.24-4.25.  

It is cleared that both of SO4
2- and PO4

3- anion groups had no infuence on the 

morphology of PANi molecule.  

 Similar to PANi doped with HCl, the SEM image of PANi doped with 

DBSA showed nanofibril network structure at 0.01 mol of DBSA (as shown in  

Figure 4.26(a)). The increase of DBSA doping concentration also led to an 

agglomeration of nanofibril structure.  Meanwhile, in case of TSA doped PANi (as 

seen in Figure 4.27), the morphology of PANi-TSA revealed fibril network structure 

at TSA doping concentration of 0.01, 0.025 and 0.05 mol. Then, the agglomerated 

nanofibril PANi was observed at TSA doping concentration of 0.75 and 0.1 mole.  

The higher agglomeration of nanofibril PANi was observed in PANi-DBSA than in 

PANi-TSA, which may be resulted from long chain of aliphatic group in sulphinic 

ester anion of DBSA incorporated with PANi. 
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Figure 4.22 SEM images of PANi : (a) PANi prepared by cyclic voltammetry 

after 10 scans (b) PANi prepared by cyclic voltammetry after 10 scans and de-

doped with 0.1 M NH4OH 

 
 
 
 
 
 
 
 
 
 

(a) (b) 
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Figure 4.23 SEM images of HCl-doped PANi at different concentrations: (a) 0.01 

mol (b) 0.025 mol (c) 0.05 mol (d) 0.075 mol (e) 0.1 mol   

 
 
 
 

(e) 

(a) (b) 

(c) (d) 
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Figure 4.24 SEM images of H2SO4-doped PANi at different concentrations:  

(a) 0.01 mol (b) 0.025 mol (c) 0.05 mol (d) 0.075 mol (e) 0.1 mol   

 
 
 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.25 SEM images of H3PO4-doped PANi at different concentrations: (a) 

0.01 mol (b) 0.025 mol (c) 0.05 mol (d) 0.075 mol (e) 0.1 mol   

 
 
 
 
 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.26 SEM image of DBSA-doped PANi at different concentrations: (a) 

0.01 mol (b) 0.025 mol (c) 0.05 mol (d) 0.075 mol (e) 0.1 mol   

 
 
 
 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.27 SEM image of TSA-doped PANi at different concentrations: (a) 0.01 

mol (b) 0.025 mol (c) 0.05 mol (d) 0.075 mol (e) 0.1 mol   

 

 

 

 

(a) 

(c) 

(a) (b) 

(c) (d) 

(e) 
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4.2.2.4 Thermo gravimetric Analysis (TGA) 
 
 
 Thermogravimetric analysis of undoped PANi and doped PANi was 

investigated under nitrogen atmosphere at 10 o C min-1 from 50 – 600 oC.. TGA curves 

of undoped and doped PANi are showed in Figure 4.28 and 4.29.  

The polyaniline emeraldine base of undoped PANi of revealed a typical three-

steps weight loss. The first step can be attributed to the loss of water molecules at 

temperature up to 100 oC.  After the initial weight loss, the TGA thermogram revealed 

the loss of low molecular weight oligomer at 250 oC.  A dramatic weight loss of the 

thrid-order transition temperature began approximately at 480 oC due to the skeleton 

of polyaniline backbone started to decompose .These results are in good agreement to 

the work of Lili Ding et al.,1999 [94]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                      (b) 

 

 

Figure 4.28 TGA thermogram of polyaniline emeraldine base: (a) (undoped 

PANi) and (b) first order derivative of thermogram of polyaniline emeraldine 

base 
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Figure 4.29 showed TGA thermogram of doped PANi (emeraldine base salt) 

with HCl, H2SO4, H3PO4, DBSA and TSA. Comparing with polyaniline emeraldine 

base, thermal stability of all polyaniline emeraldine salt was significantly lowered 

than polyaniline emeraldine base particularly in term of residual weight.  

It is cleared that the thermal stability of PANi was strongly dependent upon on 

the counter ions. In case of PANi-H3PO4, the first 5% of weight loss associated with 

water at the temperature between 50 and 100 oC.  The large second step of thermal 

degradation transition between 200 and 600 oC was due to the loss of acid dopant and 

the decomposition of polymer backbone. The   PANi-H3PO4 shows residual weight 

70% of its original weight after 600 oC.  This result may be attributed to come from 

the higher boiling point of H3PO4 which is inert towards oxidation and reduction. 

Another reason is the formation of phosphoamide that occurring from benzene 

segment of reacted with H3PO4 that can stabilize PANi chain. 

For PANi-H2SO4, its thermogram also showed three steps of weight loss. 

Similar to PANi- H3PO4 the first step of weight loss (5%), occuring between 50 and 

100 oC  was due to water decomposition, followed by the loss of acid dopant at 168 
oC. The third step of weight loss observed at 400 oC was resulted from the 

decomposition of PANi backbone chain. . The   PANi-H2SO4 shows residual weight 

70% of its original weight after 600 oC.  This result may be attributed to come from 

the higher boiling point of H2SO4 as similar result with PANi-H3PO4. 

For PANi-HCl, its thermogram showed three separate decomposition 

temperatures.  The first decomposition step exhibited about 8-10% weight loss at the 

temperature between 50 and 100 oC due to the water evaporation. Next, the loss of 

solvent was observed at the temperature between 180 and 300 oC.  The third step of 

weight loss corresponded to the decomposition of PANi backbone chain began around 

350oC and it showed residual weight 50% of its original weight after 600 oC. 

In the case of PANi-DBSA and PANi-TSA, their thermograms shows of two 

step weight loss. The first TGA step showed 2-4% weight loss of water at temperature 

between 50-100 oC, followed by the loss of acid dopant at approximately 250 oC. The 

PANi-TSA showed higher thermal stability than PANi-DBSA in terms of % weight 

residue after 600 oC.   
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      (b) 

 

Figure 4.29 TGA thermogram of polyaniline emeraldine salt: (a) TGAof  Doped 

PANi with HCl, H2SO4, H3PO4, DBSA, and TSA  (b) first order derivative of 

thermogram of doped PANi 
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4.2.3 Ethylene gas detection of doped PANi via resistance 

measurement 
 

The respond-recovery characteristics of doped PANi after 1 and 3 months 

aging with different acid dopant against various ethylene concentrations (i.e.,1000, 

500, and 200 ppm) were showed in Figure 4.30-4.33. The respond-recovery 

characteristic of doped PANi after 3 month aging with different acid against ethylene 

concentration at 200, 100, 50, 20 and 10 ppm were showed in fig 4.34-4.36. The 

sensing magnitude of PANi after 1 month aging against ethylene concentration at 

1000, 500, and 200 ppm were showed in fig 4.37. The sensing magnitude of PANi 

after 3 month aging against ethylene concentration at 200,100, 50, 20, and 10 ppm 

were showed in fig 4.38. 

After being exposed to ethylene gas, every sensors except PANi-HCl 

responded by undergoing a decrease in their resistance. The PANi-sensors recovered 

into baseline under nitrogen atmosphere.  However, it can be observed that the 

baseline of PANi- sensor showed slight increase with constant rate under nitrogen 

atmosphere. These results were due to an expansion of compact PANi chain into 

linear form of PANi chain backbone. The lack of response for PANi-HCl against 

ethylene gas may be due to the large size of Cl- atom on PANi molecule that disturbed 

the expansion of PANi chain. During the first month of aging, every sensors revealed 

good response against ethylene gas concentration as low as 200 ppm.  

 The doping PANi with H2SO4, H3PO4 and DBSA within the range of acid 

doping between 0.01-0.01 mol showed good response to detect ethylene gas as lowest 

concentration as 200 ppm. But it case of PANi-TSA, where the TSA concentration 

was higher than 0.05 mol, the sensor had no had not efficiency to detect ethylene gas, 

as displayed in Figure 4.33(e). 

 In addition, the concentration of acid had strongly affected on conductivity of 

PANi. The conductivity increased with increasing of acid doping concentration.  It 

was cleared that that conductivity of PANi-sensor can be turned with acid 

concentration.  
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Figure 4.30 The resistance response behavior of the PANi-H2SO4 derived from 

different acid doping concentrations after 1 month:  a) 0.01 mol, b) 0.025 mol, c) 

0.05 mol, d) 0.075 mol and e) 0.1 mol 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.31 The resistance response behavior of PANi-H3PO4 derived from 

different acid doping concentrations after 1 month:  a) 0.01 mol, b) 0.025 mol, c) 

0.05 mol, d) 0.075 mol and e) 0.1 mol 

(d) 

(b) 

(b) 

(e) 

(c) 

(a) 
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Figure 4.32 The resistance response behavior of PANi-DBSA derived from 

different acid doping concentrations after 1 month:  a) 0.01 mol, b) 0.025 mol, c) 

0.05 mol, d) 0.075 mol and e) 0.1 mol 

(d) 

 

(c) 

(e) 

(a) (b) 
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Figure 4.33 The resistance response behavior of  PANi-TSA derived from 

different acid doping concentrations after 1 month:  a) 0.01 mol, b) 0.025 mol c) 

0.05 d) 0.075 mol and e) 0.1 mol 

(a) 

(c) 

(b) 

(d) 

(e) 
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After three months of aging,  all doped PANi sensors except PANi-DBSA 

sensor showed a good response to detect ethylene gas as lowest concentration as 10 

ppm (as seen in Figure 4.34-4.36).   

The different acid in term of acid type and concentration for doping PANi 

showed different in respond recovery behavior.  For PANi-H2SO4, it exhibited good 

response to detect ethylene gas as lowest concentration as 10 ppm in all range of acid 

doping 0.01-0.01 mol.  The PANi doped with H3PO4 lost its efficiency to detect 

ethylene gas after aging 3 month when the H3PO4 concentration was equal to or 

greater than 0.075 mol. The PANi-TSA in range of TSA doping 0.01-0.075 mol 

displayed good response to detect ethylene gas as lowest concentration as 10 ppm. 

But in case of PANi-DBSA, it lost its respond to detect ethylene gas after 3 months 

aging. 

The resistance response data were converted into % sensitivity for comparing 

sensing properties.  Considering at the first month of aging, in case of PANi doped 

with H3PO4, the increase of acid doping concentration led to a decrease in % 

sensitivity. But in case of PANi doped with H2SO4, DBSA, and TSA, the increase of 

acid doping concentration led to an increase in % sensitivity. The PANi-H2SO4 

showed the highest sensitivity than the other acid doped PANi sensors. As shown in 

Figure 4.37 (a), the sensitivity of PANi doped with 0.1mol H2SO4 against ethylene 

gas at 1000, 500, and 200 ppm was about 63.31%, 47.22% and 24.51%, respectively. 

This result was supported as evidence by SEM analysis whereas the PANi-H2SO4 

showed nano fibril morphology structure which can facilitate the absorption of 

ethylene gas on interdigited substrate.  

After three months aging, the PANi-H2SO4, PANi- H3PO4 and PANi-TSA 

were found to be increased sensing magnitude against ethylene gas at 200 ppm as 

seen in Figure 4.38. Similar to one month aging, in case of PANi doped with H2SO4 

and TSA, the increase of acid doping led to increase in % sensitivity. Meanwhile, the 

PANi- H3PO4 showed a decrease in % sensitivity with increasing of acid 

concentration doping. 

In addition, comparing the effect of acid type on ethylene gas sensing, the 

sensitivity against ethylene gas decreased in the order of 

H2SO4>H3PO4>TSA>DBSA. The sensing magnitude of PANi-H2SO4 at 0.1 M was 

improved sensing magnitudes of PANi from 24.5% to 35.54% for detection 200 ppm 

of ethylene gas after aging 3 month. The sensitivity of PANi doped with 0.1mol 
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H2SO4 against ethylene gas at 200, 100, 50, 20 and 10 ppm was about 35.54%, 

26.55%, 14.70%, 5.71, and 2.94%, respectively. 

Moreover, the sensitivity of PANi-H2SO4 after aging for 6 months was 

investigated as shown in Figure 4.39. The sensitivity values of PANi- H2SO4 against 

ethylene gas seem to be very close to its values of 3 months aging.   It can be 

conclude that PANi-H2SO4 had highest sensing magnitude or sensitivity against 

ethylene gas, as well as, greatest stability upon 6 months for detection of ethylene gas.   
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Figure 4.34 The resistance response behavior of PANi-H2SO4 derived from 

different acid doping concentrations after 3 months:  a) 0.01 mol, b) 0.025 mol, c) 

0.05 mol, d) 0.075 mol and e) 0.1 mol 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.35 The resistance response behavior of PANi-H3PO4 derived from 

different acid doping concentrations after 3 months:  a) 0.01 mol, b) 0.025 mol, c) 

0.05 mol, d) 0.075 mole and e)0.01 mol 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.36 The resistance response behavior of  PANi-TSA derived from 

different acid doping concentrations after 3 months:  a) 0.01 mol, b) 0.025 mol, c) 

0.05 mol d) 0.075 mol and e) 0.1 mol 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.37 The sensing magnitude of the PANi in term of different acid dopings 

at various acid concentrations after 1 month:  a) H2SO4, b) H3PO4, c) DBSA and 

d) TSA  

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 4.38 The sensing magnitude of PANi in term of different acid dopings at 

various acid concentrations after 3 months:  a) H2SO4, b) H3PO4 and c) TSA  
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Figure 4.39 The sensing magnitude of the PANi-H2SO4 at different 

concentrations after 6 months 
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4.3 In-Situ Electrochemical Synthesis of Sensitive Layer of 

Polyaniline/Multiwall Carbon Nanotube Composite for ethylene gas 

detection 

 
From the results in section 4.2, the PANi-H2SO4 revealed the highest 

sensitivity against ethylene gas detection as low as 10 ppm. However, in case of non-

reactive volatile detection like ethylene gas, the lack of interfaical reaction between 

PANi and ethylene gas  leads to limitation in their sensitivity performance.  

In this section, the modification of PANi with multiwall carbon nanotube 

(MWCNT) was fabricated to improve sensing properties. Because of the high surface 

area of MWCNT and the functionalization of MWCNT with analyte-specific. A 

sensor for ethylene gas comprised of polyaniline/multiwall carbon nanotube 

(PANi/MWCNT) multilayer composite material was electrochemically synthesized 

onto a gold interdigited substrate from aniline/MWCNT in acid aqueous solution. The 

effect of the MWCNT loadings (0, 0.2, 0.4, and 0.8 % wt) in the composite on the 

ethylene gas detection was investigated with different MWCNT loadings.  

 
 

4.3.1 Electrochemical synthesis of PANi/MWCNT 

Aniline with different percent loadings of 0, 0.2, 0.4, and 0.8 %w/w 

MWCNT were prepared by heat reflux at 12 hr.  The electrolyte solution was 

prepared from the suspension solution of 0.1 M aniline/MWCNT in 1M aqueous 

sulfuric solution.  

As presented in 4.1 section, the amount of deposited PANi films at 10 

cyclic voltamogram scans of cycles revealed the optimum condition for detecting 

ethylene gas and then this condition was used in this section as well. Figure 4.40 

shows cyclic voltammogram record during electro-polymerization ranging from -0.3-

1.0 V with continuous scanning rate at 50 mVs-1.   This figure is represented for 0.2 % 

wt of MWCNT in 0.1 M aniline of 1M aqueous sulphuric acid as representative 

examples.  

Under these conditions, the electro-polymerization was carried out 

from formation of radical cations at 0.2-0.3 V, proceeded by formation of head to tail 

dimer at 0.5 V, and then changed from emeraldine to pernigraniline structure at 0.8-

1.0 V, respectively. In reverse direction, at -0.1-0.2 V the voltammogram revealed 
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reduction of polaron state as redox reactions of dimers, oligomers, and the 

degradation products such as p-aminophenol and quinoneimine. The increasing of 

their peak height increased with the number of potential cycle was an indicative of the 

deposition of conductive form of PANi [88].  
 
 
 
 
 
 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.40 The cyclic voltammogram of 0.2 % wt of MWCNT in 0.1 M aniline of 

1M  sulfuric acid at 50 mV/s 
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4.3.2 Raman characteristic of deposited PANi/MWCNT composites  

The Raman spectra of MWCNT, PANi and, PANi/MWCNT 

composites containing 0.2 %wt MWCNT loading are shown in Figure 4.41. The 

raman spectrum of pure MWCNT showed two typical bands. The first peak at 1278 

cm-1 corresponded to the D-band, which is attributed to the raman-allowed photon 

high-frequency mode of MWCNT, whereas the second one 1593 cm-1 was due to the 

G-band. 

 The raman spectrum of pure PANi showed three characteristic bands. 

The distinct peaks at 1162, 1343 and 1497  cm-1 were the characteristic peaks of the 

C-H bending of the quinoid ring,  –C–N– in benzenoid ring and – C=N–  stretching in 

the quinoid and benzenoid ring. 

 For PANi/MWCNT composites, the raman spectrum showed two 

usual bands of MWCNT. The first peak at 1278 cm-1 corresponded to D-band; 

whereas the peak at 1593 cm-1 was due to G-band. This evidence suggested the 

existence of MWCNT in PANi. The other peaks spectra at 1162, 1343 and 1497  cm-1 

were obviously the characteristic peaks of the C-H bending of the quinoid ring,  –C–

N– and – C=N–  stretching in the quinoid and benzenoid rings, respectively, of PANi 

molecule [95]. 

 In addition, the spectrum of PANi/MWCNT revealed similar pattern 

with the spectrum of PANi.but with a slight decrease in the intensity (of some peak in 

comparison with PANi). This evidence may be due to a site selective interaction 

between the quinoid ring of the doped PANi and MWCNT during electro-

polymerization. 
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Figure 4.41. Raman spectra of the PANi, MWCNT and PANi/MWCNT at  

MWCNT loading at 0.8% wt.  
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4.3.3 Microstructure characterization of the deposited PANi/MWCNT 

The SEM images of MWCNT, PANi and PANi/MWCNT composites 

with different MWCNT loadings of 0.2, 0.4 and 0.8 % wt are presented in Figure 

4.42.   The MWCNT revealed highly porous nanofibril structure in range of nanoscale 

with approximately 10 nm in diameter (as seen in figure 4.42(a)), while pure PANi 

film revealed highly porous nano fibril structure of PANi similar to MWCNT but with 

the shorter  length of continuous nanofiber (as seen in figure 4.42(b)).  

As shown in Figure 4.42(c), the PANi with 0.2 % wt MWCNT loading 

displayed porous nanofibril structure. The addition of 0.2 % wt MWCNT in PANi had 

not effect on morphology of PANi due to small content of MWCNT. However, this 

resultant can be expected that the MWCNT with 0.2 % wt can be interpreted into 

morphology of PANi by agglomeration into nanofiber structure.  The agglomeration 

of PANi and MWCNT can be clearly observed with increasing MWCNT loading to 

0.4 % wt as shown in Figure 4.42(d). This result correspond agreement with the work 

of Jing Zhang et.al, 2008 [96].  

The introduction of 0.8% MWCNT in PANi had strong effect on 

morphology by changing in surface roughness of nanofiber. The increaing content of 

MWCNT in PANi  led to increase the level of agglomeration of nanofibril structure of 

PANi as seen in Figure 4.42(e). This results may be due to formatted structure of long 

chain three-dimensional network of MWCNT created more active sites for 

condensation of nuclei during the chain growth. 
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Figure 4.42 Representative SEM micrographs (20,000 x magnification) of the 

deposited PANi/MWCNT at different MWCNT loadings (a) pure MWCNT (b) 

PANi (c) 0.2%wt MWCNT/PANi (d) 0.4% wt MWCNT/PANi and (e) 0.8% wt 

MWCNT/PANi 

(a) (b) 

(c) (d) 

(e) 



120 
 

4.3.4 Thermal behavior of PANi/MWCNT composites 
Thermogravimetric analysis of neat PANi and PANi/MWCNT 

composites was investigated under O2 atomosphere 10 o C min-1 from 50 – 800 oC.. 

The TGA thermograms of the neat PANi/MWCNT and PANi/MWCNT, derived from 

different MWCNT loadings of 0.2, 0.4 and 0.8 % wt are shown in Figure 4.43. 

The neat PANi revealed a typical two-step weight loss. First step can 

be attributed to the loss of water molecules at temperature up to 100 oC. After the initial 

weight loss, the skeleton of polyaniline backbone started to oxidize and decompose at 180 
oC. The neat PANi was completely oxidized at approximately 700 oC. This result 

correspod agreement with  work of Fan Huang et. al., 2009 [97]. 

MWCNT started to oxidize at temperature 550 oC and it showed residual 

weight 10% of its original weight after 900 oC. In case of PANi/MWCNT, the first step 

of decomposition was also attributed to the loss of water molecules; while the second step 

revealed decomposition of the skeleton of polyaniline backbone and MWCNT. The 

PANi/MWCNT composite was completely oxidized at a similar temperature to neat 

PANi. However,comparing with PANi, PANi/MWCNT started to oxidize at a relatively 

higher temperature in term of the onset of oxidation temperature. The increasing  

MWCNT loading in PANi composite led to an increase in the onset of oxidation 

tempeature at relative higher temperature due to higher thermal stability of MWCNT.    

In addition,it clear that the onset oxidation temperature of MWCNT in 

PANi composite showed  lower than on onset oxidation temperature of MWCNT pure.  

This result may be due to the oxidation transition of MWCNT overlapped  with oxidation 

state of PANi. 
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Figure 4.43 TGA thermograms of the MWCNT, PANi, and PANi/MWCNT 

composites at different MWCNT loadings  
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4.3.5 Ethylene gas detection of PANI/MWCNT composites via 
resistance measurement  
 

The response–recovery characteristics of PANi with different MWCNT 

loadings against ethylene gas were revealed in Figure 4.44 (for 1 month aging) and 

Figure 4.45 (for 3 month aging).  After being exposed to ethylene gas, the entire 

sensor responded to ethylene gas by undergoing a decrease in their resistance. This 

result was due to the diffusion of ethylene gas into the nanofibril structure of PANi-

MWCNT and also attributed the expansion of compact form of PANi chain into linear 

form.  After 3 month aging, it clearly observed that the addition of MWCNT in PANi 

can improve stability in detection of ethylene gas. As show in figure 4.45, the baseline 

of response-recovery characteristic of PANi-MWCNT promptly reached to steady-

state during exposure to nitrogen gas and returned to its baseline when ethylene feed 

was discontinued.   

 For first month of aging, the sensing magnitude of pure PANi revealed higher 

sensitivity than PANi/MWCNT as seen in figure 4.46(a).  The sensing magnitude of 

the PANi/ MWCNT decreased in the order of the MWCNT loadings, as pure PANi > 

0.2% wt MWCNT/PANi > 0.4% wt MWCNT/PANi > 0.8% wt MWCNT/PANi. It 

clearly observed that, during 1 month aging, the introduction of MWCNT into PANi 

did not reveal significant to enhance sensing property against ethylene gas.   

However, the sensitivity of all sensors was enhanced after 3 month aging.  The 

pure PANi and PANi/MWCNT composites showed efficiency to detect ethylene gas 

as low as 10 ppm as seen in Figure 4.46 (b). The 0.2 %wt MWCNT/PANi showed 

higher sensitivity than pure PANi and exhibited the highest sensitivity against 

ethylene gas at 10 ppm by changing in sensing magnitude about 4.39%. The sensing 

magnitude of the MWCNT/PANi decreased in the order of the MWCNT loading, as 

0.2% wt MWCNT/PANi> pure PANi > 0.4% wt MWCNT/PANi > 0.8% wt 

MWCNT/PANi.   

In addition, the decrease in sensitivity of PANi with MWCNT loadings more 

than 0.2% can be explained as evidence support by SEM analysis, the increasing of 

MWCNT loadings in PANi more than 0.2% resulted to agglomerate PANi nanofibril. 

This result led to drop in ability of absorption and expansion of nanofibril structure of 

PANi.  
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Figure 4.44 Response-recovery behavior of MWCNT/PANi at different MWCNT 

loadings after 1 month aging: (A)  pure PANi , (B) 0.2% wt MWCNT/PANi,  (C) 

0.4% wt MWCNT/PANi  and (D) 0.8% wt MWCNT/PANi 

 
 
 
 

(a) 

 
(b) 

 

(c) 

 
(d) 
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Figure 4.45 Response-recovery behavior of MWCNT/PANi at different MWCNT 

loadings after 3 month aging: (A)  pure PANi , (B) 0.2% wt MWCNT/PANi,  (C) 

0.4% wt MWCNT/PANi  and (D) 0.8% wt MWCNT/PANi 

 
 
 
 
 
 
 

(a) 

 
(b) 

 

(c) 

 
(d) 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (b) 
 
 
 

Figure 4.46 The sensitivity behavior of the PANi/MWCNT composites at 

different MWCNT loadings times after (a) 1 month and (b) 3 months aging.  
 
 



126 
 

4.4 In-situ electrochemical synthesis of novel sensitive layer of 

polyaniline/multiwall carbon nanotube/tin oxide hybrid materials for 

ethylene gas detection 
 

In this section, a sensor for ethylene gas comprised of a polyaniline/multiwall 

carbon nanotube/tin oxide nanoparticle (PANi/MWCNT/SnO2NP) multilayer 

composite material was successfully synthesized by electrophoretic deposition of 

SnO2NPs onto a gold interdigited substrate and then chronoamperometric deposition 

of the PANi/MWCNT film from an aniline/MWCNT solution. The effect of varying 

the SnO2NP level in the composite on the subsequent ethylene gas detection ability 

was investigated for five different SnO2NP loadings by varying the SnO2NP 

deposition time (0, 60, 90, 120 and 150 sec). The details of each step are showed as 

follows: 

 

4.4.1 Deposition of Tin oxide Nanoparticles onto the interdigitated gold 

A colloidal suspension of 5% (w/v) SnO2NPs in distilled water was 

prepared by sonification and the pH was adjusted to 2 with sulfuric acid. A gold 

pattern coated wire board, comprised of a 25 mm overlapping electrode length and 10 

μm insulating gap, was used as the anode, whilst aluminum foil was used as the 

cathode. The electrophoretic deposition of SnO2NPs was performed at 9 V with 

different deposition times (60, 90, 120 and 150 sec). Note that a 0 sec time refers to 

no SnO2NP deposition stage. The lowest deposition time of SnO2NPs (60 sec) was 

selected since this is the minimum deposition time required to yield a sufficient 

deposited coverage of SnO2NPs to bridge the gaps between the conductive and the 

insulator gaps of the gold interdigited substrate. Furthermore, the acidity of colloidal 

suspension was set at pH 2 with sulfuric acid in order to stabilize 5% (w/v) SnO2NPs 

in colloidal suspension during their deposition [97].  
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4.4.1.1 Microstructure characterization of the deposited SnO2NP layer 

The SEM image of deposited SnO2NPs at different deposited times 

(60, 90,120 and 150 second) was showed in Figure 4.47. SEM analysis of the thin 

layer of deposited SnO2NPs after different deposition times revealed a uniform 

distribution of the SnO2NPs on the surface of the interdigited gold for the different 

deposition times.  The increasing of deposition time led to an increase in level of 

deposition of SnO2NPs on substrate. No evidence of anisotropy was observed. All 

agglomerates of SnO2NPs were in the nanoscale (100 - 200 nm diameter), implying 

that the SnO2NPs were stable in colloidal suspension during the deposition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.47 Representative SEM micrographs (20,000 x magnification) of the 

deposited SnO2NP  when deposited at 9 V for (a) 60 sec, (b) 90 sec, (c) 120 sec 

and (d) 150 second 

 

 

(a) (b) 

(c) (d) 
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4.4.1.2 Elemental analysis of the deposited SnO2NP layer 

The characteristic and level of SnO2NPs coated onto the gold 

interdigited substrate was determined by examination of the elemental distributions 

using SEM-EDS analysis. The Figure 4.48 shows characteristic signals from EDS 

analysis of SnO2NPs coated for 60, 90, 120, and 150 second.  The qualitatively 

elemental of EDS analysis exhibited two characteristic signals as the characteristic 

signals of SnO2 at 0.6 and 3.4 KeV for the oxygen and tin atoms, respectively. This 

signal result correspond agreement with work of Haraiati T. 2009 [97]. Clearly, the 

amount of SnO2NPs deposited increased with the increasing deposition time, where 

the intensity of the tin and oxygen signals increased with increasing deposition times 

from 60 to 150 second. 
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Figure 4.48 The elemental distributions of deposited SnO2 NPs layer at different 

deposited times (a) 60 second, (b) 90 second, (c) 120 second, and (d) 150 second 
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(d) 

 

Figure 4.48 (cont.) the elemental distributions of deposited SnO2 nanoparticle 

layer at different deposited times (a) 60 second, (b) 90 second, (c) 120 second, and 

(d) 150 second 
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4.4.2 Deposition of nanofibers PANi/MWCNT on thin film of SnO2 

nanoparticle 

To crate second nanofibers PANi/MWCNT layer on thin film of SnO2 

NP, the nanofiber of PANi/MWCNT were deposited by electrochemistry method. The 

chronoamperometric deposition curve of 0.1 mol aniline/MWCNT in 25 ml of a 1.0 

M H2SO4 solution is shown in Figure. 4.49, where the electrochemical polymerization 

of aniline mainly involves three stages of changes in the current density. The first 

stage is the induction period of aniline polymerization. During this period, the current 

density is significantly and rapidly decreased, and no PANi was found at the 

electrode. During the second stage the current density increased rapidly and the 

aniline was polymerized and started to deposit onto the layer of SnO2NPs at the 

anode. Finally, in the last stage, the growth polymerization of PANi/MWCNT 

revealed a constant current density.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.49 Chronoamperometric deposition curve of a 0.1 mol aniline/MWCNT 

in 1.0 M H2SO4 solution onto the SnO2NP layer of a gold interdigited anode   
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4.4.2.1 Microstructure characterization of the deposited 

PANi/MWCNT layer 

     A second layer of PANi/MWCNT was deposited on top of the 

SnO2NP layer by chronoamperometric deposition. The SEM image of deposited 

PANi/MWCNT at different deposition times was showed  in Figure 4.50. The 

obtained PANi/MWCNT layer showed bulk surface roughness nanofibril 

PANi/MWCNT after deposition PANi/MWCNT for 90 second as displayed in Figure 

4.50(a). SEM analysis of the resultant PANi/MWCNT layer reveals that after 

deposition for 120 and 150 second, the obtained PANi/MWCNT layer shows a 

formatted structure of a three-dimensional nanofibril network as illustrated in Figure 

4.50(b) and (c). This nanoporous structure can act as a support for gas absorption. 

Meanwhile, after deposition for 160 second, the obtained PANi/MWCNT layer 

showed agglomeration of nanofibril PANi/MWCNT as presented in Figure 4.50(d).  It 

can be concluded that nanoporous structure of PANi/MWCNT can be obtained when 

the deposition time was varied between 120-150 second.  
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Figure 4.50 Representative SEM micrographs (20,000 x magnification) of the 

deposited PANi/MWCNT coatings when deposited at 1 V for (a) 90 second, (b) 

120 second, (c) 150 second, and (d) 160 second 

 

 

 

 

(a) (b) 

(c) (d) 



134 
 

4.4.2.2 Raman characteristic of PANi/MWCNT and 

PANi/MWCNT/SnO2 nanoparticle 

The Raman spectra of the PANi/MWCNT and, for the 

PANi/MWCNT/SnO2NP composites that are derived from a 90 sec SnO2NP 

deposition time, are shown in figure 4.51. The Raman spectrum of PANi/MWCNT 

showed two usual bands of MWCNT characteristic. The first peak at 1351 cm-1 

corresponded to the D-band, which is attributed to the raman-allowed photon high-

frequency mode of MWCNT, whereas that at 1593 cm-1 was due to the G-band. This 

evidence suggested the existence of MWCNT. The raman spectra at 1162, 1343 and 

1497  cm-1 were the characteristic peaks of the C-H bending of the quinoid ring,  –C–

N– in benzenoid ring and – C=N–  stretching in the quinoid and rings.[95]. 

Additionally, the PANi/MWCNT/SnO2NP composite revealed 

broadly similar spectrum patterns as that for PANi/MWCNT. Note that although this 

figure shows the PANi/MWCNT/SnO2NP composite that is derived from a 90 sec 

SnO2NP deposition time; this is representative of the other composites derived from 

the other deposition times. The spectrum showed appearance of a broad peak at 431 

cm-1 was corresponded to the S2 band of SnO2, while the peak at 767 cm–1 was due to 

B2g mode of SnO2. This resultant is similar to the previous work of Haraiati T. 2009 

[97]. 
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Figure 4.51 Raman spectra of the PANi/MWCNT and the 

PANi/MWCNT/SnO2NP composite derived from a SnO2NP deposition time of 90 

second 
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4.4.2.3 Thermal behavior of PANi/MWCNT and 

PANi/MWCNT/SnO2 nanoparticle 

Thermogravimetric analysis of PANi/MWCNT and 

PANi/MWCNT/SnO2were investigated under O2 atmosphere at 10 o C min-1 from 50 – 

800 oC.. The TGA thermograms of the PANi/MWCNT and PANi/MWCNT/SnO2, 

derived from SnO2NP deposition times of 120 and 150 second as representative 

examples, are shown in Figure 4.52.  

The PANi/MWCNT composite revealed a typical two-step 

weight loss. The first stage of decomposition, at a temperature of up to 100 oC, is 

attributed to the loss of water molecules. The second step, at approximately 180 oC 

upwards, corresponded to the decomposition temperature of the polyaniline backbone 

and MWCNT. The PANi/MWCNT was almost completely oxidized at approximately 

700 oC. In the case of the various PANi/MWCNT/SnO2NP composites, they exhibited 

similar thermograms to that of the PANi/MWCNT. Its first step was also assigned to 

the loss of water molecules at 100 oC.  Similarly, the skeleton of polyaniline and 

MWCNT backbone started to oxidize and decompose at 180 oC.  However, compared 

with that for PANi/MWCNT, the PANi/MWCNT/SnO2NP composites started to 

oxidize at a relatively higher temperature in terms of the onset of the oxidation 

temperature and this increased slightly with the comparatively longer SnO2NP 

deposition times. Moreover, the PANi/MWCNT/SnO2 composites also showed a 

slightly higher percent weight residue than the PANi/MWCNT, which would be due 

to the high thermal stability of the SnO2NPs in the composite.  

   For shorter SnO2NPs  deposition times, (i.e., 60 and 90 second) 

PANi/MWCNT/ SnO2NPs showed similar thermal behavior to that of the 

PANi/MWCNT. No significant differentes from the effect of SnO2 NPs in these TGA 

thermograms was observed probably due to the low amount SnO2NPs in the 

composite. 
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Figure 4.52 TGA thermograms of the PANi/MWCNT and 

PANi/MWCNT/SnO2NP  composite derived from SnO2NP deposition times of 

120 and 150 second 
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4.4.3 Ethylene gas detection via resistance measurement of 

PANi/MWCNT and PANi/MWCNT/SnO2 nanoparticle 

The response–recovery characteristics of the PANi/MWCNT/SnO2NPs 

composites with different SnO2NPs loadings (that is derived from different SnO2NP 

deposition times) at different ethylene gas concentration are shown as in figure 

4.53(a) for 1 month aging and 4.53(b) for 3 month aging. The sensing magnitudes of 

PANi/MWCNT/SnO2NPs with different SnO2NPs loadings at different ethylene gas 

concentration are presented in Figure 4.54(a) for 1 month and 4.54(b) for 3 month 

aging.  

The respond behaviour after being exposed to ethylene gas, the entire 

sensor responded by a decrease in its resistance as shown in Figure 4.53. This is due 

to the nanofibril structure of PANi-MWCNT, which subserves to the diffusion of 

ethylene gas and is also attributed to the ease of expansion of the compact form of the 

PANi-MWCNT chain [x]. For the first month of aging, the sensing magnitude of the 

SnO2NP/ PANi/MWCNT composite derived from a 60 sec SnO2NP deposition time 

displayed the highest sensitivity, and this decreased for the composites, in the order of 

the SnO2NP deposition time, as 60 sec > 0 sec (no SnO2NP) > 90 sec > 120 sec > 150 

sec (Figure 4.54(a)). The effect of the addition of SnO2NPs into the PANi/MWCNT 

for ethylene gas detection is still unresolved.  

Moreover, after three months aging, the PANi/MWCNT/SnO2NP 

composites showed a substantial increase in their sensing magnitude against ethylene 

gas and can detect ethylene gas at levels as low as 10 ppm in the case of the 

composites with a SnO2NP deposition time of 0, 60, and 90 sec (Figure 4.54(b)). The 

PANi/MWCNT/ SnO2NP composite derived from a SnO2NP deposition time of 60 

sec exhibited the highest sensitivity for the detection of ethylene gas at 10 ppm, with a 

change in the sensing magnitude of about 2.42%, followed by the PANi/MWCNT, 

with that for the PANi/MWCNT/SnO2NP composite derived from a 90 sec SnO2 

deposition time being significantly lower. 
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Figure 4.53 The resistance response of PANi/MWCNT/SnO2NP composites 

derived from different SnO2NP deposition times after (a) 1 month and (b) 3 

months ageing 
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(b) 

Figure 4.54 The sensitivity behavior of the PANi/MWCNT/SnO2NP composites 

derived from different SnO2NP deposition times after (a) 1 month and (b) 3 

months aging 



 
 

CHAPTER V 
CONCLUSIONS 

 

The ethylene gas detection based on polyaniline (PANi) and/or PANi 

composites was successfully fabricated on interdigited gold substrate by 

electrochemistry method. The four step methods were used to develop polyaniline 

and/or PANi composites sensor for gas ethylene detection.  All of the result products 

were characterized. All of the possible variables were explored for enhancing ethylene 

gas sensing include of the effect of amount deposited polyaniline, the effect of acid 

dopant, the effect of multiwall carbon nanotube and the effect of tin oxide 

nanoparticle. The results are summarized as follows. 

In first step, the sensitive layer PANi was achived by cyclic voltammetry 

method. 

- The optimum conditions was carried out by cyclic voltammetry method 

under applying continuous potential cycle ranging from -0.3-1 V with 

scanning rate 10 mV/s was 10 scan of cyclic voltammetry. The resulting 

product is PANi with sulfonate ion. 

- The PANi with sulfonate ion exhibited evidence  of polymerization  as the 

presence of eight important transmittance bands at 1556 cm-1 (C=N of quinoid 

ring),  1470 cm-1 (C-H stretching of benzoid ring), 1303 cm-1( C-N stretching),  

1237 cm-1 ( C-N stretching), 1135 cm -1 (C-H stretching of quinoid ring), 800 

cm-1 (C-H bending of benzoid), 878 cm-1 (C-H bending of benzoid),  and 1078 

cm-1 (SO4
2- group). 

- SEM micrographs of PANi revealed structure development from bulk film to 

nano fibril/micro bead film as increasing amount of deposited PANi by 

increasing number of cyclic voltammetry from 5 to 25 scans of cyclic 

voltammetry. The nano fibril structure of PANi film was successfully obtained 

under applying continuous potential cycle ranging from -0.3-1 V with a 

scanning rate of 10 mV/s at 10 scan of cyclic voltammetry. 
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-  The PANi film responded ethylene gas by undergoing a decrease in its 

resistance response and sensed against ethylene gas with almost linear 

dependence of the signal on ethylene concentration in the parts per million 

ranges. The deposit PANi at 10 scan of cyclic voltammetry exhibited the 

highest sensitivity for detection ethylene gas at 200 ppm with a change in the 

sensing magnitude of about 10.79 % and this sensitivity decreased in the order 

of deposited PANi as the number of cyclic voltammetry as 10 CV > 15 CV > 

20 CV > 25 CV > 5 CV. 

 

In second step, the sensitive layer PANi was improved ethylene sensing 

property by acid doping process. 

- Based on UV-VIS spectroscopy technique, the degree protonation of acid 

dopant on PANi was investigated. The result showed that a higher acid 

concentration dopant of PANi gave a higher bipolaron/polaron state. 

  

-   The PANi with different acid dopants exhibited evidence of acid dopant by the 

characteristic peaks of acid anion, depending on each type of acid dopant. 

PANi dope with HCl, H2SO4, H3PO4, TSA and DBSA exhibited the 

characteristic peak of Cl-, SO4
2-,   vibration mode of P=O, sulphinic ester 

anion and sulphoxide anion at 1120, 979, 1108, 1033 and 1006 cm-1. 

 

- The thermal stability of polyaniline was strongly dependent upon on the 

counter ions of acid dopant. PANi-H3PO4 exhibited the highest thermal 

stability and displayed significant weight losses of dopant and polyaniline 

skeletal at about 200-600 oC. PANi-H2SO4 displayed two steps weight loss at 

168 and 400 oC which were attributed to the degradation of acid dopant and 

PANi skeletal, respectively. PANi-HCl displayed two step weight losses of 

dopant at 180-300oC and skeletal of polyaniline at 350oC. PANi-DBSA and 

PANi-TSA showed step weight loss of acid dopant at approximately 250 oC. 

 

- Different acid dopants had effect on the morphology of polyaniline. The using 

of phosphoric and sulfuric acid did not affect on morphology of PANi nano 

fibril.  However, using of HCl, TSA, and DBSA as acid dopant at high 
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concentration (more than 0.05 mole) showed different morphology because of 

an agglomeration of acid anion into morphology of PANi in which its 

dimension was increased with increasing of acid anion concentration.  

 

- Comparing the effects of different acid dopant on ethylene gas detection, the 

PANi dope with H2SO4 sensor revealed the highest sensitivity against ethylene 

gas  and decreased in order of PANi-H2SO4>PANi-H3PO4>PANi-TSA>PANi-

DBSA. After three months aging, polyaniline doped with sulfuric acid at 0.1 

M showed the highest sensitivity against ethylene gas detection. (Increase 

sensitivity from 5.68% to 24% for 200 ppm ethylene gas and respond ethylene 

gas at 10 ppm with 2.94 % sensitivity). 

 

 In third step, composited sensor modified functional polyaniline-multiwall 

carbon nanotubes (PANi/MWCNT) were achieved. 

 

- PANi/MWCNT sensitive layer was successfully fabricated by electro-

polymerization the suspension solution of 0.1 M aniline/MWCT in 1M 

sulfuric solution with cyclic voltammetry under applying continuous potential 

cycle in ranging from -0.3-1 V with a scanning rate of 10 mV/s.  

- The raman spectroscopy confirmed the existence of two usual bands of 

multiwall carbon nanotube in PANi/MWCNT composite by appearance of 

characteristic peaks at 1278 and 1593 cm-1 which were corresponded to D-

band and G-band, respectively. 

 

- As evidence by SEM image, the introduction of MWCNT into PANi led to 

increase three-dimensional network of nanofibril morphology of polyaniline in 

which its dimension was increased with an increasing of % MWCNT loading. 

This result was due to formatted structure  of MWCNT which created more 

active sites for condensation of nuclei during the chain growth. 

 

- The introduction of MWCNT in PANi attributed to an increase in thermal 

stability and onset of oxidation temperature with % MWCNT loading. 

PANi/MWCNT composited displayed two significant weight losses at about 
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100 oC and 150 oC which are corresponding to the decomposition of water 

molecule and skeletal of polyaniline/multiwall carbon nanotube, respectively. 

 

- The addition MWCNT in PANi did not showed efficiency to increase 

sensitivity against ethylene gas in first month aging. However, after three 

month aging, the 0.2 % wt. multiwall carbon nanotube/polyaniline showed the 

highest sensitivity but its sensitivity against ethylene gas decreased with 

increasing of multiwall carbon nanotube loading.  (Sensitivity increased from 

2.94% (PANi) to 4.39% (PANi/MWCNT) for detection 10 ppm of ethylene 

gas.) 

 

 In forth step, a hybrid modified functional polyaniline-multiwall carbon 

nanotube and tin oxide nanoparticles (PANi/MWCNT/SnO2) were achieved. 

 

- PANi/MWCNT/ SnO2NPs comprised of a multilayer composite material was 

successfully synthesized by electrophoretic deposition of tin oxide 

nanoparticle onto a gold interdigited substrate and then chronoamperometric 

deposition of the PANi/MWCNT film from an aniline/MWCNT solution.  

 

- SEM analysis showed uniform distribution of the SnO2NPs on the surface of 

the interdigited gold with different deposition time and the level of deposition 

of the SnO2NPs increased with an increasing of deposition time. 

 
 

-  The three-dimensional nanofibril network of PANi/MWCNT nanotube layer 

was successfully carried out by chronoamperometric deposition at 1 V with 

deposition time in the range of 120-150 second. 

 

- As evidence of raman spectroscopy, the presence of MWCNT in PANi 

composite was confirmed at 1351 (D-band) and 1593 cm-1 (G-band). 

Meanwhile, the presence of SnO2NPs in PANi was confirmed at 431 cm–1 (S2 

band) and 767 cm-1 (B2g mode of SnO2 ). 
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- PANi/MWCNT/SnO2 NPs composites displayed oxidize and decompose of 

polyaniline/multiwall carbon nanotube at 180 oC. The introduction SnO2 NPs 

in PANi/MWCNT attributed to an increase in thermal stability and onset of 

oxidation temperature with % SnO2 NPs loading.  

 

- The addition SnO2 NPs in PANi/MWCNT did not show efficiency to increase 

sensitivity against ethylene gas in first month aging.  After three months aging, 

the addition SnO2 NPs at deposition time 60 second in the PANi/MWCNT 

composites exhibited the sensitivity against ethylene gas at 10 ppm (with 

sensitivity 2.4%, nearly same PANi/MWCNT) and its sensitivity decreased 

with increasing SnO2 NPs.  
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Appendix A 

 
 
TableA1 Result of deposited PANi at various number of cyclic voltammetry  
 

 
Batch 

 
Weight Before 

 
Weight After 

 
%Weight 
Increase 

102 
103 
104 
105 

 

1.4233 
1.427 

1.5723 
1.4485 

 

1.4244 
1.428 

1.5735 
1.4494 

 

0.077285182 
0.070077085 
0.076321313 
0.062133241 

 

151 
152 
153 
154 
155 

 

1.5414 
1.5496 
1.6285 
1.464 

1.5449 
 

1.5424 
1.5525 
1.6298 
1.4635 
1.5464 

 

0.064876087 
0.18714507 

0.079828063 
-0.034153005 
0.097093663 

 

201 
202 
203 
204 

 

1.5347 
1.5357 
1.4633 
1.5412 

 

1.5368 
1.5373 
1.4654 
1.5428 

 

0.136834561 
0.104187016 
0.143511242 
0.103815209 

 

251 
252 
253 
254 

 

1.477 
1.5826 
1.5821 
1.5686 

 

1.4761 
1.5817 
1.5848 
1.5709 

 

-0.060934326 
-0.056868444 
0.17065925 

0.146627566 
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Figure A1 Cyclic voltammograms of polyaniline film growth at varing 1 to 25 

of number of scan with a scanning rates of 50 mV/Sec      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A2 SEM images of PANi prepared by cyclic voltammetry on 
interdigited gold substrate at different numbers scan of cyclic voltammetry: 
(a) 8 scans (b) 9 scans (c) 10 scans (d) 15 scans  
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TableA2 Sensitivity of PANi aginst ethylene gas at different amount of PANi 

after 1 month (different cyclic voltammetry(CV)) 

      No. of scan CV 
 

Ethylene gas 

 
10 cv 

 
15 cv 

 
20 cv 

 
25 cv 

1000 ppm 27.07401 23.04112 16.93532 5.28169 
500 ppm 17.74421 16.85546 12.89314 4.55293 
200 ppm 10.79256 10.77246 8.41924 4.45765 

 
 
TableA3 Sensitivity of PANi aginst ethylene gas at different H2SO4 

concentration after 1 month 

     H2SO4 Conc. 
 

Ethylene gas  

 
0.01 

 
0.025 

 
0.05 

 
0.075 

 
0.1 

1000 ppm 21.94146 12.25439 17.58458 14.89362 11.11111 
500 ppm 14.59574 8.76149 12.04908 10.66667 6.89655 
200 ppm 8.52008 5.13314 7.23639 6.28931 4.06504 

 

TableA4 Sensitivity of PANi aginst ethylene gas at different H3PO4 

concentration after 1 month 

    H3PO4 Conc. 
 
Ethylene gas 

 
0.01 mole 

 
0.025 mole 

 
0.05 mole 

 
0.075 mole 

 
0.1 mole 

1000 ppm 40.46193 41.41747 48.67725 49.90837 63.31084 
500 ppm 25.55556 26.73428 29.66292 30.23882 47.22605 
200 ppm 13.99043 14.91369 16.27451 20.6431 24.51213 

 
 
TableA5 Sensitivity of PANi aginst ethylene gas at different TSA after 1 

month  

   TSA Conc. 
 
Ethylene gas 

 
0.01 mole 

 
0.025 mole 

 
0.05 mole 

 
0.075 mole 

 
0.1 mole 

1000 ppm 1.4014 8.39544 8.77193 0 0 
500 ppm  0.5901 4.66311 5.7377 0 0 
200 ppm 0.5369 2.11462 3.125 0 0 
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TableA6 Sensitivity of PANi aginst ethylene gas at different DBSA 

concentration after 1 month  

 
         DBSA   
                Conc. 
Ethylene gas  

 
0.01 mole 

 
0.025 mole 

 
0.05 mole 

 
0.075 mole  

 
0.1 mole 

1000 ppm 1.82753 2.72562 5.20833 5.5 6.25 
500 ppm 0.90652 1.55131 3.06122 3.2 4.61538 
200 ppm 0.28137 0.76741 2 2.4 2.98507 

 
 
TableA7 Sensitivity of PANi aginst ethylene gas at different H3PO4 

concentration after 3 month 

 
     H3PO4 Conc. 

 
Ethylene gas  

 
0.01 

 
0.025 

 
0.05 

 
0.075 

 
0.1 

200 ppm 15.15178 12.60904 12.47653 0 0 
100 ppm 11.16866 9.34419 10.58621 0 0 
50 ppm 5.68901 4.24266 4.15653 0 0 
20 ppm 2.87909 2.21721 2.3104 0 0 
10 ppm 2.04456 1.66608 1.649 0 0 

 
 
TableA8 Sensitivity of PANi aginst ethylene gas at different H2SO4 

concentration after 3 month 

    H2SO4 Conc. 
 

Ethylene gas 

 
0.01 

 
0.025 

 
0.05 

 
0.075 

 
0.1 

200 ppm 26.69408 33.55818 31.76101 30.99174 35.54377 
100 ppm 19.20657 25.52438 24.04227 23.02405 26.55246 
50 ppm 11.2323 15.11084 13.89208 12.42604 14.70054 
20 ppm 4.75661 6.44178 5.8104 6.86016 5.71429 
10 ppm 2.2662 3.1597 2.849 2.46305 2.94118 
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TableA8 Sensitivity of PANi aginst ethylene gas at different TSA 

concentration after 3 month 

 
TSA Conc. 

 
Ethylene gas    

 
0.01 

 
0.025 

 
0.05 

 
0.075 

 
0.1 

200 ppm 3.27828 7.66333 7.71502 7.93651 0 
100 ppm 1.25499 3.89444 3.50318 4.44444 0 
50 ppm 0.44593 2.6841 3.06748 3.59712 0 
20 ppm 0 0 0 0 0 
10 ppm 0 0 0 0 0 

 
 

Table A9 The sensing magnitude of the PANi-H2SO4 at different 

concentrations after 6 months 

     H2SO4 Conc. 
 

Ethylene gas 

 
0.01 

 
0.025 

 
0.05 

 
0.075 

 
0.1 

200 ppm 24.69408 26.55818 28.76101 28.99174 30.54377 
100 ppm 14.20657 15 17.04227 20.02405 24.55246 
50 ppm 6.2323 6.11084 7.89208 8.42604 13.70054 
20 ppm 3.75661 4.44178 4.8104 4.66016 4.71429 
10 ppm 2.2662 2.3597 2.649 2.36305 2.24118 

 
 
Table A10 The sensing magnitude of the PANi-MWCNT at different 

MWCNT loading after 1 months 

 
            Sensor 
Ethylene gas 

pure 
PANi 

0.2 % MWCNT 
/PANi 

0.4% MWCNT 
/PANi 

0.8 % MWCNT 
/PANi 

1000 63.31084 45.10733 44.70514 12.65963 
500 47.22605 36.93439 38.46129 10.52089 
200 24.51213 25.07338 22.33873 7.16025 
100 18.67 11.62229 10.33521 3.91974 
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Table A11 The sensing magnitude of the PANi-MWCNT at different 

MWCNT loading after 3 months 

Sensor 
 
 

Ethylene gas  

pure PANi 0.2 % MWCNT 
/PANi 

0.4%MWCNT 
/PANi 

0.8 % MWCNT 
/PANi 

100 26.55246 30.73156 29.70734 29.33627 
50 14.70054 19.36302 15.2653 16.34129 
20 5.71429 8.78531 6.32377 6.2886 
10 2.94118 4.39187 3.28369 3.03175 
 
Table A12 The sensing magnitude of the PANi-MWCNT-SnO2 at different 

concentrations after 1 months 

Sensor 
 

Ethylene 
gas 

MWCNT/P
ANi 

MWCNT/PANi/
60Sec SnO2 

MWCNT/PANi/
90Sec SnO2 

MWCNT/
PANi/120
Sec SnO2 

MWCNT/PA
Ni/150Sec 
SnO2 

1000 36.21809 38.89887 34.04417 12.85267 10.98901 
500 25.02637 29.50053 23.24503 7.73557 6.6912 
200 16.48024 19.47073 15.82734 4.11192 3.62507 

 
 
Table A13 The sensing magnitude of the PANi-MWCNT-SnO2 at different 

concentrations after 3 months 

 
Sensor 

 
Ethylene gas 

MWCNT/PANi MWCNT/PANi/60Sec SnO2 MWCNT/PANi/90Sec 
SnO2 

200 26.332 27.39787 13.18302 
100 19.5601 20.22105 10.52203 
50 10.84751 11.87817 6.37822 
20 4.8311 5.01845 2.64419 
10 2.38193 2.42002 1.19184 
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Appendix B 
 

1) Determination of % Senxitivity 

 

 

 

 

 

 

 

 

 

 

% sensitivity at ethylene gas 100 ppm          

 

 

 

   =       (3507095-2831900)/2831900 

 =      23.84 %                   

=    Rin nitrogen  – Rin ethylene       X  100 
R in ethylene 
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