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Abstract 

A method of producing poly(3,4-ethylenedioxythiophene) (PEDOT) explosive percolation 

(EP) gas sensor with ultra-fast response and recovery time has been developed by Robiños et. 

al. Due to its novelty full understanding of its the mechanism and validating its performance 

are still lacking to utilized for application such as electronic nose. To improve reproducibility 

of the method a modification called pulsed galvanostatic polymerization was employed wherein 

removal of interdigitated electrode from the solution was eliminated such method also led to 

discovery that electrochemical condition or p-doping is not needed to achieve a fast response, 

fast recovery, and n-type gas sensor for ammonia. In another effort to improve reproducibility 

of the method electropolymerization via in-situ conductance monitoring was also employed, 

the large initial resistance of the system however prevents monitoring of percolation region. 

Method of production of EP gas sensor was also tested in ionic liquid and other conducting 

polymer such as PANI. Performance of produced sensors were assessed through various 

performance characteristics such as gas response, linearity, limit of detection, recovery time 

and sensitivity. Selected sensors were then used as chemiresistor for an electronic nose system 

which provided intermediate accuracy for classifying solvents. 

Overoxidation as a possible explanation for peculiar n-type behavior of PEDOT EP gas sensor 

was also proposed. 

 

Keywords: explosive percolation, gas sensor, electronic nose, conducting polymer, ionic 

liquid, PEDOT 
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Glossary of terms and abbreviations 

 

AC alternating current 

Ag silver 

AgCl silver chloride 

BMIMPF6 1-butyl-3-methylimidazolium hexafluorophosphate 

CE counter electrode 

CP conducting Polymer 

CV cyclic voltammetry 

d diameter 

DC direct current 

DC direct current 

E potential 

EDOT 3,4-ethylenedioxythiophene) 

EEP electropolymerization potential 

EMIMFSI 
1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 

EN electronic nose 

e-nose electrical nose 

EP explosive percolation 

I current 

id current across deposited CP 

IDE interdigitated electrode 

if faradaic current 

LOD limit of detection 

MeCN acetonitrile 

N2 nitrogen gas 

PANI polyaniline 

PARC pattern recognition and classification  

PEDOT poly(3,4-ethylenedioxythiophene) 

Ppy polypyrrole 

QEP electropolymerization charge 

R sensor response 

Ra resistance in air 

RE reference electrode 
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Rg resistance upon exposure to analyte gas 

TABClO4 tertbutyl ammonium hexafluorophosphate 

Vd drain potential 

VOC volatile organic compounds 

WE working electrode 
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1. Introduction  

Biology has always been a great source of inspiration to solve human societal and industrial 

challenges, through biomimicry we carefully study biological processes and draw inspiration 

from them. An example is how the kingfisher beak inspired Japan’s bullet train [1,2]. For 

analytical chemists, the sense of smell is interesting chemical phenomenon in nature. Human 

olfactory cells located high up in the nasal passage, act as receptors to volatile organic 

compounds (VOCs) and the response forms a pattern that is being processed in the brain. This 

mechanism helps us take appropriate response from stimulus around our environment and an is 

an inspiration for so called electronic nose or e-nose (see Figure 1) [3].  

 

Figure 1. Comparison between human nose and E-nose. Adapted from [4].  

The use of e-nose has been reported in a wide range of applications such as environmental 

monitoring, medical diagnostics, recognition of natural products, process monitoring, food 

quality assurance, automotive/aerospace applications, detection of explosives and 

cosmetics/fragrances [5–12]. 

Conducting polymer, a versatile material with interesting electrical properties and high 

environmental stability has already been implemented as a sensing unit in several e-nose 

systems [13]. Most of these applications use a thin film of conducting polymer based 

chemiresistor for gas sensing in which it limits the interaction between the polymer and gas 

molecules as the polymer thickness increases because of increasing inter-domain space [14]. 

Castell et. al, reported an improved sensitivity of these sensors through a conducting polymer 

percolation network on glass substrate [15,16]. Percolation region in the context of conducting 

polymer based chemiresistor is a region between the insulating phase and the conducting phase 

caused by at least one interconnected cluster across medium. 
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 On the other hand, explosive percolation network gas sensor based on conducting polymer has 

been reported by Robiños et. al, which is a further improvement from the previous method 

and/or process [17].  

Improved sensitivity however comes at a cost, it suffers from reproducibility issues due to 

inherent randomness of the conducting polymer network and small variation into the network 

has large effect on its conductance [17,18].  

In this study, various techniques were employed to improve repeatability of manufacturing 

explosive percolation gas sensors. Performance characteristics were used to assess its fitness as 

gas sensor and as electronic nose sensing unit. 
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2. Review of related literature 

2.1. Chemiresistors  

Chemiresistors are chemical sensors which utilize the change of their conductance as sensing 

information. The selective layer interacts with a gas sample, this interaction leads to change in 

contact resistance, bulk resistance and interface resistance (see Figure 2) [19]. To monitor these 

changes a constant current or potential is applied on the sensor and potential or current is 

measured as a signal which is then converted to electrical resistance as the final signal output 

[20].  

These sensors are simple to prepare and with simple instrumentation typically using 

interdigitated electrodes (IDE) (see Figure 3). Interdigitation enables a wide contact area 

between electrode in a limited space and promotes effective charge transport [19].  

 

 

 

 

 

 

 

 

 

 

2.2. Conducting polymer (CP) 

Also called conductive polymers, conjugated conductive polymers or organic polymeric 

conductors are materials that are intrinsic conductors. They are mainly composed of carbon and 

Figure 2. General configuration of chemiresistor 

 

Figure 3. An interdigitated electrode. The gray pattern is a conducting material (usually gold or 

platinum) embedded in an insulating substrate (usually glass). 

 



Page 11 of 60 
 

   

 

hydrogen with some heteroatoms like nitrogen and sulfur. This conductivity arises from 

extended and delocalized conjugation from overlapping π-electrons [21]. 

2.2.1. PEDOT 

One of the derivative of polythiophene (PTs) class of CPs, poly(3,4-ethylenedioxythiophene) 

PEDOT is one of the most common materials for chemiresistive gas sensing because its ease 

of fabrication, high conductivity, room temperature operation and stability [22] [23].  

 

PEDOT can be prepared via electrochemical polymerization methods. These include 

potentiostatic polymerization, galvanostatic and cyclic voltammetry techniques [21] . When a 

certain oxidation potential is applied to the electrode substrate EDOT, the monomers of PEDOT 

are rapidly oxidized to generate a radical cation, which then attacks another abundant monomer 

molecule in the solution to form a dimer radical cation. The dimer is further oxidized and forms 

a positively charge cationic group, further repetition of this process yields a PEDOT conjugated 

chain. To balance the positive charge an anion (A-) called dopant enters the polymer chain as 

illustrated in Figure 4 [24].  

 

 

Figure 4. Proposed mechanism for electrochemical polymerization of EDOT into PEDOT 

2.2.2. PANI 

A result of oxidative polymerization of aniline, polyaniline (PANI) chains are composed of two 

structural units [B-NH-B-NH] and [B-N=Q=N-] which are reduced and oxidized repeating units 

respectively, B-denotes benzoid ring while Q denoted a quinod ring [25]. There are three 

oxidation states of PANI chain, these include completely reduced leucomeraldine (LED), semi-

oxidized emeraldine (EB) and fully oxidized pernigraniline base (PAB) (see Figure 5) [26]. 
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PANI, in its EB salt form, has interesting electrical conductivity. In acidic condition, EB is 

doped and it is conductive. In basic condition on the other hand EB is in dedoped form and is 

insulating. Its ability of switching between conducting and insulating forms makes it ideal for 

acid/base gas sensing of compounds [27]. 

 

 

 

 

 

Figure 5. Three oxidation states of PANI chain: LEB, EB and PAB. 
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2.3. Electrochemical methods 

Conducting polymer can be deposited onto electrode material using various electrochemical 

waveforms these include potentiostatic (constant potential), potentiodynamic (cyclic 

voltammetry (CV) or pulsed potential), galvanostatic (constant current), galvanodynamic 

(pulsed current). The polymerization is usually carried out in a three-electrode configuration 

[28]. 

2.3.1. CV 

An electrochemical technique where a potential is applied at the electrode, that is below the 

equilibrium potential of the reaction, potential is then increase linearly at constant rate to the 

to the maximum potential also called switching potential. After achieving the switching 

potential, the sweep is reversed to negative direction until the original potential value is 

reached. The sweep in the positive and negative direction is called anodic and cathodic scan 

respectively [29].  

CV provides information about the oxidation potential of the CP monomer, film growth, 

redox behavior and surface concentration of the polymer by how much charge is being 

consumed [30]. An increasing peak current during anodic scan and formation of redox waves 

or nucleation loop before the oxidation potential are characteristics of polymerization and film 

deposition. In the first cycle a nucleation loop is being observed in which magnitude of charge 

during the cathodic scan is higher than anodic scan [28].  

2.3.2.  Potentiostatic polymerization 

A constant potential is preferred method for electrodeposition of CPs whose overoxidation 

potential is very close to its oxidation potentials. An initial current drop is typically observed 

which is described as the oxidative electroadsorption of monomer and substrate passivation, 

following these process is the slow rise in current to maximum value and gradual decrease in 

current again [28]. 

2.3.3. Galvanostatic and galvanodynamic polymerization 

A constant current is the most convenient for controlling the polymer thickness because it is 

proportional to the total charge passed. However galvanostatic deposition, includes mixed 

oxidation mechansims, poorer morphology, conductivity and general quality [28] [31]. On the 

other hand, pulsed current can achieve shorter chain length and/or higher degree of 
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conjugation. A long off-time helps the chain to fully oxidized before the next current pulse 

[28]. Pulsed current also enable rapid migration of dopant into PEDOT film [32].  

2.3.4.  In-situ polymerization 

One of the most important electrochemical characterization techniques to gain information 

about chemical and electrical behaviour of conducting polymer is the in-situ electrochemical-

conductance method. This enables us to monitor change in conductivity between the IDE 

while it is still in the polymerization solution [33].One way to perform in-situ 

electrochemical-conductance determination is with two independent potentiostats. One 

potentiostat (P1) delivers the needed electrical signal for polymerization (pulsed or linear 

sweep) also known as faradaic current (if )and the other potentiostat (P2) maintains the small 

constant potential between the IDE pad, known as drain potential (Vd),  which in turn monitor 

the current (id) across the deposited conducting polymer layer which is analogous to the 

common transistor configuration as illustrated in Figure 6.  

 

 

Figure 6. In-situ electrochemical-conductance measurement using two independent 

potentiostats. C=Counter Electrode (Pt-Rod), R=Reference Electrode (Ag/AgCl), 

W=Working Electrode (IDE). Ref [33] and Ref.  [18]  

2.4. Conducting polymer as chemiresistive gas sensor 

Metal oxide chemiresistors are already commercially available and are used for industrial and 

environmental  air quality monitoring [34].  They have great sensitivity, fast response time, 

low-cost manufacturability, good accuracy and stability [35]. However, these sensors need high 

operating temperature which raises power consumption [22]. 

Conducting polymer based chemiresistors which includes polypyrrole (PPy), PANI and 

PEDOT are suitable as sensing material for different gases. Its main advantage as chemiresistor 
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material over metal oxide is its room-temperature operation. However, conducting polymer 

based chemiresistors have generally lower sensitivity and poor selectivity compared to metal 

oxide based chemiresistors [14]. 

2.4.1. Gas sensing mechanism of conducting polymer 

Gas conduction mechanism of conducting polymer can be explained by intra- and inter-chain 

transport. In intra-chain transport is localized and occurs along unidirectional pristine 

conjugated backbone at fast rates. Charge carriers consists of polarons, bipolarons and solitons 

where lowest unoccupied molecular orbital and highest occupied molecular orbitals of the 

conjugated backbone are involved. Photons and chemical dopants can influence these charge 

carriers. On the other hand, inter-chain  charge transport is dependent on tunnelling or hopping 

of these charge carriers [14].  

For p-type sensing material, oxygen is initially chemically adsorbed on the surface, which 

causes removal of electron from the conduction band which in turn causes increased in the hole 

concentration, when p-type material is exposed to an electron donating substance, for example 

ammonia, electrons are donated to the conduction band increasing the electron concentration 

as a result increases the resistance. On the other hand when exposed to electron withdrawing 

substance such as nitrogen dioxide, the electrons are withdrawn from the valence band, which 

increases the hole concentration therefore decrease in resistance [14]. 

2.4.2. Dopant 

Chemical and physical properties of CPs can be alter using dopants. Doping level and property 

of dopant play a role in responses and conductivity of CPs. Small inorganic ions and acrylic 

dope PANI give different response to ammonia. meanwhile PPy doped with chlorate has higher 

conductivity than p-toluenesulfonate doped PPy. Another example is camphosuphonic acid 

doped PANI that  has higher response in comparison with dipenyl phosphate and maleic doped 

PANI in detection of water vapor [20]. 

2.4.3. Performance characteristics 

2.4.3.1. Sensor response 

Response (R) is defined as the ratio between the sensor’s resistance in the presence of the 

analyte gas (Rg) to the sensor’s resistance to the baseline gas, which is commonly air (Ra). It 

can be Rg/Ra or Ra/Rg depending on the nature of both the sensor and the analyte gas and is 

summarized in Table 1 13]. 
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Table 1. Evaluation of sensor response in the presence of reducing and oxidizing analyte. 

Adapted from [14] 

 

 

R can be also calculated using Equation 1, in which its value gives symmetrical value of positive 

and negative for two types of sensor (n and p-type). 

𝑅 =  
(𝑅𝑔 − 𝑅𝑎)

𝑅𝑎
 

 

Equation 1 

 

2.4.3.2. Response and recovery time 

Response time (tRESP) is defined as the time it takes for the sensor signal to reach 90% of the 

maximum signal change in the presence of the analyte gas. Recovery time (tREC) is the time it 

takes for 90% of the steady-state signal to return to the baseline signal in the absence of the 

analyte gas [14]. Illustration of tRESP and tREC during the gas exposure were shown in Figure 7.  

 

 

 

Analyte 

 

n-type sensor 

 

p-type sensor 

Reducing analyte 

 (e.g., NH3, NH4, Acetone, 

Ethanol) 

Ra/Rg 

 Rg decreases 

Rg/Ra 

 Rg increases 

Oxidizing analyte 

(e.g.  NOx, CO2, SO2, O2, O3) 

Rg/Ra 

 Rg increases 

Ra/Rg 

 Rg decreases 
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2.4.3.3. Sensitivity  

Sensitivity is defined as the slope of calibration curve of gas response as function of gas 

concentration [36]. 

2.4.3.4.  LOD 

Many applications of gas sensors require detection at very low concentration. Therefore 

a concentration at which it is distinguishable from blank response is needed to 

determine. This concentration is called limit of detection and is calculated using 

Equation 2 [36].  

 

2.5.  Ionic liquid  

Ionic liquids are organic salts which exist as a liquid at room temperature. Such property makes 

it ideal property for chemical synthesis because it can act as both solvent and electrolyte. 

Another important advantages of using ionic liquids are their low vapor pressure. Some 

consider them as green solvents. They are soluble in different organic media, highly polar, have 

large electrochemical window and are easily recycled [37]. It has been found that ionic liquid 

𝐿𝑂𝐷 =  
3𝜎

𝑆
 

𝜎- standard deviation of blank response 

S- slope of the calibration curve 

Equation 2 

Figure 7. Left: Response time (tRESP) illustration; Right: Recovery time (tREC) illustration. Rg-

resistance of the sensor upon exposure to analyte gas; R0-resistance of sensor upon exposure to the 

baseline gas usually air 
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as medium for polymerization of conducting polymer such as polypyrrole results in altered film 

morphology and increased redox cycling stability[38].  

2.6. Percolation theory 

Percolation theory is a mathematical model used to describe a system wherein an atom, 

chemical bond or even grains have been connected to each other within a network structure to 

form a large but fragile cluster in which this connectivity has some consequence on the property 

of the whole system. It is the standard model to describe phase transition between the insulating 

phase to the conducting phase of a random network [39]. 

We can imagine a square lattice wherein certain fraction of squares are filled in a random 

manner with black square marks and other squares are empty, a cluster is defined as a group of 

neighboring dots (encircled in Figure 8). Percolation theory deals with this cluster formation. 

Sites are occupied with probability p. For finite lattice when the p is small there’s only small 

chance of connected cluster or cluster percolating between boundaries. For p approaching 1, 

we are almost certain there’s a cluster percolating through the system. Percolation threshold pc 

is defined as probability p where an infinite cluster appears for the first time in an infinite lattice 

[40,41].  

In the context of polymer chemistry, an electric DC current can only flow between connected 

clusters of conducting polymer chain, this current passess across to a unit voltage is called 

conductance. The change in conductance is greater in the percolation region than in the thin 

film region, Figure 8 shows an idealized graph of conductance as a function of polymer growth. 

For low polymer amount, theirs is no conductance because of insufficiently connected polymer 

chains. As more polymer is deposited, the system is approaching percolation region. When 

percolation threshold is reached there’s non-linear relationship between amount of deposited 

polymer and conductance. Thin-film region on the other is reached when the conductivity of 

the system is dependent on film thickness [15,40].  
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Figure 8. Ideal behavior of conducting polymer electrodeposition between two electrodes 

around the percolation threshold. Adapted from [15,40].  

2.6.1 Explosive percolation (EP) theory 

Explosive percolation is a variant of classical percolation, where there is a sharp percolation 

transition because of the delay in the emergence of spanning cluster. By allowing the system 

to form more smaller clusters than the larger ones, the formation of expansive component is 

prolonged. This phenomena in the formation of CPs were first reported by Robiños et. al 

wherein a polymerization in a stepwise continuous manner would promote EP growth [17,42]. 

2.7. Electronic nose (EN) System 

Electronic nose is a system that mimic mammalian olfactory system, consisting of odour 

handling and delivery system, sensor array, electronic hardware for signal acquisition and 

processing and pattern recognition and classification algorithms. 
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2.7.1. Gas handling and delivery set-up 

Main types of vapor handling are sample flow system and static system. Large number of 

samples can be analyzed in the flow system, wherein sensors are placed in a vapour flow 

which in turns allow rapid exchange of vapor. On the other hand, static system does not use 

vapor flow instead, it waits for a steady-state response of the sensor exposed to constant vapor 

concentration. Both set-ups are closed system [43].Most of the sample vapor are generated 

from evaporation of liquid samples. When there is a mixture of compounds in the sample, the 

partial pressure of the compound in the vapor (PA) is proportional to the product of mole 

fraction of the compound in the solution (XA) and the vapor pressure of the pure compound 

(𝑃𝐴
0) (see Equation 3). 

 

𝑃𝐴 = 𝑋𝐴 × 𝑃𝐴
0                                                Equation 3 

 

2.7.1.1. Bubbler 

An example of flow system is a bubler, wherein the vapor is created through bubbling, and 

carrier gas takes it away. Although a relatively easy method of obtaining vapor, liquid 

samples can be carried directly to the sensor due to heavy bubbling [27]. Bubbler set up is 

illustrated in Figure 9. 

 

Figure 9. An illustration of bubbler set-up, an example of a sample flow system. 
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2.7.1.2. Static system 

Steady-state response of a sensor to the vapor is being measured in a static system. In a closed 

chamber containing a volume of liquid sample is being evaporated and the vapour envelopes 

the sensor. The principle is illustrated in  

Figure 10. 

 
Figure 10.  Principle of static system for vapor delivery to chemiresistor. 

2.7.2. Sensor array 

A chemical sensor array is collection of sensing components that produce quantifiable outputs 

from chemical interactions of each component. Chemical sensors which is the core of an EN 

system can be, inorganic (metal oxides), organic and polymer materials (CP). Sensor array 

can be identical or dissimilar. Identical sensor array enhances the precision of the signal while 

dissimilar sensor array is needed for cross-verification [44].One important aspect of EN 

system is the number of sensors in the array, which is highly dependent on the sample 

composition. If the sample consist of a mixture of gases or if the gas concentration changes 

the large number sensors are desirable to minimize uncertainty. If samples are pure 

compounds the one or two sensors are enough [44].  
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2.7.3. Data acquisition and processing 

The feature extraction method is one of the important aspects of improving performance of 

EN systems because no matter what pattern recognition method is selected the sample 

distribution in the feature space has strong relation to recognition rate. The aim of feature 

selection is extracting maximum information with less redundancy, which can represent a 

fingerprint of the gas sample. Features can be extracted from original response curves, 

commonly from steady-state and transient responses (see Table 2) [45]. 

Table 2. List of commonly use feature extraction method from the original response curves of 

sensors [45]. 

Feature Description 

Maximum value 

 

a. Difference 

𝑋𝑖𝑗 = 𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛 

b. Relative difference 

𝑋𝑖𝑗 = 𝑅𝑚𝑎𝑥/𝑅𝑚𝑖𝑛 

Time of special responses Time where a special response appeared 

Area 
Area under the sensor response curve 

and time axis 

Derivative 𝐷′ =
𝑑𝑥

𝑑𝑇
 

Second derivative 𝐷′ =
𝑑2𝑥

𝑑𝑇2
 

 

2.7.4. Pattern recognition and classification (PARC) 

Multivariate data obtained from chemical sensor array can be processed through variety of 

techniques or algorithms. They are generally divided into supervised and unsupervised 

learning. In a supervised learning, odors are delivered to the EN and based on known 

descriptor of the odor and its feature it will be held in a knowledge base. The learnt 

relationship will be used to predict the membership of the unknown odors. Meanwhile 

unsupervised learning is  used to discriminate the odor and its features without the prior 

knowledge of its descriptor or class [43]. 
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2.7.4.1. Linear Discriminant analysis (LDA) 

LDA one of the most common supervised methods of learning, in which it reduces the 

dimensionality of the data set by defining new variables called the discriminant functions 

(DFs) and used other criteria to construct them as linear combinations of the original 

variables. LDA maximizes the distances between the centroids of classes (between-class 

variance) and minimizes the within-class variance. This method enhances the separation 

between classes of each samples [46].  
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3. Experimental Section 

3.1. Materials 

Platinum and Gold IDEs on glass substrate consisting of 180 pairs of 5 µm wide fingers and 5 

µm finger gaps (Micrux, Spain) as illustrated in Figure 11 were used. New IDEs were used for 

each experiment.  

 

Figure 11. An illustration of the IDE and gaps between each fingers. Dimension: 10x6x0.75 

mm. WE (Working electrode). Adapted from [48]. 

Used monomers were 3,4-ethylenedioxythiophene (EDOT, C6H6O2S, ≥97%, Sigma Aldrich) 

and aniline (C6H5NH2, 99%, Sigma Aldrich). The solvent was acetonitrile (MeCN, C2H3N 

anhydrous, 99.8%, Sigma Aldrich). Tetrabutylammonium perchlorate (TBAClO4, 

N(C4H9)4ClO4, ≥99.0%, Sigma Aldrich) was used. Ionic liquids: 1-butyl-3-methylimidazolium 

hexafluorophosphate (BMIMPF6, 99%) and 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMIMFSI 99%) were purchased from IOLITEC GmbH and 

were used as received. Additional chemicals includes ethylene glycol  (HOCH2CH2OH, 99 %, 

Fluka), sulfuric acid (H2SO4 ≥95%,), ammonia solution (NH3, 25%).  

3.2.  Electropolymerization 

Ivium CompactStat.h and Ivium-n-stat (Ivium Technology) were used as a 

potentiostat/galvanostat system. Ag/AgCl reference element was made by oxidation  Ag wire 

(1 d x 50 l mm) in 3 M KCl aqueous solution applying 20 mA for 10 min using Metrohm AG 

Coulometer Type 211. Ag/AgCl was used as a pseudo-reference electrode (RE). Platinum rod 

(3.1 d x 49.7 l mm) was used as the counter electrode (CE). The two pads of the IDEs were 
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connected via single alligator clips and served as a working electrode (WE). Glass cell was 

manufacture by Princeton Applied Research. 

Every electropolymerization was conducted in a 30 mL glass vessel with 15 mL of 

polymerization solution and with the custom-made PTFE lid. A nitrogen gas was used to purge 

the solvent from dissolved oxygen for 10 min for both acetonitrile and ionic liquids and then 

was used as gas blanket above the solution. Only the circular region of the IDEs was exposed 

to the solution as illustrated in Figure 12.  

 

Figure 12. The three-electrode set up used in the electropolymerization experiments. WE: IDE; 

RE: Ag/AgCl; CE: Platinum Rod.  

3.2.1. Preparation of polymerization solution 

3.2.1.1. PEDOT 

0.01 M EDOT monomer was prepared for the electrochemical synthesis of the conducting 

polymer. Solvents were either acetonitrile or ionic liquids (BMIMPF6 and EMIMFSI). For 

electropolymerization involving acetonitrile 0.1 M of TBAClO4 served as a supporting 

electrolyte and dopant. Ionic liquid served both as a solvent and as a dopant.  
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3.2.1.2. PANI 

0.05 M of monomer aniline was prepared in 0.5 M sulfuric acid (dopant) for 

electropolymerization of PANI.  

3.2.2. Determination of electropolymerization potential (EEP) 

Cyclic voltammograms were obtained to determine the oxidation potential (EEP) of the 

monomer and to monitor the electrochemical behavior of the system during oxidation and 

reduction process. A scan rate of 100 mV/s was applied from -1.0 to 1.5 V vs Ag/AgCl in the 

three-electrode system. A potential near the nucleation loop was chosen as EEP. 

3.2.3. Potenstiostatic polymerization 

After determination of the EEP, this DC potential was applied to the fresh IDE for 60 s and then 

IDE was taken out of the solution, rinsed with acetonitrile, and dried in the air. Resistance 

between pads was then measured by applying a DC potential of 1.0 V for 60 s to both pads. 

Following Ohm’s law, conductance was then determined. Conductance vs transient time graph 

was constructed to monitor the IDE is in insulating, percolation, and thin film regions. 

Additionally, cumulative charge needed to reach the thin film region was also determined. 

3.2.4. Galvanostatic polymerization 

The potentiostatic polymerization revealed the ideal cumulative charge needed to reach the 

percolation region. The charge was partitioned into five rounds so that after the 5th round the 

IDE should be in percolation region. Each round consisted of applying certain 

electropolymerization charge called QEP, taking out the IDE from the solution, rinsing with 

MeCN and drying it out in the air. 

3.2.5. Explosive percolation 

Method developed by Robinos et. al was employed and will in this document be referred to as 

as Explosive Percolation (EP) method [17]. It is described as stepwise discontinuous 

galvanostatic polymerization. 

3.2.6. Pulsed galvanostastic polymerization 

To improve the repeatability of the electropolymerization process while maintaining the 

stepwise discontinuous galvanostatic electropolymerization, a pulsed galvanostatic 

polymerization was applied. With IDE in the in the polymerization solution, a short pulsed of 
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QEP was applied and after that the system was set to an “Open cell” for certain period of time. 

After polymerization the IDEs were wash with acetonitrile and dried in air. 

3.2.7. In-situ conductance monitoring  

PEDOT was electropolymerized via chronoamperometry by applying voltage on P1 (if) while 

maintaining small voltage at P2 to measure the conductance between pads of IDEs as described 

by Castell et. al [18] and illustrated in section 2.3.4. After polymerization the IDEs were washed 

with acetonitrile and dried in the air. 

3.3. Effect of electrochemical p-doping 

Robiños et al. claimed that by applying a small oxidation potential to the polymer the 

performance of the sensor would increase. The claim was tested by comparing the sensor 

conductance and its response before and after the electrochemical conditioning. For both cases 

of PEDOT and PANI this was accomplished by applying 0.1 V between two pads of the IDE 

for 60 seconds in the monomer-less polymerization solution. 

3.4. Characterization of sensor 

Static odor handling set up (see Figure 13) was made by, puncturing a hole through a vial cap 

and putting the Micrux IDE cable connector which consist of two contact wires connected to 

the pads of IDE. A potentiostat in 2-cell configuration was connected to the cable leads to 

monitor the resistance of IDE. Varying concentration of model gas (ammonia) was made in 30-

ml vial by diluting concentrated ammonia (ca. 25 %) with ethylene glycol. Following Raoult’s 

law, the mole fraction of ammonia in the solution should be proportional to ammonia vapor 

partial pressure.  
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3.5. Electronic nose (EN) system 

A sketch and actual realization of gas chamber that was used for electronic nose experiments 

are presented in Figure 14 and Figure 15. The chamber was fabricated in Åbo Akademi 

workshop and made up of two circular steel plates, with 8 slots for IDEs on the bottom plate. 

An o-ring was sandwiched between plates to make it air-tight. On the upper plate there are air-

tight inlet and outlet to let the gas flow in and out of the chamber. The chamber was tightened 

with 8 screws.  

The eight IDEs were connected to eight Ivium potentiostat (Q91300, Q91301, Q91302, 

Q91303, D41224, D41225, B40511, b12705) in 2-cell configuration in which a 1.0 V potential 

was applied (see Figure 16) to monitor changes in resistance between pads of IDE. Syncing 

channels was enabled in IviumSoft software for simultaneous resistance monitoring. 

Figure 13. A custom-made static odor handling set up. 
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Figure 14. A diagram of flow-through gas chamber. Gas flows through an inlet and exits at an 

outlet in the process exposing the IDEs to the gas which is tightened by aluminum screws. 
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Figure 15. Arrangement of IDEs in the gas chamber 

 

Figure 16. Actual set-up of gas chamber showing how gas flows. 
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To generate solvent’s vapor, the 20 ml crimp vial was filled with 5 mL aliquot and sealed 

with crimp caps via crimper. The air pump (Claypower LP27-12) was to set 3.1 V to generate 

0.39 L/min flow of air. The air travel through the vial generating bubbles and transporting the 

vapor to the gas chamber. After exposing the IDE to the vapor for 30 s the system was purged 

for 180 s by replacing the vial with an empty one. Before any measurement of the next sample 

the system was purged again for 30 s. 

3.6. Feature extraction and classification algorithm  

Maximum value was obtained from raw data by taking the average resistance between 10-30 s 

(air, Ra) and dividing it by the average resistance between 50-70 s (sample, Rg) for sensors that 

behaved like n-type materials. For p-type sensors the numerator and denominator were 

reversed.   

The dataset containing solvent name and the maximum value of each sensor were given 

“SolventData” filename. Linear discrimant analysis algorithm was used to create a model to 

classify solvent samples. Matlab R2021b was used to perform LDA. 
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4.  Results and Discussion 

4.1. Potentiodynamic polymerization 

 

Figure 17. Potentiodynamic Polymerization EDOT in 0.01 M MeCN/0.1 M TBAClO4; RE: 

Ag/AgCl; WE: IDE; CE: Pt Rod, Scan rate: 0.1 V/s.  

A CV was performed from -1.0 V to +2.0 V and back to -1.0 V to determine the oxidation 

potential of EDOT in MeCN in the presence of TBAClO4. An increase of anodic current was 

observed at 1.1 V, which corresponds to the beginning of oxidation of EDOT followed by 

formation of an anodic peak at 1.3 V as illustrated in Figure 17. This phenomenon is consistent 

and close to the values reported by Melato et al. [49]. 

Four (4) subsequent scans showed a steady increase of current, as shown in Figure 17, which 

indicated growth of the polymer. 
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4.2. Potentiostatic polymerization 

Based on the CV results described in the previous paragraph a constant potential of 1.3 V was 

applied to the IDE for 1.0 seconds for five consecutive runs. After each run the IDE was washed 

with MeCN and dried. The conductance of IDE in the air was measured between pads of IDE. 

Alongside the cumulative charge was also monitored.  

 

Figure 18. Potentiostatic polymerization of IDE; applied voltage: 1.3 V; time: 1.0 second. 

Dashed line separates percolation region from thin film 

Potentiostatic polymerization with subsequent conductance monitoring reveals a sudden 

increase in conductance just after 2 cycles or seconds of applying constant potential. Just as 

described by percolation theory. Therefore we will refer to it as the percolation region. After 

the percolation region is the plateau of conductance which we will refer to as thin film region.  

As shown in Figure 18,  the percolation region starts after one to two cycles. However, the 

determined cumulative charge showed that the process is not so repeatable. Thin film region 

was reached between 787 µC to 1243 µC. This makes potentiostatic polymerization not an ideal 

way of producing percolation IDEs. Nevertheless, the provided information is an important 

parameter for producing percolation IDE as we will see later. 

 

 



Page 34 of 60 
 

   

 

4.3. Galvanostatic polymerization using EP Method 

One way of controlling the deposition of PEDOT is to control the amount of charge we apply 

to the system. In theory, this technique will be more reliable since a certain amount of charge  

also corresponds to a certain amount of monomer being oxidized or reduced. 

The percolation region could end as early as 787 µC. We wanted to stop before that point to be 

sure we are in the percolation region. Therefore, a charge of 500 µC was set as the target. If we 

wanted to deliver that cumulative charge in 10 cycles, then we needed to apply 10 µA of current 

for 5 s per each cycle. 

Consequently, each of the cycles involved applying 50 µC charge to the IDE in the 

electropolymerization solution, taking IDE out of the solution, washed it with MeCN and drying 

it in the air. Afterwards, conductance in the air was measured between pads of IDEs. This 

experiment was repeated several times for new IDEs and it is illustrated in Figure 19. 

A distinction between insulating, percolation and thin film region was finally realized through 

galvanostatic polymerization. IDEs started as a non-conducting material but upon deposition of 

PEDOT between electrodes of IDE there was a sudden increase in conductance. However, the 

repeatability of the procedure was far from being perfect. The percolation region does not 

appear at the same moment in the polymerization process. IDE “05.12 E1” for instance had 

become conductive starting at 100 µC while IDE “1.12 E2” becomes conductive at 200 µC. 

Moreover, some IDEs have a very early thin film region.  
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Figure 19. Percolation growth curve from stepwise galvanostatic polymerization of 0.01 M 

EDOT/0.1 M TBAClO4 in MeCN, WE: Pt IDE, RE: Ag/AgCl, CE: Pt Rod. Each curve was from 

different IDE while each point is measured conductance against air after each round.  

4.4. Pulsed galvanostatic polymerization 

Works of Robiños et al. demonstrated that stepwise discontinuous galvanostatic polymerization 

is crucial to the sensitivity of this conducting polymer based chemiresistor [17]. To simulate 

this stepwise process without taking out the IDE from the polymerization solution, the 

following process was employed. 10 µA of current was passed during 5 s followed by a rest 

period (0 µA) for 10 s. A five-fold repetition of this process resulted in a total of 250 µC charge 

delivered to the IDE. According to galvanostatic polymerization in Figure 19 this should lead 

us to the percolation region. Five sensors were made on the same day using pulsed galvanostatic 

polymerization and after that each initial conductance was tabulated in Table 3 and exposed to 

the model gas (NH3). 
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Figure 20. Chronopotentiogram of pulsed galvanostatic polymerization of 0.01 M EDOT/0.1 

M TBAClO4  in MeCN, WE: Pt-10 IDE, RE: Ag/AgCl, CE: Pt Rod. 

Table 3. Conductance of IDEs in the air after Pulsed Galvanostatic Polymerization. 

Irreversible- means no appreciable signal was obtained. LOD is expressed as the mole 

fraction of ammonia in the solution of ethylene glycol and conc. ammonia. 

 

 

 

 

Chronopotentiogram of pulsed galvanostatic polymerization (see Figure 20) shows a peak 

potential at 1.25 V which in agreement with the oxidation potential shown in previous CVs 

and subsequent decreased in potential was shown as less energy is needed to add monomer to 

the growing oligomer.  

The pulsed galvanostatic polymerization yielded IDEs with varying initial conductance (see 

Table 2) from 10-5 to 10-9 siemens even though all IDEs were manufactured on the same day 

and using the same polymerization conditions. However, based on Figure 19, all sensors 

manufactured in Table 3 fall under percolation region.  

 

IDE Initial Conductance, S Ammonia sensing 

Pt-10 7.80E-09 Reversible 

Pt-11 3.96E-05 Irreversible 

Pt-12 7.98E-07 Irreversible 

Pt-13 2.84E-05 Irreversible 

Pt-14 2.49E-08 Reversible 
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4.5.  n-type PEDOT 

 

Figure 21. Raw sensing response to increasing NH3 concentration of IDE: Pt-10. 

Manufactured sensors were expose to varying concentrations of ammonia, IDEs: Pt-10 and 

Pt-14 were the only sensors that had reversible response (see Table 3), other sensors where 

don’t have appreciable response towards ammonia.  

Reversible sensors (Pt-10 and Pt-14) showed interesting behavior, they behaved as n-type 

material that is, the resistance decreases upon exposure to reducing gases such as ammonia 

(see Figure 21). Although this behavior of PEDOT percolation has been previously reported 

by Robiños et. al, such gas mechanism was accounted for by electrochemical conditioning i.e 

applying a small voltage to the polymer after polymerization or p-doping. Pt-10 and Pt-14 

were able to exhibit reversible n-type behavior without electrochemical conditioning were 

able to exhibit reversible n-type behavior. 
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4.6. Linearity and LOD of n-type PEDOT 

Pt-10 was exposed to both high level (Figure 22) and low level (Figure 23) of ammonia 

concentration. High dynamic range was observed, with interestingly increased sensitivity as 

concentration of ammonia increases (Table 4). Data from low level ammonia concentration was 

used to determine the LOD of both Pt-10 and Pt-14. 

 

Figure 22. Calibration curve of response vs high ammonia concentration using static odor 

handling set-up. IDE: Pt-10 
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Figure 23. Calibration curve of response vs low ammonia concentration using static odor 

handling set-up. IDE: Pt-10 

A calibration curve for low level concentration of ammonia was also constructed for Pt-14 (see 

Figure 24). Pt-14 exhibited greater sensitivity (around three times) and higher LOD  towards 

ammonia compared to Pt-10 (see Table 4). This highlighted the non-repeatability of produced 

sensor not only in terms of initial conductance but also in terms of gas sensing performance. 
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Figure 24. Calibration curve of response vs low concentration of ammonia using static odor 

handling set-up. IDE: Pt-14 

Table 4. Sensitivity and LOD of n-type PEDOT sensor 

IDE 

Sensitivity, 

R/mole fraction NH3 

LOD, mole fraction NH3 

Pt-10 (High ) 1344 

2.8E-3 

Pt-10 (Low) 1098 

Pt-14 (Low) 3045 1.2E-3 
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4.7. Percolation growth curve in ionic liquid 

4.7.1. CV 

 

Figure 25.  Potentiodynamic polymerization 0.01M EDOT in BMIMPF6; RE: Ag/AgCl; WE: 

IDE; CE: Pt Rod, Scan rate: 0.1 V/s. 

A nucleation loop (1st scan in Figure 25) was observed during the first scan however, no 

increase in current was observed in the succeeding scans. It maybe accounted for high viscosity 

of BMIMPF6 (267 cP) compared to well know polymerization solvent like acetonitrile (0.38 

cP). According to Walsh et. Al, viscosity plays important role in mass transfer in iodide/triodide 

redox system of imidazolium-based ionic liquids and high viscosity of ionic liquid leads to slow 

rate of mass transfer in voltammetry [50]. In our case, the formation of nucleation loop after 

increasing the scan rate temporarily compensated the viscous BMIMFP6 however, subsequent 

scan resulted in mass transfer limited polymerization. Since EP method of polymerization 

involved stepwise discontinuous steps, diffusion related issues should not affect the 

polymerization of CPs. 
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Figure 26. Potentiodynamic polymerization 0.01M EDOT in EMIMFSI; RE: Ag/AgCl; WE: 

IDE; CE: Pt Rod, Scan rate: 0.1 V/s. 

Potentiodynamic polymerization of EDOT in EMIMFSI (see Figure 26) had similar profile 

however with higher current peaks and seemingly increasing oxidation potential per cycle. 
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4.7.2. Potentiostatic polymerization 

 

Figure 27. Potentiostatic polymerization of 0.01 M EDOT in EMIMFSI RE:Ag/AgCl; WE: IDE; 

CE: Pt Rod, EEP = 1.3 V for 1 s. 

Percolation growth curve of EDOT in EMIMFSI is presented in Figure 27, potential of 1.3 V 

as applied for 1 s and cummulative charge was determined. A total of 700 µC of charge was 

delivered to achieve thin-fim, the sensor produced was given an ID of Pt-62. 

4.7.3. EP polymerization 

Based on CV experiment (see Figure 25) the polymerization of EDOT in BMIMFP6 occurs 

within current of 20-60 µA, therefore 20 µA current was chosen to deliver charge (QEP=100 

µC) during 5 seconds. Each round consisted of delivering the QEP to the IDEs while in 

polymerization solution of 0.01M EDOT and BMIMFP6 under nitrogen blanket. After each 

round IDEs were taken out of solution washed with ethanol and dried in the air. Conductance 

in air vs amount of charge is presented in Figure 28.  
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Figure 28. Explosive Percolation curve of 0.01M EDOT in BMIMPF6; RE:Ag/AgCl; WE: IDE; 

CE: Pt Rod, I=20uA for 5s 

Performing explosive percolation method of EDOT in BMIMFP6 did not yield a steep 

percolation region (see Figure 28). Total charge of 1000 µC was needed to attain the thin-film 

region which is almost double compared to acetonitrile. Au-52 was made by delivering 400 

µC of charge, which was assumed to attain percolation region. 
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4.8. In-situ conductance measurement PEDOT in MeCN 

 

Figure 29. In-situ conductance monitoring during electropolymerization of 0.01 M EDOT in 

MeCN. P1: 1.0 V, P2: 0.06 V; RE: Ag/AgCl; WE: IDE; CE: Pt Rod. 

A set up described in section 2.3.4 was used to perform simultaneous conductance monitoring 

and electropolymerization. Potentiostat P1 was used to apply potential of 1.0 V which will 

induce the oxidation of monomer and eventual polymer growth on IDE. Potentiostat P2 was 

used to apply a potential difference of 0.06 V to measure the conductance between the pads of 

IDE. The resulting growth curve is presented in Figure 29.  Upon inspection of the growth 

curve, the technique is deemed not ready yet to monitor percolation curve because of its high 

initial conductance of 0.0224 S which, based on previous percolation curves should fall 

already under thin-film conductance.  This conductance is combination of several resistances 

and capacitance present in our set up such as solution resistance, resistance of polymer 

between the electrodes, charge transfer resistance between the polymer and the solution, 

interfacial capacitance between the polymer and solution and etc. [51].  At this initial high 

conductance therefore, we cannot assume that components other than polymer resistance 

between electrodes are negligible. Kankare and Kupila circumvented this problem through 
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their in-house set-up and use of ac conductimetry instead of dc, this can be studied in the 

future [51]. 

 PANI 

 

Figure 30. In-situ conductance monitoring during electropolymerization of 0.05 M Aniline in 

0.5 M H2SO4. P1: 0.56 V, P2: 0.06 V; RE: Ag/AgCl; WE: IDE; CE: Pt Rod. 

Previous potentiodynamic experiments were performed to determine the oxidation potential 

of aniline. It was determined to be 0.56 V and therefore the same potential was used in P1 

moreover 0.06 V was applied in P2 to monitor the change in resistance between pads of IDEs 

in section 0. The conductance during polymer is presented in Figure 30. After 200s of 

polymerization the IDE was taken out of the solution and dried in the air. A 0.1 V was applied 

for 1 minute to IDE while in the monomer-less polymerization solution. Based on method 

developed by Reemts et. al [52] the resulting polymer film should be a protonated emeraldine 

base form. Based on Figure 30, percolation region is probably at 50-100 seconds of 

electropolymerization, but further experiments are needed to confirm these. The sensor 

produced was given an ID Au-43. 
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4.9.  Conductance in air and gas sensor response 

 

Figure 31. Relationship between gas response vs initial conductance in air. Data is from 

PEDOT EP sensors without p-doping. 

In another effort to improve the reproducibility of the PEDOT EP sensors, several sensors were 

made using EP method and pulsed galvanostatic polymerization with varying amount of charge 

applied. The gas response to 0.005 mole fraction of ammonia in ethylene glycol were then 

assessed using the static odor handling set up. The concentration of ammonia used was close to 

the determined LOD in section 4.6. The gas response vs conductance in the air is presented in 

Figure 31. It was observed that the magnitude of gas response to ammonia varies inversely 

proportional to the initial conductance of PEDOT EP sensor, a finding which is consistent with 

study made by Castell et. al [16].  
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4.10. Thinner PEDOT pulsed galvanostatic sensor 

Due to findings in section 4.9, much lower charge was applied while prolonging the time 

when the current was off to achieve lower conductance and better oxidation of the polymer 

[28]. Current of 20 µA for 1 s and 180 s of open cell each cycle was chosen. After 3 cycles, 

total charge was 60 µC. The initial conductance in the air and their gas response upon 

exposure to 0.005 ammonia mole fraction in ethylene glycol are presented in Table 5. 

Moreover, the raw signal is presented in Figure 32.  

Table 5. Initial conductance and gas response to 0.005 mole fraction ammonia in ethylene 

glycol. Technique: Pulsed Galvanostatic polymerization; total charge 60 µC. 

 

Sensor ID Conductance in air, S Gas response, R 

S1 1.77E-10 304 

S2 3.21E-10 83 

S3 6.98E-10 47 

 

Figure 32. Raw gas sensor response of S1, S2 and S3 to 0.004 mole fraction of ammonia in 

ethylene glycol. 

The sensors S1, S2, S3 achieved significant improvement of gas sensor response compared to 

the Pt-10 and Pt-14, when comparing the performance at the same concentration (0.005 NH3 
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mole fraction, see Figure 23 and Figure 24). Moreover, the sensors maintained the n-type gas 

sensing mechanism (see Figure 32). 

4.11. Thinner PEDOT EP sensor 

To find out if the same findings can be observed in EP method of polymerization, a current of 

20 µA for 1 second was passed to IDEs. The polymerization was done twice, giving the total 

charge of 40 µC deposited to both Pt-21 and Pt-23. Their calibration curves were presented in 

Figure 33 and Figure 34.  The gas responses of Pt-21 and Pt-23 were much higher than Pt-10 

and Pt-14 (see Figure 23 and Figure 24). 

 

Figure 33. Pt-21 calibration curve. Highlighted point showed the gas response toward 0.005 

mole fraction ammonia in ethylene glycol. 
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Figure 34. Pt-23 calibration curve. Highlighted point showed the gas response toward 0.005 

mole fraction ammonia in ethylene glycol. 

4.12.  Development of sensor array  

To create a cross-reactive sensor array one can utilize the fact that applying different 

electropolymerization condition  such as oxidation potential, oxidant, dopant and monomer 

concentration can induce different morphology, conjugation length, conductivity and band gap 

and thus generating varying response toward number of analytes [28]. Sensors from previous 

experiments were used to create a sensor array and are tabulated in Table 6. 
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Table 6. List of sensors used to create a sensor array and its relevant information. 

ID 
Conducting 

Polymer 

Electrochemical 

polymerization 

technique 

Dopant 

Charge or 

potential 

applied 

Assumed thickness 

Au-43 PANI 

In-situ conductance 

monitoring during 

electro polymerization 

SO4
2− Section 4.8 Thin film 

S-26 PEDOT 
Pulsed galvanostatic 

polymerization 
ClO4

− 40 µC Percolation 

S-23 PEDOT EP method ClO4
− 

Section 

4.11 
Percolation 

Pt-62 PEDOT 
Potentiostatic 

polymerization 
TFSI- 

Section 

4.7.2 
Thin film 

S-33 PEDOT EP method TFSI- 40 µC Percolation 

S-8 PEDOT EP method ClO4
− 60 µC Percolation 

Au-52 PEDOT EP method [PF₆] ⁻ 
Section 

4.7.3 
Percolation 

S-10 PEDOT 
Pulsed Galvanostatic 

polymerization 
ClO4

− 20 µC Percolation 
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4.14. Sensitivity to different VOCs 

To see if the prepared sensors respond differently to VOCs, samples were prepared by 

dissolving aliquot of different solvents to achieve a 0.05 mole fraction in ethylene glycol for 

which the total volume was 5 mL. The solution was transferred to 30-mL vial and listed sensors 

in Table 6 were exposed according to set-up described in section 3.4. The results are presented 

in Figure 35. 

 

Figure 35. Gas response of sensors to ethylene glycol, ammonia, acetic acid, ethanol, toluene 

and xylene. Gas response of n-type sensors were multiplied by -1 to denote that the resistance 

decreases upon gas exposure to VOCs. 

Au-43 (PANI) which is known to respond to acid-base substances showed opposite sensing 

behavior towards ammonia and acetic acid. Except acetic acid, it behaved as p-type material 

upon exposure to VOCs. Pt-62, also a thin-film sensor, also showed p-type behavior to all 

VOCs. Optimized sensors S8, S23, S26, and S33 from which it was made using much lower 

charge showed greater sensitivity (high gas response) among other sensors. Percolation sensors 

(Au-52, Pt-62, S23, S26, S8 and S33) outperformed thin-film sensors (Au-43 and Pt-62) in 

terms of intensity of gas response. 

It was experimental error not to include S-10 in the measurement (see Table 6), however S-10 

is most likely to exhibit same mechanism as S-26. 
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4.13. Electronic nose (EN) 

Measurement order and randomization was done by assigning integer to the solvents and using 

the website https://www.random.org/integers/. Solvent class was assigned as MeCN, ACE, 

EtOH and NH3 accordingly. Each vials containing the solvent was measured only once. 

Recorded analysis time is 240 seconds, wherein 30 seconds consists of exposing the EN system 

to solvent and the rest of the time is purging the system. 

The dataset was partitioned into 70% training and 30% test set. Training set was then used to 

train the model, “mdl”. An error rate of 30 % was obtained by using the trained model “mdl” 

in predicting the solvents in the test set. The model is the also used to predict the solvents in the 

whole dataset and is presented in the confusion chart (see Figure 36) 

 

Figure 36. Confusion chart of solvent class vs the predicted solvent class by the model. 

4.14. Gas sensing mechanism of n-type PEDOT 

According to Robiños et.  al, p-doping resulted in even spreading of dopant in the polymer 

backbone resulted in undoped PEDOT which is then become n-doped upon deprotonation of 

PEDOT upon exposure to ammonia. However, based on results in section 4.5, 4.10 and 4.11 

we’ve seen that the sensors maintained the n-type mechanism even without p-doping. 

Moreover, there’s no ionizable proton in PEDOT backbone (see Figure 4) to be protonated. 

https://www.random.org/integers/
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Therefore, a new mechanism is proposed which is based on the formation of an overoxidized 

PEDOT.  

According to Castell et. Al, when PEDOT is exposed to strong oxidizing agent like NO2, the 

film undergoes next stage overoxidation, causing increase in resistance upon exposure to NO2 

a characteristic of a n-type material [53]. Exposure to electron donating substance like 

ammonia will therefore result in decrease in resistance. This proposed mechanism is 

supported by the fact that overoxidation increases the Fermi level in PEDOT: PSS and at 

working on potential 1.1-1.5 V promotes simultaneously polymer growth and overoxidation. 

During initial stages of pulsed galvanostatic polymerization (see Figure 20) the ratio of 

overoxidized to pristine PEDOT is high therefore the n-type mechanism (S8, S23, S26, and 

S33) prevails but as the polymerization continue the potential needed to sustain polymer 

growth decreases so as the prevalence of overoxidation therefore the p-type mechanism 

prevails (Pt-62, Figure 35). This however needs to confirm from infrared spectroscopy 

experiments.  
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5. Conclusion 

In this master’s thesis, a potentiostatic and galvanostatic polymerization using EP method 

revealed the underlying repeatability issue of working in the percolation regime. A pulsed 

galvanostatic polymerization was employed in order to address the problem. This method also 

rendered non-repeatable results however, Pt-10 and Pt-14 sensors that were made using this 

method showed n-type gas sensing mechanism without employing p-doping. Moreover, these 

sensors showed high linearity range, high sensitivity, and low detection limits.  

In search for a wider application of EP method, electropolymerization of PEDOT was 

investigated in ionic liquids. A percolation growth curve was successfully achieved in ionic 

liquids; however, mass transfer limiting polymerization was observed due to IL high viscosity. 

High initial conductance was realized during in-situ conductance monitoring during 

electropolymerization which makes it difficult to study the percolation region in both 

acetonitrile and ionic liquids. Nevertheless, it is successful in producing a thin-film PANI. 

Inverse correlation of initial conductance to the magnitude of gas response was observed which 

led to producing thinner percolation network sensors. These sensors achieved a higher gas 

response compared to Pt-10 and Pt-14, while maintaining the n-type gas sensing mechanism.  

Exposure to VOCs confirmed the acid-base gas sensing mechanism of PANI, n-type 

mechanism of EP method and pulsed galvanostatic method sensors while p-type mechanism 

for thin-film sensor. 

A new gas sensing mechanism was proposed for the n-type PEDOT sensor which is based on 

a ratio of overoxidized PEDOT to pristine PEDOT. 

Several sensors which have varying dopant, solvent, thickness, and mostly likely morphology 

due to varying electrochemical techniques employed were produced throughout the study. 

These sensors were used to create an electronic nose system which gave a 70% accuracy rate 

in predicting solvent class of acetonitrile, ethanol, methanol and ammonia. 
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7. Appendix 

The following code were used to classify solvent: 

 SolventData.Class = categorical(SolventData.Class);      

pt = cvpartition(SolventData.Class,"HoldOut",0.3); 

SolventTrain = SolventData(training(pt),:); 

SolventTest = SolventData(test(pt),:)  

mdl = fitcdiscr(SolventTrain,"Class"); 

errRate = loss(mdl,SolventTest); 

predLabel = predict(mdl,SolventData); 

confusionchart(SolventData.Class,predLabel) 
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