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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 

i f 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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 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). 
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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 (i f )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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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. 

 

 





Page 21 of 60 
 

   
 

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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2.7.4.1. 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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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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3.5. 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. 



Page 29 of 60 
 

   
 

 

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. 






























































