
ABSTRACT Resistive-based gas sensors built through the combination of semicon-
ducting metal oxides and conducting polymers (CPs) are widely used for the detection of 
diverse gaseous components. In light of the great potential of each of these compo-
nents, electrospun CPs produced by a facile electrospinning method can offer unique 
opportunities for the fabrication of sensitive gas sensors for diverse gaseous compounds 
due to their large surface area and favorable nanomorphologies. This review focuses on 
the progress achieved in gas sensing technology based on electrospun CPs. We offer 
numerous examples of CPs as gas sensors and discuss the parameters affecting their sen-
sitivity, selectivity, and sensing mechanism. This review paper is expected to offer useful 
insights into potential applications of CPs as gas sensing systems. 

KEY WORDS   Conductive polymer, Nanofibers, Electrospinning, Gas sensor, Sensing mecha-
nism

1. INTRODUCTION

To eliminate the ongoing environmental problems affecting our livelihood activi-
ties, gas sensors are regarded as effective tools to monitor and quantify air pollutants 
in ambient air and industrial effluetns in various application fields such as medical 
diagnosis, analytical laboratories, military applications, mines and indoor environ-
ments (Mirzaei et al., 2016; Korotcenkov, 2007; Yamazoe, 2005; Azad et al., 1992). 
The successful commercialization of gas sensors was possible after the pioneering 
works on metal oxide semiconductor (MOS)-based chemiresistive gas sensors in 
the 1960s (Seiyama et al., 1962; Taguchi, 1962). Today, MO-based chemiresistive 
gas sensors are highly popular due to their various advantages such as high sensitivi-
ty, simple fabrication, high stability, small size (portability), and low cost (Mirzaei et 
al., 2016; Wang et al., 2010; Korotcenkov, 2007; Yamazoe, 2005; Azad et al., 1992). 
In MO-based resistive sensors, the types and concentrations of gases affect the elec-
trical resistance of the sensor (Lin et al., 2017). Response to a target gas, selectivity, 
stability, sensing temperature, and response time/recovery time are very important 
features of a gas sensor (Baharuddin et al., 2019; Lin et al., 2017; Miller et al., 2014; 
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Wang et al., 2010). Among them, sensing temperature is 
a key parameter that controls the overall consumption of 
power for the operation of gas sensors. Unfortunately, as 
the sensing temperatures of most of resistive-based gas 
sensors are high (up to 450°C), it can increase in power 
consumption while shortening the sensor lifespan (Mill-
er et al., 2014). 

Conducting polymers (CPs) can be used for sensing 
studies to deal with the high sensing temperature of MO-
based gas sensors (Patil et al., 2012). These structures are 
the organic materials with intrinsic electrical conductivi-
ty (Gerard et al., 2002). In general, the presence of 
π-electron backbone is the main reason for their extraor-
dinary electrical properties, low ionization potential, low 
energy optical transitions, and high electron affinity. 
These unique characteristics of CPs have tremendous 
potential toward sensing applications for diverse gases. 
CPs have the ability to achieve good sensing characteris-
tics at low or room temperature and to tune their physi-
cal and chemical properties to improve the sensing prop-
erties (Fratoddi et al., 2015). Furthermore, they have 
other advantages such as low-temperature synthesis, high 
flexibility, the possibility of large-scale synthesis, and low 
costs ( Janata and Josowicz, 2003). In particular, CPs can 
be easily synthesized and their molecular chain structure 
can be easily improved by controlling synthesis parame-
ters (Talwar et al., 2014; Jung et al., 2008; Bartlett and 
Ling-Chung, 1989). These advantageous attributes have 
spurred interest in further study of CP-based chemiresis-
tive gas sensors. Accordingly, some CPs such as polyani-
line (PANI), polythiophene, polypyrrole (PPy) and their 
derivatives have been studied as gas sensing materials 
since the 1980s (Nylander et al., 1983). The sensing per-
formance of a gas sensor relies on its morphology, micro-
structure and size (Shimizu and Egashira, 1999; Yam-
azoe, 1991). Hence, synthesizing nano-scale based CPs 
for sensing applications would be beneficial for sensing 
studies. Among different nanostructures, one-dimen-
sional (1D) nanomaterials, such as nanowires, nanorods, 
nanotubes and nanofibers (NFs), are considered to be 
very interesting for sensing applications (Arafat et al., 
2012). The advantages of 1D nanomaterials are large sur-
face area, high charge carrier collection and transport in 
the axial orientation and the possibility of surface modifi-
cation (Chinnappan et al., 2017).

Among these 1D nanostructures, the electrospun NFs 
offer high surface area, which is suitable for the adsorp-
tion of target gases and allows rapid diffusion of gases 

species, thus increasing the sensor response (Chinnap-
pan et al., 2017). Furthermore, since the diameters of 
electrospun CP NFs are in the nanoscale range, they 
offer many interesting properties such as excellent flexi-
bility in surface functionality and better mechanical 
properties relative to their micro scale counterparts 

(Yanılmaz and Sarac, 2014). In addition to gas sensing 
applications, CPs NFs are promising candidates for 
many other practical applications (Kelly et al., 2013; 
Moon et al., 2013; Zhao et al., 2013; Sowmiya et al., 
2012; Bejbouji et al., 2010; Dhand et al., 2010; Huang et 
al., 2003). However, in this survey, we only focused on 
the gas sensing applications of electrospun CPs. Several 
reviews have already been published on CPs and their 
derivatives for gas sensing applications (Park et al., 2017; 
Pandey, 2016; Hangarter et al., 2013; Bai and Shi, 2007; 
Shirakawa et al., 1977). However, to the best of our 
knowledge, CPs synthesized by electrospinning method 
such as NF-based CPs have not been reviewed yet. Here-
in, we have focused on the CPs-based chemoresistive gas 
sensors. The major focus of this review is to cover the 
materials developed through electrospinning processes. 
However, in a few cases, we also covered CP-based mate-
rials prepared by other methods for comparison pur-
pose. In this review, we provided a general introduction 
about CPs (Section 2) and electrospinning process (Sec-
tion 3). In section 4, we have discussed the CPs-based 
gas sensors and their mechanism of gas sensing. In the 
last section, we drew a conclusion of the present work 
with future suggestions. 

2. CONDUCTIVE POLYMERS (CPS)

In the late 1970s, it was demonstrated that polymers 
having π-conjugated chains have excellent conductivity 
in partially reduced or oxidized states (Chiang et al., 
1978; Shirakawa et al., 1977). In 2000, CP research 
gained more attention after the Nobel Prize in Chemis-
try was given for work on CPs. CPs (or simply conjugat-
ed polymers) are a special class of polymers containing a 
sp2 structure with alternating п-bonds that allow delocal-
ized transport of charge carriers (Heeger, 2001). They 
have the advantages of excellent electronic properties, 
easy synthesis procedure, tunable properties, flexibility, 
and environmental stability. As shown in Fig. 1, the most 
important CPs include polyaniline (PANI), poly(3, 
4-ethylenedioxythiophene) (PEDOT), polyacetylene 
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(PA), polythiophene (PTh), polypyrrole (PPy), poly 

(phenylene vinylene) and poly (p-phenylene) (Heeger, 
2001).

One of the shortcomings of CPs is their low conduc-
tivity (<10-5 S cm-1). Hence, a doping process is neces-
sary to extract the electrons from the backbone of the 
CPs to increase their electrical conductivity. However, 
the protonation process is only applicable to polyaniline 

(PANI). CPs containing positive charges in its backbone 
are considered to be charge carriers, leading to conduct-
ing properties (1-105 S cm-1) (Le et al., 2017; Hangarter 
et al., 2013). Obviously, the resulting conductance is 
related to the concentration and type of dopants 

(Abdiryim et al., 2005; Kumar and Sharma, 1998; Chi-
ang et al., 1978). Most CPs, such as PPy and PANI, show 
p-type semiconducting behavior and are unstable in the 
un-doped state. The dopants can help maintain charge 
neutrality and also increase the conductivity (Miasik et 
al., 1986). The most widely used process for synthesis of 
CPs is oxidative polymerization of aromatic benzoids 

(aniline, phenylenevinylene, and diphenylamine) or het-
erocycles (thiophenes, pyrroles, azines) (Shirakawa et al., 
1977). Usually, the monomer is oxidized, and cation rad-
icals are formed. The oxidation can be tracked between 
two cation radicals by a dimerization reaction. Growth 
of the chain occurs via the connection of radical ions, as 
shown in Fig. 2 for pyrrole (Choudhary et al., 2014). The 
oxidation process could be performed either electro-
chemically (using anodic polarization on the electrode) 
or chemically (by adding oxidants). In electrochemical 
polymerization, the oxidation state can be controlled by 
the electrode potential, while the chemical route is better 
for preparing composites or large quantities of polymer 

(Choudhary et al., 2014).
A protonic acid as oxidant is needed to produce a lin-

ear polymer. The most commonly used oxidants are 

(NH4)2S2O8, (H2O2) and (Ce(SO4))2. Both organic 
media and aqueous media can be employed for the pro-
duction of linear polymers. Galvanostatic, potentiostatic, 
and potentiodynamic methods can be utilized in an elec-

Fig. 1. Structure of the most important CPs. Reproduced from (Heeger, 2001), copyright 2020.

Fig. 2. The scheme of pyrrole polymerization mechanism. Reproduced with permission from (Choudhary et al., 2014), copyright 2020.
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trochemical process. All methods have three-electrodes: 
a reference electrode, a counter electrode and a working 
electrode (Bai and Shi, 2007; Skotheim and Reynolds, 
2007). Some CPs such as poly (phenylene ethynylene), 
poly (phenylene vinylene) and their derivatives have 
been prepared via other chemical methods instead of 
oxidation polymerization ( Jung et al., 2000; Yang et al., 
1995; Gilch and Wheelwright, 1966).

Controlling the morphology and conductivity of CPs 
strongly depends on the synthesis procedure (Skotheim 
and Reynolds, 2007). In addition to polymerization and 
electrochemical techniques, chemical, plasma, photo-
chemical and enzymatic methods can be used to prepare 
polymer chains from the monomer precursors (Liu et al., 
1999; Chandler and Pletcher, 1986; Mohammadi et al., 
1986). However, the chemical synthesis method is the 
preferred method according to literature, followed by 
electrochemical polymerization. Conducting polymers 
synthesized using chemical methods require initial solu-
bilization of the polymers and then inkjet coating, drop 
casting or electrospinning techniques for fabrication 

(Rojas and Pinto, 2008; Kovtyukhova et al., 2002). 
However, CP NFs synthesized by electrospinning offer a 
high surface area, which is a big advantage for sensing 
studies. Therefore, we discuss the principles of the elec-
trospinning technique for preparation of CPs in the fol-
lowing section.

 

3. ELECTROSPINNING

The electrospinning process is a kind of electrospray 
process introduced by Formhals in 1934 (Formhals, 

1934). Electrospinning is an efficient process that can 
produce long polymeric NFs (NFs) (Long et al., 2011; 
Huang et al., 2006). The electrical, magnetic, as well as 
sensing properties of the resulting NF can be tuned by 
changing the diameter of synthesized NFs (Wong et al., 
2008; Cai and Martin, 1989). 

An electrospinning instrument consists of three major 
parts: a syringe equipped with a pump, a high-voltage 
system and an electrically grounded collector (Fig. 3) 

(Ramakrishna et al., 2006). During electrospinning, NFs 
are produced by applying an electric force to polymer 
solutions kept inside the syringe. The mechanism of fiber 
formation is due to ‘‘electrostatic attraction” of charges. 
The solution inside the syringe has a definite surface ten-
sion, which is charged by applying a high voltage acting 
at the tip of the needle. To collect the ejected NFs, the 
charged collector is placed at a given distance (~10-30 

cm) from the tip of the syringe. When a driving voltage 

(10-30 kV) is applied, the solution in the syringe is eject-
ed by overcoming surface tension and accelerates 
towards the collector plate, forming a cone-like structure. 
During this process, the solvent undergoes evaporation 
and the polymer stretches greatly, leading to the forma-
tion of a solid polymer fiber. The produced NFs accumu-
late on the collector plate and are then collected for fur-
ther use (Chinnappan et al., 2017; Subbiah et al., 2005). 

The fiber morphology is related to the features of envi-
ronmental conditions, the solution (system parameters) 
and process conditions (operational parameters) (Teo 
and Ramakrishna, 2006). Non-woven or uniaxially 
aligned NFs can be produced in three-dimensional NFs 
with a huge specific surface area and high porosity (Lim, 
2017). NF structures with desirable physico-chemical 

Fig. 3. Basic scheme for electrospinning process. Reproduced with permission from Ramakrishna et al. (2006).
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and electrical properties can be manufactured by electro-
spinning, and these structures can have an extraordinary 
effect on the sensing properties (Sun et al., 2003). More-
over, secondary structures of NFs can be controlled to 
synthesize NFs with core/shell structures (Starr and 
Andrew, 2013), NFs with hollow structures and NFs 
with porous structures (Bhardwaj and Kundu, 2010; Sun 
et al., 2003).

3. 1  Types of Electrospinning
Different types of electrospinning techniques and 

instruments are available. However, they differ in the 
type of collector and spinneret. Some of them use an 
electrode material as a spinneret, whereas some others 
are needleless (Afshari, 2016). Co-axial electrospinning, 
co-electrospinning ( Jiang et al., 2005a), multi-needle 
electrospinning (Tomaszewski and Szadkowski, 2005) 
and needleless electrospinning (Wang et al., 2009a) are 
the main types of electrospinning processes. Multi-nee-
dle and needleless electrospinning methods are used to 
improve the efficiency of the traditional electrospinning 
method. Co-axial electrospinning is utilized to prepare 
multi-layer and core-shell composite NFs structures with 
more functionality and better quality (Zhang et al., 
2004). In this technique, two discrete NF building 
blocks are provided via coaxial narrow channels and are 
synthesized into core-shell NFs (Lim, 2017). Co-electro-
spinning is also capable of producing single layer and 
bilayer NFs (Starr and Andrew, 2013). Multi-layer elec-
trospinning can also be utilized to prepare hierarchical 
NF morphologies (Kayaci et al., 2014; Li et al., 2014; 
Tran and Kalra, 2013).

3. 2  Operational Parameters
Structure, porosity, diameter, and surface area play 

important roles in the final features of the NFs, and for-
tunately they can be controlled during the electrospin-
ning process (Tan et al., 2005). The parameters involved 
in the electrospinning method should be carefully opti-
mized to synthesize NFs with better performance in gas 
sensors. We discuss electrospinning parameters in the 
following sections. More details can be found in Tan et 
al. (2005).

3. 2. 1  Solution Parameters

3. 2. 1. 1  Concentration of Solution
The optimum solution concentration should be used 

for the electrospinning process, otherwise beads are 
formed instead of fibers. A minimum solution concen-
tration for fiber formation is needed. At low solution 
concentrations, NFs contain beads, and the bead shapes 
vary from spherical to spindle-like as the solution con-
centration increases (Tan et al., 2005). The fabrication of 
continuous fibers at higher concentrations is forbidden 
due to the inability to maintain solution flow at the tip of 
the needle (Sukigara et al., 2003).

3. 2. 1. 2  Molecular Weight of CPs
The quantity of entanglements in the polymer chains 

is influenced by the polymer molecular weight, which 
changes the characteristics of NFs. Furthermore, it has a 
remarkable influence on the electrical and rheological 
features like surface tension, viscosity and conductivity 
of CPs (Haghi and Akbari, 2007). Polymers with differ-
ent molecular weights create fibers with different diame-
ters (Liu et al., 1999). Polymers with optimal molecular 
weights must be selected for producing continuous and 
smooth NFs (Tan et al., 2005).

3. 2. 1. 3  Viscosity of Solution
These factors greatly affect the morphology of the 

resulting NFs and should be optimized. If the solution 
viscosity is too low, electrospraying may occur. Higher 
viscosity solutions are very hard to force through the 
needle, resulting in unstable feed rate control of the solu-
tion at the tip (Patil et al., 2017; Sukigara et al., 2003).

3. 2. 1. 4  Surface Tension of Solution
Surface tension, which strongly depends on the sol-

vent composition, plays an essential role in the electros-
pinning synthesis of polymers. Various solvents have var-
ious surface tensions. NFs without beads can be made by 
decreasing the surface tension of the solution. A high 
surface tension makes the electrospinning method diffi-
cult due to the instability of jets and the production of 
sprayed droplets (Hohman et al., 2001). However, lower 
surface tensions help make the electrospinning method 
easier at a lower electric field (Haghi and Akbari, 2007).

3. 2. 1. 5  Solution Conductivity
Jet formation is highly depended on the charged ions 

in the polymer solution. The final conductivity of the 
solution depends on the solvent, polymer, and the avail-
ability of ionizable salts. Solutions with high conductivi-
ty are unstable in the vicinity of severe electric fields, 
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which results in wide diameter distributions. In contrast, 
a solution with a low conductivity cannot generate uni-
form fibers because the electrical force is cannot ade-
quately elongate the fibers (Haghi and Akbari, 2007; 
Hayati et al., 1987). Electrospun NFs can often be pre-
pared with ultra-small diameters from solutions with 
high electrical conductivities (Li and Wang, 2013; 
Huang et al., 2003; Fong et al., 1999).

3. 2. 2  Process Parameters

3. 2. 2. 1  Applied Voltage
The voltage is another key factor during the electros-

pinning of polymer NFs. Electrostatic interaction forces, 
due to the applied voltage, will result in the formation of 
a Taylor cone. When the electrostatic forces are larger 
than the surface tension force, the ejected Taylor cone is 
distorted (Kriegel et al., 2008). Electrostatic forces 
increase as the applied voltage increases, which will 
result in accelerating the polymer jet. Accordingly, the 
fiber is stretched, leading to a reduction in the NF diam-
eters (Kriegel et al., 2008; Buchko et al., 1999).

3. 2. 2. 2  Flow Rate
Overall, lower flow rates of the solution favor polariza-

tion of the polymer solution. The pore diameter and 
fiber diameter increase with increasing solution feed rate, 
and beads appeared on NFs. Flow rates that are too low 
can increase the overall time of the electrospinning pro-
cess (Thenmozhi et al., 2017; Chronakis, 2005).

3. 2. 2. 3  Types of Collectors
A conductive substrate is always used as a collector for 

collecting NFs. Aluminum foil is widely used for the fab-
rication of collectors due to its low cost, wide availability 
and ease of modification, which allows the collection of 
several NFs. Usually collectors in the form of rotating 
drums are used to create NFs with uniform thickness 
and excellent reproducibility (Patil et al., 2017). Other 
occasionally used collectors are conductive cloth, con-
ductive paper, pins (Sundaray et al., 2004), rotating disks 

(Xu et al., 2004), wire mesh (Wang et al., 2005), and par-
allel bars (Li et al., 2004).

3. 2. 2. 4  Tip to Collector Distance
One good method to control the morphology and 

diameter of NFs is to control the tip to collector distance. 
Generally, there is an optimal distance between the col-

lector and tip that improves the evaporation of NF solu-
tions and accordingly a minimum distance is needed for 
drying the fiber before it reaches the collector. When the 
distance is too short or too long, beads can be formed 

(Xu et al., 2004). Flatter fibers can be generated at closer 
distances, but rounder fibers form at longer distances 

(Chronakis, 2005).

3. 2. 3  Ambient Conditions

3. 2. 3. 1  Temperature and Humidity
During the electrospinning method, temperature and 

humidity also play an essential role in the final properties 
of synthesized NFs. As temperature increases, the final 
diameters of the NFs decrease because of increased 
evaporation of solvent, while the higher humidity will 
result in the formation of more pores on the surface of 
NFs (Pillay et al., 2013; Casper et al., 2004).

4.  CONDUCTIVE POLYMERS  
AS GAS SENSORS

4. 1  Sensor Configuration
In resistive-based gas sensors, the electrical resistance 

greatly depends on the ambient gases in terms of type 
and concentration (Mirzaei et al., 2016). Such gas sen-
sors are particularly suitable for detecting different gases 
and concentration variations (Neri and Donato, 1999). 
Fabrication of the sensor includes the deposition of a 
sensing layer (CPs) on an alumina, SiO2/Si or flexible 
substrate that has interdigitated electrodes (e.g., Au, Pt) 
for reading the sensor resistance. A heater is also used on 
the back side of the sensor to heat it to the desired sens-
ing temperature. 

The electrospun CP-based gas sensors discussed in 
this review can be used to detect many toxic, VOC, and 
flammable gases such as H2, NO2, CO2, triethylamine, 
methanol, and liquefied petroleum gas (LPG). In Table 
1, the main source of emission, hazardous effects, and 
the threshold limit value (TLV) of the most important 
gases are presented.

 
4. 2  General Sensing Mechanism

The sensing capabilities of CPs are due to interactions 
of the target gas with the CP sensing materials, which 
can result in changes in conductivity, the doping level 
and electron transport in the conjugated backbone. It has 
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been suggested that there are five possible interactions 
between the CP NF sensing layer and the target gas that 
can alter the conductance (Neri and Donato, 1999), as 
shown in Fig. 4. First, such a response may be caused by 
how the target gas affects the charge transfer between the 
electrode and CP. Second, this response may be due to 
direct creation or elimination of the charge carriers, e.g., 
via oxidation or reduction of the polymer chain. In par-
ticular, this interaction may be significant for NH3, 
although this seems less likely for weakly interacting 
organic vapors such as alcohols (Wetchakun et al., 2011; 
Gardner and Bartlett, 2000). Third, the charge carrier 
mobility in a polymer chain can be altered via interac-
tions between the mobile charge carriers and the target 

gas across the polymer chains. Fourth, the target gas can 
interact with counter ions (X-) in the sensing layer, thus 
altering the mobility of the charge carriers along the 
polymer chain. Counter ions with relatively low mobility 
are generally connected in the polymer chains. The tar-
get gas diffuses into the polymer film and acts as a sol-
vent for the counter ions, resulting in ionic conduction 

(Dixit et al., 2005). Finally, the target gas can modulate 
the resistance of a CP film by affecting the rate of inter-
chain hopping.

Electron transfer is the general sensing mechanism in 
CP-based gas sensors. Gases with an electron acceptor 
nature like NO2 can eliminate electrons from CPs. It is 
well-known that at low temperatures (<100°C), O2

- is 
the dominant chemisorbed oxygen type on the surfaces 
of most sensing materials. First, oxygen gas is adsorbed 
on the surface of the sensor and then (by taking of elec-
trons from the surfaces of the sensor), it becomes 
adsorbed in the form of a molecular ion: O2 + e → O2

-. 
By exposing CP-based gas sensors to a reducing target 
gas, the target gas molecules can react with the oxygen 
species and transfer electrons back to the conduction 
bands of the sensor. Such electrons transferred in the 
conduction band can be combined with holes from the 
valence band, thus leading to higher resistances and 
lower carrier concentrations for the CP gas sensors. In 
addition, the resistance decreases for oxidizing gases. 
However, a signal can appear in both cases. At room tem-
perature, this type of mechanism may contribute less to 
the sensor signal in CP-based gas sensors, as the concen-
tration of O2

- is generally very low at room temperature 

Table 1. A list of organic compounds detected by resistive CP-based gas sensors.

Gas Source of emission or application Toxicity/Hazardous effects TLV 

(ppm) Ref.

Methanol  

(CH3OH) Widely used as solvent
Nausea, blurred vision, headaches,  
eye irritation dizziness drowsiness, 
dermatitis and scaling.

200 
(ACGIH) Mirzaei et al., 2016

Triethylamine 

(C6H15N)

Widely used in catalysts, organic solvents, 
high energy fuels, preservatives, and 
bactericides

Explosive and flammable gas that  
irritates skin and causes asthma,  
visual disturbances, headaches 

1 
(ACGIH)

Xie et al., 2013; 
Song et al., 2017

LPG Widely used as a fuel in homes,  
vehicles and industries Highly flammable and explosive 100 

(OSHA) 
Patil et al., 2015; 
Yang et al., 2018

2-propanol  

(C3H8O) Widely used as industrial solvent
Mild irritation to the nose and eyes. 
Ingestion causes drowsiness,  
dizziness and nausea. 

400 
(ACGIH)

Kumar et al., 2014; 
Mirzaei et al., 2016

OSHA: The Occupational and Safety Health Administration; ACGIH: American Conference of Government Industrial Hygienists.

Fig. 4. Possible interaction sites for a target gas on a CPs sensing 
layer. Reproduced with permission from (Neri and Donato, 
1999), copyright 2020.
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(Densakulprasert et al., 2005).
Occasionally, a noble metal catalyst like Pd, Au, or Pt is 

added to the CP film, which allows for the detection of 
various less reactive gases (Shirsat et al., 2009). Noble 
metals can catalytically decompose and increase the 
adsorption of target gases via a spill over process. Fur-
thermore, since the work functions of noble metals and 
CPs are different, heterojunctions can form between a 
noble metal and a CP, which can change the resistance of 
the sensor by modulating the height of the potential bar-
rier formed in the presence of target gases. Hybrid com-
posites of CPs and n-type metal oxides show synergic 
interactions between the CPs and metal oxides, resulting 
in the generation of p-n junctions. For example, in a 
hybrid consisting of PPy (which is a p-type material) 
and WO3

 (which is an n-type material), the p-n junc-
tions formed in the PPy-WO3 p-n heterojunctions can 
enhance the depletion barrier height, resulting in chang-
es in the sensor response (Sun et al., 2017). Swelling is 
another mechanism present in CP-based gas sensors 

(Thenmozhi et al., 2017); as the gas molecules diffuse 
into the polymer chains, electron hopping becomes diffi-
cult because of the increased distance between polymer 
chains resulting from swelling. Swelling can disrupt con-
ductive pathways in the CP film and increase the sensor 
resistance when the desired gas is injected, thus enhanc-
ing the gas response of the sensor (Guernion et al., 
2002).

In the next sections, we analyze how the above gas sen-
sing mechanisms can explain the sensing behavior of CP-
based gas sensors. The sensing parameters (e.g., sensing 
range, sensitivity, DL, response time, and selectivity) of 
all the covered CPs-based sensors are shown in Table 2.

4. 3  Polyaniline (PANI)-based NF Gas Sensors
Among many CPs, PANI has been the most studied 

material due to its various characteristics such as revers-
ible doping, dedoping, tunable electrical conductivity, 
high environmental stability and easy preparation (Sen et 
al., 2016). PANI can be synthesized using the oxidizing 
polymerization of aniline from two structural units, i.e., a 
reduced (B-NH-B-NH) unit and an oxidized (B-N =  
Q = N-) unit, where B is denoted as a benzenoid and Q 
is denoted as a quinoid ring. 

PANI has the ability to undergo reversible doping 
under acidic (proton doping) or basic conditions. When 
PANI is doped with an acid, the imine nitrogen of the 
polymer backbone is protonated to induce charge carri-

ers. In this situation, the electrical conductivity of PANI 
increases (σ>1 S cm-1), and this doped form of PANI is 
known as an emeraldine oxidation state or emeraldine 
salt (Fig. 5). The un-doped polymer chain is known as 
an emeraldine base (σ<1 × 10-10 S cm-1) (Fratoddi et 
al., 2015; Huang et al., 2004).

Various nanostructures of PANI including NFs, nano-
tubes, and nanoparticles have been synthesized by 
numerous of methods (Kumar et al., 2017, 2016; Gu et 
al., 2014; Ayad et al., 2013; Long et al., 2011; Rahy and 
Yang, 2008). These morphologies have high exposed 
surface area (e.g., PANI NFs with 50 nm diameter have 
49.3 m2/g surface area), which can facilitate gas mole-
cules adsorption and greater penetration into the pores 

(Huang et al., 2004). Introducing a secondary compo-
nent to the primary PANI nanostructures further 
enhances its sensing properties due to the synergistic 
effect between both the components. Various materials 
such as metallic nanoparticles, metal-oxides, carbon-
based materials (CNT, Graphene), and polymers have 
been added to PANI to tune the sensitivity and selectivi-
ty properties (Park et al., 2017). In this section, we dis-
cuss gas sensors based on PANI NFs as a sensing layer in 
their pristine or composite form.

For the sensing of H2, PANI NFs were fabricated as a 
resistive sensor on Pt or Au electrodes (Fowler et al., 
2009). The responses (Rg/Ra) of the sensors with Pt and 
Au electrodes were 1.65 and 1.03, respectively. The rea-
son for the low sensor response on an Au electrode is the 
interaction between hydrogen and PANI NFs. The high 
response of the sensor on Pt electrodes is because of 
interactions with Pt at the PANI-Pt interface. Hydrogen 

Fig. 5. Repeat unit of the emeraldine oxidation state of polyani-
line in the un-doped base form (top) and the fully doped, acid 
form (bottom). Reproduced with permission from (Huang et al., 
2004) from Springer, copyright 2020.
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Table 2. Sensing parameters of different CPs-based sensors for the sensing of diverse gases.

S. 
No. Type of CP Analyte gas Sensing range Sensing mechanism DL Sensitivity Response time Selectivity Ref

PANI-based

1 PANI NFs H2 10 ppm Formation of hydride  
with the platinum

10 ppm 2.5%  
for 10 ppm H2

Fowler et al., 2009

2 CSA-doped  
PANI NF thin films

H2 0.1%-1% Doping-dedoping in PANI 1.03 for  
10000 ppm of H2

Virji et al., 2006

3 HCl-doped PANI H2 0.06%-1% Protonation of  PANI 1.11 for 1% H2 32 s Sadek et al., 2007
4 Dedoped PANI H2 0.06%-1% Protonation of  PANI 1.07 for 1% H2 28 s Sadek et al., 2007

SnO2/Polyaniline H2 1000 and 
2000 ppm

Interaction of H2 molecules  
with depletion region and  
act as a dielectric between  
the PANI and SnO2 border

4.5 for  
2000 ppm H2

3 s Sharma et al., 2015

5 Graphene/PANI H2 0.06%-1% Depletion of holes from  
the valence band of graphene  
and formation of  N-H bonds  
in PANI

16.57% for 1% H2 Al-Mashat et al., 2010

6 Pd-PANI-rGO H2 0.01-2 vol% Increase in resistance  
in presence of H2

0.01 vol% 25 for 1 vol% H2 20 s Selective over  
CH3OH, CO2, 
and H2S

Zou et al., 2016

7 PANI/Zinc-based  
zeolitic benzimidazolate 
 framework

H2 0.6-3.0 × 10-3 M Protonation and  
de-protonation in PANI

5.27 μM 11.9 μA mM H2 4 s Mashao et al., 2019

8 PANI/TiO2 NFs CO2 1000 ppm p-n junction based reduction  
in activation energy for CO2 

Not provided 80 s Not tested Nimkar et al., 2015

9 CLBC-AmG/PANI CO2 50 to 2000 ppm p-n junction based ~26.55 ppm 20 s Selective in  
presence of 550 ppm  
NH3, H2, and CO

Abdali et al., 2019

10 PANI/PLFO CO2 5000-20000 ppm Protonation and  
de-protonation

44.9 for  
20000 ppm CO2

101.37 s Hashemi Karouei 
and Milani  
Moghaddam, 2019

11 PANI/PEO LPG 1000 ppm Transfer of electrons  
from PANI to LPG

Not provided 7.33% 110 s Not tested Patil et al., 2015

12 PANI/ZnO/PEO LPG 1000 ppm Transfer of electrons  
from PANI to LPG

Not provided 8.73% 100 s Not tested Patil et al., 2015

PPy-based

1 PAN/Tos-PPy CH3OH 0.7-6.5% Dedoping reaction between  
methanol and Tos-PPy

7.5% for  
3.4% methanol

20 s Jun et al., 2013

2 PPy/PVA CH3OH 49-1059 ppm Donation of electron  
from alcohol to p-type PPy

2.6% for 49 ppm 304 s Jiang et al., 2005b

3 PPy/PVA Ethanol 100 ppm Formation of   
N-H partial bond

72% for  
100 ppm ethanol

42 s Selective over  
100 ppm of  
ammonia, toluene,  
chloroform, and  
acetone vapors

Das and Sarkar, 2018
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Table 2. Sensing parameters of different CPs-based sensors for the sensing of diverse gases.

S. 
No. Type of CP Analyte gas Sensing range Sensing mechanism DL Sensitivity Response time Selectivity Ref

4 Ag NPs deposited  
rod-like PPy

Acetone 195-580 ppm Doping-dedoping in PPy 25 ppm 280 s Selective over  
propanol, water, and  
formaldehyde 

Adhikari et al., 2020

5 PPy H2 1.12 for  
10000 ppm H2 gas

Al-Mashat et al., 2008

6 Pd nanoparticles  
modified PPy films

H2 100 to 5000 ppm Catalytic properties of  
Pd nanoparticles and  
increase in the number of  
delocalized charge carriers  
on PPy

42 for  
20 ppm H2 gas

6.5 s Selective over  
20 ppm of NH3,  
200 ppm of CO,  
and 5 ppm NO2 gas

Su and Liao, 2016

PEDOT-based

1 PEDOT-PSSA Methanol,  
ethanol,  
propanol,  
NH3, HCl,  
and NO2 gas

1.28 × 105 ppm  
for methanol,  
6 × 104 ppm  
for ethanol,  
1.3 × 104 ppm  
for 2-propanol, 
1.5 × 105 ppm  
for NH3,  
2.47 × 105 ppm  
for HCl,  
and 1 × 103 ppm  
for NO2

Polymer swelling  
for methanol, ethanol,  
and 2-propanol 
De-dpoing/doping for  
NH3, HCl, and NO2

Not provided 8 s for methanol,
10 s for ethanol,  
20 s for 2-propanol,  
13 s for NH3,  
95 s for HCl,  
and 120 s for NO2

Not tested Pinto et al., 2011

2 Ti3C2Tx/PEDOT/PSS CH3OH 180-500 ppm Donation of electron by  
analyte gas to sensing 
material

1.6 for 500 ppm 
CH3OH

Selective over  
acetone and ethanol

Wang et al., 2019

3 PEDOT NO2 10-100 ppm Oxidation of PEDOT  
by NO2 gas

22% for  
100 ppm NO2

60 min Selective over  
100 ppm of NH3,  
H2S and SO2

Dunst et al., 2017

4 PEDOT-PSS/TiO2 Oxidized NO 10-130 ppb Reduction in the  
depletion region of  
p-n junction

1 ppb 2.9±0.1 × 103 ppb−1 5-17 min In presence of H2O,  
CO2, and O2

Zampetti et al., 2013

5 WO3-PEDOT : PSS NO2 50-200 ppb Interaction of NO2 gas  
with the p-n junction

30 ppb ~1.2 for 
 50 ppb NO2 

45.1 s Selective over  
NH3, H2, 
ethanol, methanol,  
and acetone

Lin et al., 2015

6 PEDOT-graphene NO2 5-100 ppm Increase in number of charge  
carriers in rGO and PEDOT  
due to NO2 interaction

3 min Displayed much  
higher response 
 in comparison to  
100 ppm of NH3,  
H2S and SO2

Dunst et al., 2016

Table 2. Continued.
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helps to form a Schottky barrier between Pt and PANI 
via a variation in the work function as Pt was changed to 
Pt hydride. The formation of a hydride between the 
PANI NF layer and the platinum electrode resulted in 
non-ohmic behavior in the Pt-PANI NFs upon exposure 
to a H2 environment. Pt is introduced to make a plati-
num hydride in contact with H2 gas.

The mechanism of hydride formation is shown in Fig. 
6. The sensor includes a porous mesh of PANI NFs on 
Pt electrodes (Fig. 6a). When this sensor is in contact 
with H2, the gas passes through PANI and reaches the Pt 
surfaces (Fig. 6b-d). However, some of the hydrogen can 
also react with PANI before reaching the Pt. Platinum 
hydride (PdHx) is produced at the interface of the PANI 
NFs and the platinum metal. When the PANI NFs mesh 
is exposed to oxygen, it reacts with the PdHx surface. 
Water and Pt metal form due to the elimination of 
hydride. Because the work function for PANI NFs is 
between the work functions for Pt and PdHx, H2 results 
in the formation of a Schottky barrier, which is the main 
reason for the sensitivity of the Pt-PANI NFs gas sensor. 
The hydrogen exposure results in large changes in the 
work function of the Pt contact. Metal hydride cannot 
form on Au electrodes, and ohmic contacts with the 
PANI NFs are formed, and only the interaction between 
PANI NFs and H2 are observed. The small change in 
resistance is due to binding between H2 and PANI NFs. 
In fact, platinum hydride forms via the Pt-PANI NF-
hydrogen interactions, and Pt hydride formation is the 
main reason for the improved sensor response. 

In another work, camphorsulfonic acid (CSA) doped 
PANI NF thin films were utilized for sensing of hydro-
gen (Virji et al., 2006). The resistance change of PANI 
NFs was greater than conventional PANI due to their 
porous structure backbone that leads to enhanced diffu-
sion of gas into the film. Hydrogen gas sensing studies 
showed that the response (Ra/Rg) of the gas sensor was 
1.03 for 10000 ppm H2 gas. Fig. 7 shows a gas sensing 
mechanism for the interaction of H2 with PANI. H2 
interacts with doped PANI at the charged amine nitro-
gen sites. Formation of new N-H bonds to the amine 
nitrogen of the PANI chains lead to dissociation of H2 
bonds. This reaction is quite reversible because charge 
transfer among adjoining amine nitrogen groups 
brought the PANI back to its doped, polaronic, emeral-
dine salt state free of H2. This mechanism just occurs in 
the emeraldine salt form of PANI.

The PANI base emeraldine form is electrically insulat-

ing. Thus, there is no transfer of charge among the nitro-
gen units on the PANI chain, hindering the interactions 
between H2 and the polymer. In other words, the 
response of dedoped PANI towards hydrogen is negligi-
ble since hydrogen cannot dissociate to interact with the 
dedoped PANI. The presence of water can also signifi-
cantly decrease the response of a sensor for hydrogen. 
Since water molecules have a high affinity to bond with 
the nitrogen atoms of PANI, the available sites for 
adsorption of hydrogen decrease, resulting in a low 
response of sensors to hydrogen. The doping and dedop-
ing in PANI is the crucial for the sensing of H2. In a 
report on conductometric H2 sensor, it was observed 

Fig. 6. Interaction of PANI-coated platinum-based sensor with 
the H2 gas. (a) Sensor structure and (b-d) interaction of hydrogen 
and oxygen on the surface of sensor. (e) Work functions of Pt, Au, 
PtHx. Reprinted with permission from (Fowler et al., 2009). 
Copyright (2020) American Chemical Society.

(a)

(b)

(c)

(d)

(e)
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that the doped form of PANI displayed higher sensitivity 
in comparison to the dedoped PANI. Nonetheless, the 
dedoped PANI-based H2 sensor outperformed doped 
PANI in terms of repeatability and baseline stability 

(Sadek et al., 2007). The composite forms of PANI are 
also found excellent in improving the H2 sensing capabil-
ities of PANI. In particular, the composites of PANI with 
graphene-materials (e.g., reduced graphene oxide; rGO), 
metal organic frameworks (MOFs), and SnO2 displayed 
good performance for the sensing of H2 gas (Mashao et 
al., 2019; Zou et al., 2016; Sharma et al., 2015; Al-Mashat 
et al., 2010). The performance of these sensors can be 
accessed from Table 2.

The conductivity of PANI composites may increase by 
including metallic particles or acidic or oxidative doping 

(Ayad and Zaki, 2008). The selectivity of PANI gas sen-
sors may increase by adding different kinds of dopants 
like protonic acids (Samui et al., 2001), surfactants (Ste-

jskal et al., 2003) and metals (Wong et al., 2019). Mixing 
PANI with nanosized metal oxides can increase the 
selectivity and sensitivity of the CPs. The sensors 
worked at ambient temperature, and the selectivity to 
different gases could be improved by increasing the con-
centration of nanosized metal oxides. Nimkar et al. 

(2015) prepared TiO2 incorporated PANI NFs using the 
electrospinning technique. The NFs of the PANI/TiO2 
nanocomposite showed a good response (Rg/Ra) of 
~2.68 towards 0.1% CO2 gas at 48°C. Also, the response 
time of the PANI/TiO2 NFs film for 0.1% CO2 gas was 
~80 s. When PANI/TiO2 NFs films were exposed to 
CO2 gas, the gas penetrated into the PANI matrix, and 
the improved sensitivity of this sensor was related to the 
formation of a positively charged depletion layer. Elec-
tron transfer from TiO2 to PANI occurs at the hetero-
junction. As a result, the activation energy and enthalpy 
of physisorbed CO2 gas decreased. The excellent revers-
ibility and the short response time of the PANI/TiO2 
NFs layer is due to the surface morphologies of NFs. 
Specifically, the gas can diffuse in a NF structure more 
easily, resulting in large exposure regions and high pene-
tration depths for gas molecules. As shown in Table 2, 
the composites of PANI with other potential structures, 
e.g., cross-linked bacterial cellulose-amino graphene 

(CLBC-AmG) and LaFeO3 microsphere (PLFO) are 
also efficient for the sensing of CO2

 (Abdali et al., 2019; 
Hashemi Karouei and Milani Moghaddam, 2019).

Hybridization of CPs and metal oxides can enhance 
the features of the resulting gas sensor, and newly fabri-
cated materials demonstrate the synergistic results of 
these two materials. In an interesting study, electrospun 
D-camphor-10-sulphonic acid (CSA) doped PANI/
polyethylene oxide (PANI/PEO) and PANI/ZnO/PEO 
NFs were synthesized (Patil et al., 2015). A sol-gel meth-
od was employed for the synthesis of ZnO NPs. PANI 

(in the form of emeraldine base) and PANI/ZnO were 
prepared by chemical oxidative polymerization with 
CSA to improve conductivity and solubility. These were 
mixed with PEO solutions to obtain NFs by the electros-
pinning method. The LPG sensing capabilities of the 
sensors were tested at 30-90°C, and the optimal sensing 
temperature was 36°C, which is a safe temperature for 
LPG detection due to the explosive nature of  LPG gas. 
The LPG gas sensing results showed that PANI/ZnO/
PEO sensors had a higher response to LPG relative to 
PANI/PEO sensors. In particular, the responses (Rg/Ra) 
to 1000 ppm LPG were 1.087 and 1.073 for the PANI/

Fig. 7. Possible mechanism for hydrogen interaction with doped 
PANI, where A represents the counteranion. Reprinted with per-
mission from (Virji et al., 2006), copyright (2020) American 
Chemical Society.
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ZnO/PEO and PANI/PEO gas sensors, respectively. 
CPs are often doped/undoped by redox reactions. Thus, 
transferring electrons can change the doping level and 
alter the resistance and work function of the CPs. The 
transfer of electrons happens when PANI and PANI/
ZnO composite NFs were in contact with LPG gas. Elec-
tron acceptors remove electrons from PANI, resulting in 
an increased doping level and electrical conductivity in 
p-type CPs. In contrast, when an electro-donating gas 
such as LPG is used, the doping level of PANI decreases, 
thus changing the resistance of the sensor. Also, in 
PANI/ZnO/PEO NFs, p-n heterojunctions lead to addi-
tional resistance modulation, resulting in enhanced gas 
sensing. The other mechanism is the alteration of physi-
cal properties of the polymers such as crystallinity and 
morphology, which alter the electrical resistance via an 
increase in electron transfer. In such a case, the sensitivi-
ty of the sensor in the presence of LPG is related to 
adsorption on a polymer surface via diffusion to inner-
domain spaces.

4. 4  Polypyrrole (PPy)-based NF Gas Sensors
After PANI CPs, polypyrrole (PPy) is highly popular 

due to its easy synthesis via chemical or electrochemical 
oxidation polymerization, high electrical conductivity 
and high stability. The material and sensing properties of 
PPy can be enhanced by combining it with additional 
inorganic or organic components. Usually a doped PPy 
behaves like a p-type semiconductor, where a change in 
conductivity occurs through interactions with a target 
gas ( Joshi et al., 2011; Kim and Yoo, 2011; Yoon et al., 
2006; Penza et al., 1997). Lots of PPy composite materi-
als have been reported for gas sensing applications for a 
wide range of gases or vapors such as NO2, H2S, water, 
and VOCs (Su and Shiu, 2011; Geng, 2010; Wang et al., 
2009b; Han and Shi, 2007; Geng et al., 2006; Tandon et 
al., 2006; An et al., 2004; Bhat et al., 2003). 

A highly porous core-shell polyacrylonitrile-(Tos 
doped) PAN-PPy NF mat was fabricated as a methanol 
sensor through electrospinning and two-step vapor-
phase polymerization ( Jun et al., 2013). The results dem-
onstrated that very thin (~10 nm) conductive PPy shell 
layers were deposited on electrospun PAN NFs with a 
median diameter of 258 nm. The PAN-PPy gas sensor 
revealed a response (Rg/Ra) of 1.4 to 10000 ppm metha-
nol at room temperature. The resistance increase upon 
exposure to methanol was explained by the electron 
donating character of the CH3OH gas and the p-type 

semiconducting nature of PPy. The interactions between 
Tos-doped PPy and CH3OH might be described by the 
redox (dedoping) reaction: PPy+/Tos-+ CH3OH (δ-) 

↔ [PPy-CH3OH (δ-)]+/Tos-. Likewise, PPy-based 
materials (e.g., poly (vinyl alcohol) (PVA), silver nano-
particle (Ag NPs), and plastic optical fiber (POF)) are 
also an effective option to sense other oxygen-containing 
VOCs, e.g., ethanol and acetone (Table 2) (Adhikari et 
al., 2020; Liu et al., 2020; Das and Sarkar, 2018; Jiang et 
al., 2005b).

The transfer of electrons from electron-donating 
CH3OH to the positively-charged PPy backbone led to 
the formation of neutral polymer chains, resulting in a 
reduction in the hole carrier density (i.e., a resistance 
increase). In another study (Al-Mashat et al., 2008), PPy 
NFs were prepared through a simple chemical method 
for the detection of hydrogen at different temperatures. 
The preparation of PPy NFs was completed using bipyr-
role to accelerate the polymerization of pyrrole with iron 
chloride as the oxidizing agent. The effects of tempera-
ture (up to 100°C) on the H2 sensing properties were 
studied. At higher working temperatures (>70°C), the 
response was low (Ra/Rg = 1.07 for 10000 ppm H2 at 
75°C) because a lot of carriers with high energy moved 
freely in the polymer chain, preventing the polymer from 
exhibiting its inherent redox reaction behavior. In addi-
tion, the nanostructured PPy film was smoother at high 
temperatures and included a dense NF morphology that 
had less porosity relative to the film at lower tempera-
tures, which led to improved conductivity due to 
enhanced charge carrier hopping between localized 
states in the polymer chains. The high conductivity of 
the nanostructured PPy layer decreased the response at 
high temperatures because the gas molecules could not 
deeply penetrate into the bulk of the sensor. Accordingly, 
the sensor showed its maximum response (Ra/Rg = 1.12 
to 10000 ppm H2 gas) at ambient temperature. A dyna-
mic response was produced because of the interactions 
between the adsorbed hydrogen gas molecules and the 
polymer film. This interaction led to a heterogeneous 
charge transfer reaction, and chemical modulation of the 
polymer doping level, which depends on the Fermi level 
of the sensing film. This can cause a shift in the work 
function or electrical conductivity of the organic film. In 
terms of the work function, the polarity of the response 
relates to the ability of the diffusing gas to shift charge 
density with the polymer matrix by reduction or oxida-
tion reactions. Hydrogen behaves as a reducing gas, so 
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the PPy NFs resistance decreased when in contact with 
H2 gas. However, the large variation in its electrical resis-
tance is due to the redox reaction of PPy. The modifica-
tion of PPy with Pt and Pd nanoparticles have also been 
tested for the sensing of H2 gas (Su and Liao, 2016). Out 
of both types of sensors, the sensor developed using Pd 
nanoparticles modified with PPy exhibited superior 
sensing characteristics. Such modification led to the for-
mation of more catalytically active sites for the H2 gas 
molecules. The performances of PPy-based H2 gas sen-
sors are displayed in Table 2. 

4. 5  PEDOT based NF Gas Sensor
Electrospun NFs of poly(3,4-ethylenedioxythiophene) 

doped with (polystyrene sulfonic acid)-PEDOT-PSSA 
were synthesized to sense methanol, ethanol, and 2-pro-
panol vapors (Pinto et al., 2011). Due to the large surface 
to volume ratio, the sensors had higher sensitivity and 
faster response times compared to other PEDOT-based 
alcohol sensors. The sensing mechanisms were related to 
polymer swelling that increased the inter-chain distance, 
which reduced the hopping rate. The response times for 
sensing of methanol, ethanol and 2-propanol were 8, 10 
and 20 s, respectively, which are relatively fast for room 
temperature sensors. Zampetti et al. (2013) prepared 
PEDOT-PSS/TiO2 NFs for NO2 gas sensing (Fig. 8). 
The sensor detected 20 ppb NO2 in the presence of 40 
RH% at room temperature with a response (Ig/Ia, where 
Ia and Ig are the electrical current of the sensor in the 
presence of air (reference current) and NO2 gas, respec-
tively) of 1.045. The sensing mechanism was mainly 

related to the change in electrical resistance of the sensor 
at the interface between CP and TiO2, where the NO2 
gas is able to easily alter the resistance of the formed p-n 
heterojunction. Some other PEDOT-based hybrid struc-
tures (e.g., Ti3C2Tx/PEDOT : PSS) are also explored for 
the sensing of methanol (Wang et al., 2019).

The same group used electrospinning to fabricate sens-
ing materials via a TiO2 NF scaffold to support a CP 

(PEDOT: PSS), which resulted in a sensitive membrane 

(Zampetti et al., 2013). It showed a response (Ig/Ia) of 
0.5 ppm NO2 gas at ambient temperature. In the pres-
ence of 8 RH% it was 1.25. This outcome is related to the 
competitive nature of absorption/desorption between 
H2O vapor and NO2 gas, which decreased the available 
adsorption sites needed for effective adsorption of NO2 
gas. The other PEDOT-based materials (e.g., WO3-
PEDOT/PSS and PEDOT-graphene) have also tested 
successfully for the fabrication of NO2 gas sensors 

(Dunst et al., 2017, 2016; Lin et al., 2015). 

5. CONCLUSIONS AND OUTLOOK

Recently, CPs have received much attention for the 
realization of resistive gas sensors working at low or 
room temperatures. We discussed the gas sensing perfor-
mance of electrospun CPs. Electrospun CPs having a 
high surface area can offer many adsorption sites for 
effective adsorption of gases. Consequently, they can 
offer much higher sensitivity to toxic gases compared 
with thin film sensors. However, because of the room-

a b

Fig. 8. Scanning electron microscopic images of (a) TiO2 electrospun fibrous on IDE and (b) PEDOT-PSS coated TiO2 fibers. E and g in 
Figure A represents electrode and gap between electrodes, respectively. Reprinted with permission from Zampetti et al.(2013).
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temperature or low-temperature working temperature, 
the response and recovery times of CP-based gas sensors 
are generally longer than that of metal oxide-based gas 
sensors. So, most researchers have explored composites 
of CPs with metal oxides to enhance the resulting gas 
sensing properties. 

Among different CPs, most studies have focused on 
the sensing characteristics of PANI, PPy and PEDOT. 
This is due to their advantages like low price, high stabili-
ty and high conductivity. However, most PANI-based 
sensors suffer from resistance drift and poor recovery 
time. Flexible CP-based gas sensors would be promising 
for future gas sensing technologies. With further advan-
ce ments in synthesis procedures and discovery of novel 
CPs, electrospun CP NFs will become some of the most 
promising candidates for realizing different kinds of gas 
sensors. However, the major challenge for electrospin-
ning process is its complexity. A complex set-up is requi-
red to generate electrospun NFs. Moreover, high power 
requirement for the generation of NFs is another factor 
which make electrospinning process more complex. 

The electrospun CPs-based gas sensors should be test-
ed on diverse environmental conditions before final 
implementation. Moreover, by considering the high 
potential of CPs, CP-based sensors should also be tested 
for the possible expansion of their applicabilities to cover 
other types of analytes, e.g., semi-VOCs and aerosols. 
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