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ABSTRACT 

 

Nanofibers of conductive polymer-Polypyrrole (PPY) of size 250nm showing 

conductivity in the range of ~10-3 S/m and potential adsorption of carbon dioxide 

concentration up to 5000 ppm are produced using electrospinning process. Stable, 

doped polymer dispersion of PPY with a small amount of Polyethylene Oxide (PEO) 

as a carrier are used for electrospinning. All electrospinning parameters are optimized, 

and rheological behavior of the polymer solution analyzed for the collection of highly 

conductive and sensitive PPY nanofibers. The high surface area of PPY nanofibers are 

preferred for carbon dioxide sensitivity. SEM, FTIR, Four Point Probe resistivity 

measurement are used to characterize the nanofibers. Laboratory set-up is built to 

measure the sensitivity to carbon dioxide. Resistivity change of PPY nanofibers with 

change in carbon dioxide concentration is measured. PPY being a conducting polymer 

holds potential to be used in gas sensing and electronic applications in nanofiber form. 

This research addresses the challenges of electrospinning PPY and the need for 

enhanced carbon dioxide sensors. 
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CHAPTER 1 

INTRODUCTION 

1.1 Polypyrrole nanofibers for carbon dioxide sensing 

 

Carbon dioxide is a trace gas found everywhere around us; open and closed 

environments. Carbon dioxide (with other greenhouse gases) is responsible to keep the 

earth sufficiently warm, however, as the level of these gases increases, the warming 

also increases. We popularly know these terms are global warming or climate change. 

With many human activities like industrial processes, automobile emissions etc. the 

carbon dioxide levels on earth are at all time high and some action needs to be taken at 

the earliest [1]. Sensing carbon dioxide levels efficiently and accurately can be a way 

to monitor carbon dioxide that is being emitted and take steps then and there. This 

would need portable and low-cost carbon dioxide sensors that are highly sensitive to 

carbon dioxide and efficiently monitor carbon dioxide levels even at extremes. 

However, with current carbon dioxide sensing technology, this doesn’t seem feasible. 

Non-Dispersive Infrared (NDIR) sensors are the most popular sensors for carbon 

dioxide sensing. However, these sensors are expensive and bulky to incorporate in 

every closed environment like smaller automobiles. Additionally, they suffer from 

frequent need for drift calibration [2, 3]. The second choice for gas sensors is 

polymeric film-based sensors that respond by change in polymeric film properties with 

sensing the gas. These sensors, although inexpensive, have been limited to lab scale 

manufacturing. This is because, polymeric film-based sensors generally function only 

at high temperatures and not at room temperature. Additionally, these sensors suffer 

from polymer film swelling, cracking of films and ageing quickly hence shorter 
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lifetime [4-10]. On similar lines, carbon nanotubes (CNT) are heavily researched for 

gas sensors with addition of different materials that enhance sensitivity. However, cost 

of producing CNT, lower yield with sophisticated technology make it expensive as 

well as health concerns of CNT’s has been an issue throughout [11-13]. Making 

polymeric films and metal oxides in nanostructures is another popular research for gas 

sensing. Nanostructures allow for higher sensitivity, efficient sensing and better 

adsorption of gases. But one cannot ignore the limitations of polymeric films and 

metal oxides. They usually function only at high temperatures even in nanostructure 

form and still have limited lifetime [13-20]. 

Gas diffusivity in fiber-based media is an interesting side to experiment with in such 

scenario [21,22]. Fiber assemblies are easy to manufacture, show good strength and 

lifetime and are flexible media to make portable and small sized sensors. To make 

highly sensitive, efficient yet low cost fiber-based carbon dioxide sensors, one can use 

electrospinning to make nanofibers of suitable polymers to sense carbon dioxide. 

Electrospinning is a process where extremely slow-moving polymer jet of enough 

viscosity is subjected to high electric force (10-40kV). The polymeric solution passes 

through a needle charged with higher potential and there is a grounded collector at 

suitable distance to collect nanofibers. The polymer droplet coming out of needle face 

extreme repulsion due to high electric force and fly out to deposit on grounded 

collector as nanofibers [27, 28]. These nanofibers are small enough to adsorb smallest 

gas molecules and sense the surrounding gas. Many different types of sensors are 

made using nanofibers depending on analyte gas [45-47]. 
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To make portable, flexible yet highly sensitive and efficient carbon dioxide sensors 

conducting polymeric nanofibers can be an ideal substrate. Ever since these polymer 

won the Nobel Prize in Chemistry in the year 2000, the research on conducting 

polymers has increased exponentially [51]. These are a group of polymers also called 

as intrinsically conducting polymer, organic semiconductors, inherently conducting 

polymers etc. The polymers have a molecular structure of pi-bond and conjugation in 

such a way that electron can easily jump from valence band to conduction band, 

giving these polymers semi-conducting properties. This electron jumping is only 

possible after the polymer are doped using oxidation or reduction reactions. Redox 

reactions add or remove electrons from the conducting polymer structure and thus 

allow an extra electron or hole to jump to conduction band, giving properties like 

metallic semiconductors, hence these polymers are called organic semiconductors [52-

54]. The doped structure can change electrical resistance/conductance (whichever you 

choose to measure) when it senses different analytes.  

One such polymer is Polypyrrole (PPY). PPY has a five membered heterocyclic ring 

structure with conjugation that can reach semiconducting range with p-type of doping. 

Basically, when an electron is removed from the structure of PPY suing oxidation 

reaction, the polymer can show conductivity in the range of 10-6 S/cm to 103 S/cm, 

which is the conducting range of semiconductors [51-54]. PPY, like all other 

conducting polymer, is generally made in to polymeric films for gas sensing and other 

applications. Conducting polymers have a huge limitation that they do not dissolve in 

most of the common solvents, making their processability as solutions difficult, hence 

they are usually coated or electroplated as films. However, PPY has shown good 
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sensitivity to gases like ammonia, hydrogen and carbon dioxide [65-70]. Depending 

on the doping characteristics, the sensitivity of the polymer can be manipulated. The 

good part is, among many atmospheric gases, it has shown sensitivity to carbon 

dioxide. 

PPY has been used to make nanofiber using template free synthesis, chemical 

oxidation of pyrrole, coating PPY on various other nanofibers made using 

electrospinning etc. [74-78]. The gas sensing is achieved by measuring change in 

resistance/conductance as the concentration of analyte gas changes around PPY. In the 

doped state, the polymer has electron/holes responsible for conductivity. Whenever an 

electron donating, accepting gas is used as analyte, it can alter the electrical 

conductivity of the concerned PPY substrate. However, pure PPY nanofibers using 

electrospinning with least amount of other materials can prove to be an ideal substrate 

for carbon dioxide sensors as they would achieve better conductivity and sensitivity. 

Hence, making PPY nanofibers using electrospinning can be a good and novel 

approach to make carbon dioxide sensors that are highly sensitive and efficient due to 

the nanofiber structure, low cost for a small amount of polymer producing large 

number of nanofibers, flexible and portable due to organic polymers being used and 

free from the limitations of polymeric film sensors like cracking, swelling and ageing.  

 

 

 

 

 



5 

1.2 Objectives and Potential Application 

 

This research aims to make novel carbon dioxide sensors using conducting PPY 

nanofibers. The objectives are stated as follows: 

1. Experiment with PPY to make solutions that can be electrospun into 

nanofibers. 

2. Electrospinning PPY with least amount of additives and optimizing the process 

parameters to produce large number of nanofibers capable of sensing carbon 

dioxide efficiently. 

3. Establishing the conductivity of electrospun PPY nanofibers and improving the 

lifetime of the nanofiber films. 

4. Investigating the sensitivity of PPY nanofiber films for carbon dioxide sensing 

and sensing characteristics like resistance change, response time of sensing 

films, reproducibility etc. 

The primary objective of this research is to make PPY nanofibers that can sense the 

least changes in carbon dioxide concentration. The process used to make nanofibers is 

electrospinning since it is not only the fastest way to make nanofibers but also allows 

to experiment with various parameters that can change the physical characteristics of 

the resulting nanofibers. However, the first step in electrospinning is making polymer 

solution that supports electrospinning process. PPY in its pure form is not soluble in 

most of the common solvents. In this research a small amount of poly-(ethylene oxide) 

(PEO) was used as a carrier polymer to make PPY nanofibers without compromising 

the conductivity of PPY after electrospinning. PEO is readily soluble in water and 
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common organic solvents hence considered to make electrospinning solution. The 

quantity of PEO should be such that it is sufficient to act as the linking polymers, but 

not too much so that the electrical conductivity of the fibers is hampered. No past 

literature is available on electrospinning pure PPY. Hence, this research is targeting to 

optimize the electrospinning process for PPY nanofibers and learn about stability of 

electrospun PPY samples.  

A study of various factors of polymer solution, electrospinning process and 

surrounding parameters is done to establish effect of each of them on electrospinning 

PPY. The films are characterized for the fiber morphology and prove PPY content 

before subjecting to sensitivity tests. A carbon dioxide sensitivity test set-up is made 

in laboratory to measure the change in resistance for change in carbon dioxide 

concentration. The behavior of PPY nanofibers towards carbon dioxide sensing, 

doping characteristics, etc. is discussed. 

The PPY nanofibers are in the form of stable non-woven webs that are highly sensitive 

towards carbon dioxide. Such sensitive nanofibers can be used to make flexible and 

portable carbon dioxide sensors that are inexpensive. Thus, the sensors have huge 

potential to be used in multi-point and constant monitoring of carbon dioxide in closed 

environments. The monitoring of carbon dioxide can also assist in energy conservation 

with respect to HVAC applications and eventually be used as wearable-sensors that 

can be incorporated even on clothing. Merging these conductive nanofibers with RFID 

technology can be a potential to commercialize these carbon dioxide sensors. 
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CHAPTER 2 

LITERATURE REVIEW  

 

To make carbon dioxide sensors using PPY nanofibers, there needs to be done a 

thorough study of current carbon dioxide sensing technology and why there is a need 

for a better sensor. This section first explains the carbon dioxide sensing, sensors 

characteristics for ideal sensors, advantages of nanostructured sensors and the move 

towards nanofibers for sensing various gases. It then focusses on electrospinning as 

the process to produce nanofibers and the parameters associated with it. The last half 

of the literature review explains conducting polymers and their chemistry in much 

detail. The chemistry, mechanism of electron hopping, doping behavior and all other 

details about PPY is also explained. The aim of the literature review is to establish the 

need for carbon dioxide sensing first and then explain about the chosen polymer for 

the task. 

2.1 Need for carbon dioxide sensing and current technology 

 

Carbon dioxide is a gas found everywhere around us; as a trace gas in atmosphere and 

the gas that we exhale every time we breathe out. When it comes to atmosphere or 

closed environment around us, this very gas allows for a stable and warm enough 

temperature for surviving (along with other greenhouse gases). However, when carbon 

dioxide levels increase above the required level, warming also increases. Global 

warming is not a new term to us and carbon dioxide is one of the greenhouse gases 

responsible for global warming or climate change. Many human activities like fossil 

fuel burning, industrial processes and transportation release carbon dioxide in excess 



8 

amounts [1]. The carbon dioxide emission levels on earth are on a rise every year. 

Hence, carbon dioxide sensing in closed and outdoor environments is a topic gaining 

momentum with every passing day [2]. Using carbon dioxide levels in closed 

environments to advantage can help contribute to energy conservation as well as 

comfortable closed environments. At the same time, carbon dioxide sensors that can 

be easily used in outdoor environments are a need of the hour [3]. 

The most commonly available carbon dioxide sensors are Non-Dispersive Infrared 

Sensors or NDIR type sensors that use infrared light absorption to detect the amount 

of carbon dioxide around. These sensors do not take any other atmospheric factors into 

consideration while detecting carbon dioxide and are very sturdy in their built [2,3]. 

Hence, these are the most widely used carbon dioxide sensors today, especially in 

indoor environments. Thus, energy needs and conservation in such buildings hugely 

depends on the accuracy of these sensors [3]. However, these sensors too have certain 

limitations that are not allowing for its use in every indoor environment [2-4]. 

Primarily it’s the cost since NDIR sensors are on the expensive side when added with 

their wiring, installation and high energy needs etc. Additionally, these sensors also 

suffer from factors like humidity, temperature and pressure changes leading to errors 

up to 20% in carbon dioxide measurement [3]. These sensors also suffer from frequent 

calibration needs and ageing, where in later case, one needs to replace the sensor [3]. 

Hence there is a need for either modifying these sensors for better performance [2] or 

looking for materials that have quick response and high sensitivity while managing 

these limitations. 
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The second most widely used sensors for carbon dioxide measurement are chemical 

sensors or polymer film-based sensors. These sensors use much lesser energy, are less 

expensive and detect the carbon dioxide levels with changing concentration by giving 

output in the form of a certain parameter like resistance change [4,5]. However, they 

suffer from limited lifetime, expensive calibration and need drift compensation for 

accurate measurement. Their application so far has been limited to only laboratories 

and small-scale operations [5,6]. 

Depositing silicon-based polymers on quartz-transducer has been used for carbon 

dioxide sensing. The polymer has an acid-base reaction with carbon dioxide that leads 

to sensing which seems a very reliable and effective way for low-cost and sensitive 

carbon dioxide sensors, however, the reaction is affected by external parameters like 

polymer film swelling and viscosity changes [7]. The sensors also suffer from 

temperature and humidity changes resulting in change of sensing frequencies. An 

important point to note here is that the sensing temperature was kept at 70˚C [7], 

which is way above room temperature or usual outdoor temperature. This makes these 

sensors difficult to use in everyday scenarios. 

Another prominent polymeric material for carbon dioxide sensors is metal oxides and 

carbon nanotubes (CNT’s) incorporated in different forms. Tin Oxide is a metal oxide 

used widely for detecting various gases, including carbon dioxide. Chemical sensors 

made from tin oxide deposited on silicon substrate of semiconducting type were 

studied for carbon dioxide detection [8]. These are resistive type of sensors meaning 

they show a change in resistance when sensing carbon dioxide. Other metal oxides 

include zinc oxide [4], titanium dioxide [9] etc. These sensors are inexpensive, 
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sensitive and easy to produce. At the same time, uncertainties related to the deposited 

polymer films is a common feature in these sensors. Cracking of the polymer film over 

time, ageing effects, swelling of polymeric films, humidity and temperature affecting 

the detection are a common problem [5-9]. These sensors also have similar problem 

like NDIR sensors, time dependent drift compensation is frequently needed [10]. 

Carbon Nanotubes (CNT’s) are too popular as a substrate for carbon dioxide sensing, 

especially to make these sensors flexible. CNT’s came in to picture when researchers 

found that metal oxides generally function only at high temperature and hence aren’t 

very useful for gases like carbon dioxide which need to be monitored at room 

temperature predominantly [11]. CNT loaded on polyimide substrate showed good 

detection of carbon dioxide at room temperature but show a loss of sensitivity as well 

[11], CNT deposited on metal electrodes like platinum using chemical vapor 

deposition have also been used to detect carbon monoxide and nitrogen dioxide using 

similar mechanism [12, 14] and CNT deposited on RFID tags for portable sensors has 

also been studied [13]. However, the risk of CNT nanotubes being exposed in indoor 

environments is still a concern along with the fabrication cost for CNT’s being still 

high; additionally, the CNT based sensors still show that higher temperature leads to 

higher sensitivity [14]. 

Hence, there is a need to develop highly sensitive carbon dioxide sensor that is 

inexpensive and performs favorably well with temperature, pressure and humidity 

changes. The sensor also needs to have low-cost installation and low energy-

consumption. Another emerging and promising potential is nanofiber-based sensors. 
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Due to their high surface area and easy manufacturing, nanofiber webs are being 

researched heavily for gas sensors. 

2.2 Ideal sensor characteristics 

 

Let us define what we seek in a chemical sensor ideally and what characteristics 

should a chemical sensor gas sensing inherit. As per the IUPAC definition, "a 

chemical sensor is a device that transforms chemical information, ranging from the 

concentration of a specific sample component to total composition analysis, into an 

analytically useful signal. The chemical information, mentioned above, may originate 

from a chemical reaction of the analyte or from a physical property of the system 

investigated" [15, 16]. These sensors can be either physical, chemical or biochemical 

for further classification based on their reaction or interaction with the analyte gas [15, 

17]. Many factors that are taken into consideration for a reasonably balanced yet 

sensitive gas sensor and to characterize their sensing properties. Ideally, high 

sensitivity, good stability and selectivity, high response time, least possible hysteresis, 

small detection limit. Linear correlation to the analyte and long life are characteristics 

expected from gas sensors. Researchers often aim to achieve most of these 

characteristics as realizing all of them is almost always extremely difficult. More 

importantly, not all these parameters are needed while the sensors are being used. A 

sensor used in outdoor environment need quick response time but high detection limit 

since pollutants are always present in bulk. In closed environment, it might be 

opposite and really low detection limit might be needed [15, 17]. 
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Now that we know what to expect from ideal sensors, let us discuss more about 

nanostructure-based sensors and why they are typically getting so much attention.  

2.3 Nanostructured Sensors 

 

One of the most widely used materials even as nanofiber/nanomaterial film is Zinc 

Oxide. Being a metal oxide that can be made into nanostructured films, this gives 

them dual advantage. Zinc Oxide generally suffers from severe effect of temperature 

and higher operating temperatures for gas detection [4]. Research has been done to 

nanostructure and dope the zinc oxide films with sodium ions to enhance their 

sensitivity and reduce operating temperature [4]. Zinc-oxide has also ben doped with 

cobalt and made in to nanofibers to sense acetone and volatile gases [18]. Titanium 

dioxide has also been made in-to nanofibers to sense hydrogen gas. The effort was to 

replicate semiconducting sensors by sandwiching titanium dioxide nanolayer between 

platinum as sandwich [19]. These sensors show good workability but are still 

inorganic in nature owing to metal oxides being the core of the sensors, thus keeping 

the limitation intact. Graphite nanofibers have also been used to sense hydrogen gas, 

more for storage than more sensing [20]. Being nanostructured, these films show 

better reaction to gases and better diffusion [21]. However, as described previously, 

inorganic substrate poses problems such as films cracking, ageing effect, vulnerability 

to temperature changes etc. 

Organic-inorganic hybrid sensors are considered another approach to gas sensing. 

These work on principle similar to semiconductors by making nanocomposites of 

organic polymers that can sense the analyte gas and metal oxides to contribute their 
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beneficial properties [22]. Gas sensing, as mentioned while explaining sensor 

characteristics, is usually done using resistive type of sensors that show a change in 

electrical resistance with change in the gas concentration. Other sensing mechanism 

could be capacitive sensing or measuring using electrolytes [23]. Carbon dioxide gas 

sensors of the nanocomposite type were made using the polymer poly(amide-6-β-

ethylene oxide) and silicon dioxide. The hybrid of the two was prepared using in-situ 

polymerization. The sensing layer was deposited using sol-gel process of depositing 

tetraethoxysilane [24]. The researchers conducted gas permeability of various gases 

for these sensors and found them most responsive towards carbon dioxide [24]. One. 

Still can’t ignore the presence of metal oxides in organic-inorganic hybrid sensors and 

the fact that polymeric film sensors can easily lead to ageing, cracking and 

temperature vulnerability [25].  

Highly aligned fiber assemblies prove a great substrate for gas diffusion and hence 

seem an approachable target for gas sensors. Making these fibers into nanostructure or 

nanofibers as they are called can be a win-win situation for better gas diffusivity and 

much higher surface area for gas adsorption and thus highly sensitive substrates [21]. 

Apart from metal oxides being made into nanofibers or nanostructures, various 

organic materials have also been studied for different gas sensing and making organic 

semiconducting substrates for gas sensors. Chemical vapor deposition, deposition 

from liquid medium to make nanofibers and electrospinning are the methods used to 

make these organic nanofibers from their polymers. Modified cellulose nanofibers and 

nanoclays were used to sense carbon dioxide and ammonia gases owing to their 

electron sharing nature similar for adsorption or gas detection [26]. These nanofibers 
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were made using ion-exchange processes [26]. The organoclay and embedded 

materials showed selective response to various gases showing how sensitive the 

material is and how responsive it can prove in the field of gas sensing [26]. 

Nanoclays, nanoparticles, nanostructures or nanocomposites- all have been discussed 

so far with their limitations. On one hand where smaller size hence, higher surface 

area has proven to be an advantage, the choice of substrate to make these hasn’t been 

the best. Nanofibers, on the other hand have proven to be better at harnessing the fact 

that higher surface area gives higher adsorption and hence better sensitivity [21]. Not 

only these, nanofibers can be made flexible when right polymer is chosen while 

assuring high sensitivity thus becoming a good candidate for flexible and wearable 

sensors. Therefore, I am aiming on using nanofibers for my research on carbon 

dioxide sensors. Like mentioned before, nanofibers can be made by a couple of 

different processes. However, electrospinning remains the most widely used and 

preferred method. Following few pages explain why nanofibers and electrospinning 

are of importance to this research and nanofiber research in general. Let us understand 

the process of electrospinning to understand how nanofibers are made and later 

summarize about electrospun nanofibers being used in gas sensing. 

2.4 Electrospinning Nanofibers  

 

The term ‘nano’ denotes one billionth or 10-9 of any measure: length, size, distance, 

time etc. Therefore, nanofiber rightfully means fibers one billion times smaller than 

conventional fibers. However, this is just a general definition and not one to be used 

for reference. Nanofibers made through various techniques vary in size from 
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nanometers to micrometers and sub-micron range is also a common term used for 

them. Many researchers consider fibers in the nanofiber range only if their size is less 

than ~500nm, hence the term sub-micron is used more commonly for fibers in the 

range 500-1000nm. The only intention of explaining about nanofibers and the size at 

the start was to make the readers aware of the term nanofiber being used very 

frequently henceforth in the writing. Terms like nanofiber, nanowebs, nanomesh etc. 

might be used interchangeably when needed and signify a fiber structure inherently 

made from nanofibers or fibers 10-9 smaller than conventional fibers. Let’s discuss 

how nanofibers are made and how electrospinning came into picture as one of the 

most convenient and sought-after process to produce nanofibers. 

Nanofibers can be produced using many different polymers and different techniques. 

These include Electrospinning, Template Based Synthesis, Self-Assembly, making 

nanofibers by Drawing and Phase Separation [27]. All these methods, except for 

electrospinning have certain limitations. While they allow repeatability, they are 

restricted to laboratory whereas electrospinning has been scaled up to industrial scale. 

These methods either produce discontinuous fibers or produce nanofibers that lack 

uniformity [27]. Inconvenient processing technique and multiple variations in 

parameters never allowed these methods to reach the scale where electrospinning 

reached in no time. Apart from jet-instability, electrospinning doesn’t have any 

parameter that can’t be controlled or scaled up to produce uniform nanofibers that can 

be varied for their size, alignment, porosity, structure, hollow core etc. as the 

application demands [27].  
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Electrospinning was patented by Anton Formhals in 1934 but the term used was either 

electrostatic spinning or a variation of electrospraying [27, 28]. The process used 

electrostatic forces to spin fibers hence the term electrostatic spinning. In simplest 

terms, one is using electric force to stretch and spin polymeric solutions in to fibers 

instead of mechanical forces that are used on polymer melts [27]. The term 

‘electrospinning’ was coined in early 2000s when lot of research started on this 

process, especially by the group Reneker et al. at University of Akron [28, 29].  

2.4.1 Electrospinning Process 

Electrospinning involves a polymer melt or solution, two oppositely charged 

electrodes at a distance and electric force being applied to the polymer solution. The 

polymer solution is flowing at a slow rate through a spinneret which is one end of the 

electric potential and there is another electrode at certain distance which is another end 

of electric potential. Once the electric field is applied, the polymer solution is stretched 

and whipped and the stream bends in such a way towards the collector electrode that 

the diameter of the polymer reduced continuously and fibers in nanoscale are 

deposited [27-29].  Figure 1 shows a schematic of electrospinning process where the 

collector is a rotating drum that is grounded. Thus, where we use mechanical force to 

draw and spin polymer in conventional spinning, here we are using electrical force to 

make fibers. The difference is the size of fibers and the contactless template in 

electrospinning [28]. Due to its easy set-up and guaranteed production of nanofibers, 

electrospinning soon became a very prominent method to produce nanofibers and 

publication using this process increased almost exponentially [28]. However simple 

this process may seem, there are many different parameters that need to be taken care 
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of to optimize the process and make nanofibers of desired properties to be used in 

certain application.  

 

 

 

 

 

 

 

 

Figure 1: Schematic of electrospinning process 

Although the process and set-up seem easy and doable, there are many parameters that 

need to be monitored and optimized to get desired nanofibers. To start with, the 

polymer solution is one of the most important parameters to be considered. Any 

variation in the polymer solution directly results in change of nanofiber structures. 

Molecular weights of the polymer, solvent used, vapor pressure of solvent, dielectric 

constant of the solvent, viscosity of the solution, solution making conditions like 

temperature, stirring time and rate, additives in the polymer solution etc. are the 

variables to be monitored [27,28]. The second most important parameter is 

electrospinning process conditions: the flow rate of the polymer solution, the voltage 

to which polymer solution is subjected to attain a stable electric field that allows 

nanofiber formation, distance between polymer solution needed and the collector and 

lastly the type of collector and the substrate on which nanofibers are deposited [27, 
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28]. The third most important parameter is atmospheric conditions: temperature, 

pressure and humidity changes play an important role that can make or break the 

processing conditions [27]. Thus, there are many different variables and process 

conditions that come into play to get nanofibers of a particular size, functionality, 

alignment and performance for a certain application. The process and set-up look 

simple, but one has to take care of all these parameters before and during the process 

to keep getting nanofibers. Surpassing a threshold voltage, getting stable Taylor cone 

and bending instability of the polymer jet are specific things of an electrospinning set-

up that one should understand and apply judiciously. We will understand all these 

variables, parameters and points to consider during electrospinning while reading 

more about electrospinning in the following pages.  

Let us understand electrospinning in little more detail and then understand effect of 

each parameter to optimize the process as per need. 

Electrospinning set-up can be broken down to three most important parts: polymer 

solution, electric field and the collector. One must first make a polymer solution with 

suitable solvent and sufficient viscosity. This polymer solution is then filled in a 

syringe which is attached to a pump to control the flow rate and keep it constant [27-

29]. Usually, the flow rate is 1ml/hour or lower [28]. Now that the polymer flow rate 

is established, the polymer is subjected to an electric field. To establish and maintain 

an electric field, there should be a potential difference. So, the higher potential is by 

attaching a positive voltage to the needle tip of the syringe filled with polymer 

solution and the lower potential is the grounded collector kept at a distance [27]. The 

electric field is generally using DC power supply. The source for DC power supply 
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could be an AC source, the higher and lower potentials can be negative and grounded, 

etc. variations are possible [27-29]. Refer to Figure 1 to understand the process with a 

schematic. With this we have all three of our main components ready to function. 

Once the electric field is applied, the polymer coming out of the syringe at a very 

small flow rate is getting charged. Consider a small polymer droplet at the needle tip 

now receiving a certain value of electric field. This droplet is now accumulated with 

charges all over its surface and the surface tension is changing. The droplet will try to 

retain its spherical nature of least surface tension while the charges keep accumulating. 

The polymer chains inside the droplet are facing repulsive forces due to accumulated 

charge and the electric field at the same time. There comes a point where these forces 

overcome the surface tension and the droplet starts attracting towards the lower 

potential grounded collector and there forms a jet that’s starts to thin out [27-29]. After 

the threshold voltage is achieved and the surface tension overcome, there forms a 

conical jet at the needle tip called as Taylor Cone [30]. This cone is basically the 

charged polymer drop that is thinning out and moving towards the grounded collector.  

It was initially though that there are multiple jets like electrospraying but then the 

bending instability of the jet was studied [31] and researchers concluded that there is 

only single jet that moves towards the collector. The polymer solution travels in a 

single jet that is rapidly moving, with bending instability, bending randomly [31] and 

whipping constantly towards the grounded collector while reducing the diameter 

constantly; from hundreds of millimeters to a few nanometers. This polymer jet is 

experiencing electric field high enough to overcome its surface tension and 

accumulated enough charges on its surface that the viscous polymer solution is 
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thinning out. While the jet is in path towards the collector, the solvent used for 

polymer solution starts evaporating. The solvent chosen should be such that it 

evaporates right in time for the polymer to deposit as nanofibers on the collector [27-

30]. At the correct electric field, distance between needle and collector and good 

solvent, the jet thins out to such an extent that it deposits on the grounded collector as 

randomly oriented nanofibers also called as nanofiber non-woven mats or non-woven 

webs. These nanofibers can then be characterized, analyzed and modified for their 

morphology based on process parameters used during electrospinning [27-30]. 

The nanofibers however, aren’t always uniform and are very randomly oriented [28]. 

Polymer molecular weight and solvent used decides the viscosity of the solution and 

how difficult it will be to apply electric force on the same. The polymer solution 

making condition can lead to more straight and uniform fibers of constant size and 

diameter. The electrospinning conditions govern nanofiber deposition, alignment, 

formation of beads that is often undesired and to certain extent nanofiber diameter [27-

29]. The collector can be a drum that can be rotated to get aligned nanofibers [32]. Let 

us understand each parameter in detail to optimize the process conditions for best 

nanofibers for the desired application. 

2.4.2 Electrospinning Parameters 

Let the parameters be grouped in three categories: parameters with polymer solution, 

parameters with electrospinning process and surrounding conditions [27]. 

a) Parameters with Polymer Solution: 

Making a polymer solution that is not only compatible with the electrospinning 

process but also compatible with the surrounding conditions is the first step to make 
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nanofibers using electrospinning. Several polymer parameters like molecular weight, 

glass transition temperature, solubility, viscosity etc. must be considered. 

Additionally, parameters related to solvent must be considered: solvent vapor 

pressure, dielectric constant, conductivity etc. 

 Molecular Weight of the Polymer, Polymer Properties and Viscosity of the 

Solution: The selected polymer for electrospinning must be of sufficiently 

high molecular weight. High molecular weight allows to attain high enough 

viscosity of the resulting polymer solution. This ensures that the polymeric jet 

is stretched enough during the application of electric field and settling on 

nanofiber son the collector. Additionally, high molecular weight polymer 

means higher chain length. This allows for chain entanglements. Better chain 

entanglement keeps the integrity of polymeric jet and doesn’t allow it to break 

during the flight from needle tip to collector. It also allows the charge to 

accumulate on the polymeric solution and thus maintain repulsion forces in the 

polymer to form Taylor cone. Thus, the first step is to select high molecular 

weight polymer to get enough viscosity and chain entanglement [27,33]. 

Additionally, the glass transition temperature of the polymer should be known. 

Glass transition temperature is temperature after which mobility of the 

polymeric chains increases. Below this temperature, the polymer behaves very 

differently, hence, one needs the polymer glass transition temperature to be 

above the working temperature to not encounter any problems with chain 

mobility and polymer crystallinity [27]. Increasing the concentration of the 

polymer can also increase chain entanglement. While high viscosity is desired, 
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one doesn’t want viscosity so high that the polymer solution can’t come out of 

the syringe needle and block very often. Too high viscosity results in formation 

of beads in the resulting nanofibers and affecting their performance and 

increasing the nanofiber diameter [34, 35]. Beads are highly undesired for 

nanofibers [27-29, 34]. Increasing viscosity also means decreasing bending 

instability of the polymeric jet, which reduces its time in flight to collector and 

reduces the area of deposition for the nanofibers. Less bending instability also 

means lesser stretching and hence higher diameter [27]. Thus, optimum 

molecular weight, optimum concentration of the polymer and balanced 

viscosity is necessary for a good polymer solution. 

 Solvent Selection, Surface Tension, Dielectric Constant and Solution 

Conductivity: There could be more than one solvent that dissolve a certain 

polymer. One should select a solvent that not only allows for higher viscosity 

but also manages the solution conductivity based on its dielectric constant. 

Higher viscosity means good interaction of solvent and polymer molecules. 

This allows for charge dissipation and accumulation over the polymer solution 

than solvent molecules interacting with themselves and increasing surface 

tension when electric field is applied. One can also add surfactant in powder or 

liquid form to reduce surface tension and maintain the high optimum viscosity 

for electrospinning [27, 28].  Other parameter is the dielectric constant of 

solvent and its conductivity. Along with vapor pressure of solvent, dielectric 

constant decides how quick or slow the solvent will evaporate during 

electrospinning process. During electrospinning, one wants the solvent to 
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evaporate gradually and then completely as the polymer jet is close enough to 

the collector to deposit as nanofibers. A polymer with insulating properties will 

need a solvent with higher dielectric constant to distribute the charges well, 

allow optimum surface tension and eventually nanofibers with small diameter 

and no beads [27,36]. Conductivity of solution works similarly. Although most 

organic solvents are not conducting in nature, some ions in form of salts can be 

added to increase conductivity. Higher conductivity aids electrospinning 

process by stretching the polymer jet to higher extent, thus giving nanofibers 

with smaller diameter, uniform structure and no beads. Small ions aid in the 

mobility of the charges thus helping in polymer jet stretching and higher 

bending instability as a result stabilizing the electrospinning process and the 

nanofiber formation. Solution with no conductivity often give many beads in 

the structure [27,28, 37]. 

b) Parameters with Electrospinning Process: 

Electrospinning process parameters are the parameters you monitor during the process 

and that can result in expected nanofibers if tuned properly. Here we will discuss 

parameters like polymer flow rate, electric field strength, distance between polymer 

syringe tip and the collector, collector type etc. 

 Voltage or Electric Field Strength: To develop a strong electric field that can 

be applied to the polymer solution, one has to apply sufficiently high voltage to 

the polymer solution. This serves as higher potential point whereas the 

grounded collector is the lower potential thus there develops an electric field. 

The value of the voltage applied is very crucial here. It is generally more than 
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6kV [27]. It varies for different polymer solutions. The applied voltage 

increases the electrostatic forces on the polymer jet, and as the charge 

accumulates, the surface tension is overcome. The threshold voltage 

overcomes the surface tension and then the polymer jet forms a conical 

structure at the needle tip called as Taylor cone [38] which is necessary for the 

polymer jet to keep flowing towards the collector. The stability of the Taylor 

cone is solely governed by the electric field strength which is governed by the 

applied voltage. Increasing voltage beyond a point can also make Taylor cone 

become unstable and recede back to the syringe needle [27-29]. Hence, 

balancing the applied voltage is of great importance in the electrospinning 

process. Higher voltage generally leads to higher stretching of the polymer jet 

and hence reduce the diameter of the nanofibers and make the solvent 

evaporate faster, thus giving drier nanofibers [27, 34]. However, at higher 

voltage, the bead formation also increases. As the voltage increases, so does 

the electric force on the polymer jet and it travels faster towards the collector 

giving beads in the structure that can merge to form thicker fibers and also 

affect their crystallinity [27, 39]. Hence, thorough experimentation is needed to 

find the optimum voltage at which the polymer gives uniform, beads free 

nanofibers. 

 Polymer Flow Rate and Temperature: The polymer flow rate and 

electrospinning voltage go hand in hand to produce uniform nanofibers. If flow 

rate is too high, the fibers will be thicker as the polymer jet won’t be stretched 

to the fullest. If the polymer flow rate is too low, the Taylor cone may recede 
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inside the syringe needle or become unstable [27, 40].  The other effect will be 

on the solvent evaporation. Higher polymer flow rate means the polymer jet 

travels for lesser time towards the collector giving lesser time for the solvent to 

evaporate. This can lead to residual solvent on the nanofibers deposited on the 

collector. This can also lead to nanofibers merging with each other or not being 

dry enough to be removed from the substrate [27]. On other hand, the 

temperature of the polymer solution also affects the electrospinning process. 

Higher temperature means lesser viscosity of the polymer solution and more 

mobility of the accumulated charges resulting in nanofibers with smaller 

diameter [27, 41]. Generally, a low flow rate is best for the electrospinning 

process [27-30]. 

 Diameter of Syringe Needle and Distance between Syringe Needle and 

Collector: The syringe needle tip is from where the polymer solution is 

venturing in the set-up and being subjected to electric force. Small diameter is 

generally preferred. Small diameter allows for less clogging of polymer 

solution since most solutions are of high viscosity. It also leads to lesser 

acceleration of the polymer jet, hence higher time of flight towards the 

collectors, thus smaller diameter of the nanofibers and lesser beads due to 

increased stretching. However, too low a diameter can affect the Taylor cone 

and lead to problem in extrusion [27, 42]. The time of flight is directly affected 

by the distance between needle tip and the collector. Higher distance means 

more time to travel and more time for the solvent to evaporate. However, if the 

viscosity is low, this can lead to breaking of the polymer jet during stretching. 
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If the distance is too low, there can be beads formation and lesser time for the 

solvent to evaporate, leaving residual solvent on the deposited nanofibers. This 

can make nanofibers merge and increase the diameter, which may or may not 

be desired for the end application. Hence, distance between needle tip and 

collector is a parameter one should change based on the type of nanofibers 

desired as per the end application [27, 28, 33]. 

 Type of Collector and Substrate: Like mentioned in the introduction if 

electrospinning, the collector is one of the three basic parts of an 

electrospinning set-up. The grounded collector leads to formation of the 

electric field by being a point of lower potential. The shape of this collector 

can be varied to get different morphologies of the nanofiber. Generally used 

shapes are a plate collector and cylindrical collector. A plate collector allows 

for random, non-woven nanofiber deposition whereas a cylindrical collector 

can be rotated to get alignment in fibers and mire uniform deposition which is 

still non-woven in nature. The rotation of the drum acts like the drawing 

process and helps the solvent to evaporate faster giving aligned and distinct 

fibers where needed [27, 28, 32, 43]. The other feature is the substrate used on 

the collector. Aluminium foil is the preferred substrate since it is conducting in 

nature. Polymers are usually insulators and allow static to develop on their 

surface, when they are subjected to such high electric field in the 

electrospinning process, static charged are bound to accumulate on the surface 

and remain as residual charges on the deposited nanofibers. A conducting 

substrate allows to distribute this static and allow deposition of thicker layer of 
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nanofibers. When static develops over a limit, it won’t deposit any more fibers, 

can lead to short circuit in the system and stop electrospinning. Thus, 

conducting substrate allows for charge distribution [ 27, 44]. However, even 

for these substrates, over a certain limit, there can be no fiber deposition. The 

porosity of substrate also affects the layers of nanofiber being deposited. 

Higher porosity allows residual solvent and charge distribution and thicker 

layer of nanofibers to be settled. Paper and meshes have been used to 

experiment with porosity of the substrate [27, 44]. The substrate on the 

collector plays an important role in charge distribution, nanofiber collection 

and morphology of nanofibers: diameter, uniformity, alignment etc.  

c) Effect of Surrounding Conditions on Electrospinning Process: 

Electrospinning is usually done in room temperature so that the polymer solution is at 

correct surrounding conditions. However, parameters like humidity, temperature and 

pressure have low to high effect on the processing conditions and the resulting 

nanofibers. 

 Humidity: The polymer solution is made of organic polymer and solvents 

generally. Humidity can have profound effect on the solution behavior and 

hence the electrospinning conditions. Higher humidity makes the moisture in 

air settle on the polymer jets forming nanofibers and lead the nanofibers to 

coalesce into firming larger fibers and non-uniform structure that is all 

interconnected. It can also lead to pores on the surface on the nanofibers. 

Lower humidity yields smoother nanofibers of distinct integrity and uniform 

diameter. Humidity can also affect the evaporation of the solvent from the 
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polymeric jet. Lower humidity leads to faster evaporation of solvent and can 

lead to clogging of the needle tip from which polymer solution is coming. This 

can stop the electrospinning process immediately [27, 34, 35]. Lastly, humidity 

also affects the charge accumulation on the surface of the needle and the 

nanofibers. High humidity is supposed to be discharging electrospun fibers at a 

higher rate by distributing charges, but very little study was done on this 

parameter [27, 28]. 

 Air and Pressure: Different components of air react differently to electrostatic 

charges. Hence, if the surrounding conditions during electrospinning are not 

room conditions, care must be taken to understand the effect of electric field by 

the surrounding air. Similarly, pressure changes must be studied. A decrease in 

pressure can affect bending instability of the polymer jet and the flow rate. At 

very low pressure, electrospinning cannot be done [27]. 

There are many other variations possible with electrospinning process: negative 

voltage, custom-made collectors, different substrate etc. However, the parameters 

mentioned above always need to be monitored depending on the polymer and the 

solvent used. Mathematical models and other modelling techniques are also used with 

electrospinning to control and standardize the electrospinning process [28]. 

The process has found applications in a wide variety of fields due to one basic 

property: surface to volume ratio. Small size and high surface area have given them 

advances in many applications. Nanofiber reinforced composites, optical devices, 

wearable technology and smart clothing, drug delivery, tissue engineering and 

scaffolds, hollow nanofibers and biomaterials, artificial skin, gas sensors and chemical 
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sensors, electrode materials, membranes, enzymatic and catalytic reactions, filtration 

and separation media and many many more [28]. 

Since its inception, more than fifty different polymers have been studied to be 

electrospun with hundreds of different variations like addition of salts, ions, metal 

oxides, surfactants etc. Some of them were modified for surface modifications, adding 

carbon nanotubes, functional materials etc. Core-shell nanofibers are made to provide 

dual functionality from the resulting products etc. [27,28]. With such wide 

applications, electrospinning is a very sought after and reliable technique to make 

nanofibers. 

We started to study about electrospinning to see ins application for gas sensors and 

how nanofibers are better media for gas sensing that conventional sensors, 

nanomaterial based and polymeric sensors. The following page/s give a gist of gas 

sensors made using nanofibers before we move towards nanofibers used for carbon 

dioxide sensing and why we are choosing a certain polymer for the same. 

2.5 Gas sensors made using nanofibers 

 

It is established with above literature review how electrospinning is a favorable 

process to make nanofibers to be used for wide range of applications. One of these 

applications is sensors and substrate in sensing technology. Electrospun nanofibers are 

being used for wide variety of sensors like piezoelectric sensors, optical sensors, 

biosensors, storage or sink sources, chemical or gas sensors, electrochemical sensors, 

electromagnetic shielding etc. [45,46] to name a few. What made electrospun 

nanofibers gain such wide range of applications in such short duration? What is the 
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reason for the exponential growth in the research and product development using 

electrospun nanofibers? We touched the answer very briefly in previous sections but 

let us summarize the answer here. 

Electrospun nanofibers first and foremost have high surface to volume ratio or high 

surface area in other words. This allows them to serve the complete area as a sensing 

substrate and capture even smallest of analyte [27,28, 45, 46]. With this primary 

property, there are additional advantages like high porosity, an interconnected mesh 

like structure, flexibility and ability to modify the surface characteristics [45,46]. Most 

importantly, all these properties are tunable, meaning based on process parameter and 

polymer solution, porosity and connectivity of any level can be achieved [45]. This 

allows to enhance sensors characteristics like sensitivity, stability, response time and 

ability to make small, portable as well as flexible sensors. Recall from sensor 

characteristics I explained earlier that sensitivity and response time count as one of the 

primary features of a sensor. If electrospun nanofibers provide these features, they 

become the ideal candidate for high performance and efficient sensors [45, 17, 46]. 

However, here, we are only focusing on gas sensors and why electrospun nanofibers 

are being widely researched for the same. Nanofibers with their membranes having 

interconnected structure and open pores allow the potential analyte to diffuse on the 

sensing material substrate completely and lead to faster sensing response. They are 

easy to process using electrospinning and relatively inexpensive with no need of 

highly sophisticated processing technique. Additionally, sensors made of electrospun 

nanofibers are easy to recycle, which is important in the long run to practically protect 

environment [45, 47].  
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Gas sensors or chemical sensors as they are called are generally resistive type of 

sensors. This means that they measure change in electrical resistance whenever the 

analyte gas has a surface reaction with the sensing material. This change in resistance 

is converting to signals to show gas concentration [45]. In the previous literature 

review, almost all different types of gas sensors were explained, for carbon dioxide 

gas sensing. This section takes forwards the discussion. Gas sensors based on IR 

sensing or polymeric films have their own limitations as explained before. However, 

metal oxides used in polymer-based sensors and hybrid sensors are experimented 

heavily to make nanofibers using electrospinning [45]. ZnO, TiO2, SnO2 and their 

combination sand hybrids are some popular examples for metal oxides that are 

electrospun to make nanofibers to sense gases like ammonia, carbon dioxide, carbon 

monoxide, nitrous oxide, hydrogen etc. These metal oxides have fast response, good 

sensitivity and recovery and efficient performance [45]. However, the old limitation 

still exists, they operate at higher temperatures and hence are not very useful in room 

temperature gas sensing [45]. Graphene and its combination with other nanostructures 

are another sensing material very prominent for gas sensing [46]. Graphene sensing 

layer with other nanoparticles made of metal oxides like ZnO and SnO2, graphene 

with organic and conducting polymers and graphene with different nanowire kin od 

structure has been used to detect gases like carbon dioxide, ammonia, hydrogen, 

nitrous oxide, humidity etc. [46]. Most of these are resistive type of sensors and are 

doped to behave like semiconductors. However, the common link is, these 

nanomaterials are always in sync with different material. Additionally, before making 

graphene nanofibers, making graphene is a tedious and expensive process [46]. The 
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complete process involves methods like plasma and ozone treatment which are 

sophisticated and not scalable to production scale [46]. Additionally, both metal 

oxides and graphene also pose a lot of difficulties during electrospinning as they do 

not have high molecular weight and almost always need some extravagant way to 

make electrospinning solution. 

The next candidate for sensing layers to make nanofibers are organic polymers. Due to 

their high molecular weight, they are ideal candidates for electrospinning highly 

flexible and porous nanofibers that have high surface area and porosity [45]. Many 

organic polymers are made into polymer solutions with carbon nanotubes, graphene or 

metal oxides to use properties of these material and high molecular weight of 

polymers to electrospin stable nanofibers [27,45]. Organic conducting polymers (CP) 

or inherently conducting polymer are the most researched in last two decades [45]. 

Apart from other advantages of nanofibers in general, CP nanofibers offer advantages 

like low-cost production hence low-cost sensors and inherently conductive nature that 

can be modified easily to reach semi-conducting range and thus make resistive sensors 

with ease [45]. Let’s see what these polymers are used for before we understand their 

chemistry and functioning. Polyaniline (PANI), Polypyrrole (PPY), polythiophene or 

poly(3,4-ethylenedioxythiophene) (PEDOT) are CP’s that are widely researched to 

make nanofibers and resistive sensors. Their conducting nature allows for measuring 

changes in resistance very easily. Following are few examples. Composite nanofibers 

of PEDOT and polystyrene were used to sense ammonia, alcohol and hydrochloric 

acid vapors [48] where the mechanism of sensing was explained as polymer swelling 

and conductivity of the polymer. PANI nanofibers for ammonia sensing [49] and 
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many other gases as composite nanofibers. PPY was blended with polymethyl-

methacrylate (PMMA) to make nanofibers that perform better than pure PPY Films 

[50]. Here again however, these conductive polymers are blended with some other 

organic polymer to produce nanofibers. This is basically due to their non-soluble 

nature and other properties of which we will study in detail later. However, what if 

these conductive polymers are the major sensing source in gas sensors? This is the 

research question for my thesis answers. CP’s are an interesting organic polymer 

group and need to be studied in depth to answer many questions of this research. I 

choose Polypyrrole (PPY) as the organic polymer fort my research to produce 

electrospun nanofibers without any other organic polymer in the blend. Using pure 

CP’s can give resistive sensors that can be low-cost yet efficient, highly sensitive and 

show good recovery and stability, have easy processability and manufacturing. With 

characteristics of good sensors, they also possess potential to be made in bulk scale 

gas sensors. 

2.6 Conductive Polymers 

 

Polymers as we know are also called plastics, mainly because they are electrical 

insulators. Meaning, polymers can’t conduct electricity. However, there is a group of 

polymers that can conduct electricity. I am not referring to ionic components added to 

polymers to make them conductive. Conducting polymers, inherently conducting 

polymers, organic semiconductors, plastics that conduct electricity are few names 

through which these polymers are known and became famous and highly researched. 

In the year 1977, three scientists discovered a polymer, polyacetylene, that can 
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conduct electricity after doping. Alan J. Heeger, Alan G. MacDiarmid and Hideki 

Shirakawa found that upon adding certain ionic compounds and oxidizing 

polyacetylene, it becomes 109 time more conductive. This was followed by the 

discovery of polymers like polyaniline, polypyrrole and polythiophene [51, 52] and 

other conducting polymers that follow similar chemistry. The discovery of the 

conducting polymers was awarded the Nobel Prize in Chemistry in the year 2000 [51] 

and these few decades have really seen an immense growth in research related to 

conducting polymers in many applications. 

Conducting polymers (CP) whenever mentioned here refers to intrinsic conducting 

polymers that can be doped to reach semiconducting range. CP’s have a chemical 

structure of alternate single and double bonds that allows for pi-bond conjugation [53]. 

These polymers can be doped to add or remove electrons from its structure called as n-

type or p-type of doping respectively, by redox reactions [52,53]. The doped polymer 

structure can then conduct electricity in the semiconducting range by electron hopping 

mechanism through the conjugation or pi-clouds of the chemical structure [52]. Hence, 

doping is at the core of conducting polymers. Doped conducting polymers can easily 

conduct electricity between the range of 10-3 to 103 S/cm [52] which falls in 

semiconducting range of materials hence these are also called organic semiconductors. 

In early 1990’s doped conducting polymers were used for optoelectronics applications 

due to their fluorescent properties [51-53]. Since then they have been used in a number 

of applications like optoelectronics, biosensors, gas sensors, electrodes, diodes, field-

effect transistors, drug delivery etc. [51-53]. Gas sensors are the applications of our 

concern and will be elaborated in the following pages.  
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When used as gas sensors, conducting polymers provide the advantages like easy 

synthesis and characterization, high sensitivity and quick sensing response at room 

temperature, easy fabrication and portable features. Additionally, they have all the 

features of polymers like flexibility, mechanical strength and durability while being 

electrically conductive in the semiconducting range [52, 53]. It is due to these features 

that conducting polymers have found their way through many gas sensing 

applications.  

Let’s understand in detail about conducting polymers with respect to their molecular 

structure, charge transfer and conjugation, semiconducting properties and energy band 

gap, doping characteristics, chemical synthesis and common fabrication methods to be 

used as gas sensors. These properties allow us to understand the importance and ease 

of use of these polymers. However, polypyrrole being the polymer of concern here, 

the examples cited will be mostly about polypyrrole. After explaining the general 

properties, the literature will explain more about polypyrrole and its properties, why 

polypyrrole was chosen to be the polymer of concern here and further review on 

various means through which polypyrrole has been researched and applied in different 

applications. 

2.6.1 Molecular Structure of Conducting polymers: 

Following are the structures of common conducting polymers [53]. 

As seen from the structures above, alternating single and double bonds are the 

common feature of all conducting polymer structures. These are the structures before 

doping. However, this molecular structure is the feature that makes these polymers so 

special. It is due to this special conjugation, the charge carriers, electrons  
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or holes, can hop between pi-clouds and there exists and electron flow giving 

electrical conductivity in the semiconductors zone [52]. Doping these polymers 

essentially means adding or removing an electron/s from their structure, allowing the 

newly added/removed electron to hop and lead the flow of charge thereby giving 

conductance [52, 53]. 

Figure 2: Chemical structures of common conducting polymer without doping [51-53] 

2.6.2 Charge hopping mechanism and conductivity:  

Intrinsic conducting polymers or conducting polymers cannot conduct unless they are 

doped. Doping is either p-type of doping or n-type of doping. Adding electrons to the 

polymer chain refers to n-type of doping, removing electrons from the polymer 

structure refers to p-type of doping. Electron/s are added or removed from the 

structure using redox reactions- reduction to add electrons and oxidation to remove 
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electrons, which is also called generating a hole [52-54]. Following is p-doped 

structure and reaction of polypyrrole: 

The positive ion or cation so formed is called a polaron, which is the charge carrier in 

the conducting polymer chain. Notice that there is a counter ion present close to the 

chain to balance the overall charge of the polymer. The polarons are sites through  

                      Figure 3: p-doped structure of polypyrrole by oxidation [53] 

which electrons can jump or hop in the same chain or between two polymer chains. 

This is called intra-chain hopping and inter-chain hopping respectively. This hopping 

of electrons makes the chains and the complete polymer conductive. As a result, 

number of electrons jumping through and the distance they have to cover decide the 

conductivity of the concerned polymer and thus is a property unique to each polymer 

[52, 54]. However, redox reactions are a common reaction for any polymer, what 

makes conducting polymers special? The energy band gap is the answer. Going to 

molecular level, there are orbitals for electrons and pi orbitals are the ones through 

which conjugation happens and electrons keep shifting places in the pi-cloud. There 

are two bands or electrons called valence band and conduction band. Usually, 

electrons stay in valence band and the material, polymer in this case is neutral. For 
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material like metals, there are lot of electrons in the conduction band and hence metals 

can conduct electricity. For semiconducting material, the electrons have the ability to 

move to conduction band from valence band due to small energy gap or gap between 

these two bands, also called as energy band gap (Eg). Similar is the mechanism with 

conducting polymer. Upon doping, the polarons or bipolarons allow electrons to hop 

through valence band to conduction band due to small Eg, thus they call conducting 

polymers as organic semiconductors [52, 54].  

These valence band is also called as HOMO (highest Occupied Molecular Orbital) and 

conduction band as LUMO (Lowest Unoccupied Molecular Orbital). The Eg between 

HOMO and LUMO for most of the conducting polymers is between 1.5-2 eV [52]. 

Factors such as angle between the aromatic ring bonds, side chains, copolymers or 

substituents on the main chain directly affect the band gap and decrease the 

conductivity by increasing the resistance. In other words, if the conjugation is 

hampered or if the electrons have to travel a longer distance, resistance increases, and 

conductivity decreases [52-54]. 

2.6.3 Doping characteristics and its effects on polymer properties: 

Conducting polymers have the ability to conduct electricity only after redox reactions 

or doping. Doping can be done either by chemical methods or electrochemical 

methods. Chemical methods refer to adding oxidants or reducing agents either during 

polymerization or other synthesis steps. Examples of some oxidants are I2, Br2, AsF5, 

etc. Examples of some reducing agents include alkali metal vapor etc. [52]. 

Electrochemical method refers to using electrolyte solution and knowledge of electric 

potential of each conducting polymer to remove or add electron/s from the conducting 
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polymer using electrodes-based set-up [52-54]. Either way, the polymer is doped and 

there remains a counter ion in the vicinity to neutralize the charge on the complete 

system. The number of charge carriers per monomer unit or the number of counter 

ions per monomer unit gives the doping degree of each conducting polymer. The 

doping degree for polypyrrole varies between 0.25-0.35, meaning there is one counter 

ion for every 3-4 pyrrole units [52]. The doping degree for conducting polymers is 

much higher than metallic semiconductors because of limited charge carriers and 

electron hopping mechanism that electron flowing mechanism [52, 54]. The energy 

needed for electrons to hop between chain is much higher than the one needed to hop 

intra chains, hence, the higher doping degree is needed. The conductivity of these 

polymers increases by 6-9 magnitude after doping. Undoped conducting polymers 

have an electrical conductivity of 10-9 to 10-6 S/cm, after doping, these polymers can 

show conductivity in the range of 10-3 to 103 S/cm, varying differently for each 

polymer [52, 53]. 

The counter ions also have an effect on the morphology and volume of the conducting 

polymers. The volume expands most of the times and care must be taken so that the 

same doesn’t affect conductivity. Since doping is done using redox reactions, these 

polymers can also dedope under dry air, or nitrogen atmosphere. This is also how 

these polymer sense different gases [53]. Dedoping mechanism however is different 

based on the dopant used [53], same polymer can increase or decrease resistance based 

on different doping agents used. There is very little study done on this part and 

specific behavior of polypyrrole in this respect will be discussed later.  
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2.6.4 Synthesis:  

Once the conducting polymers are doped, they are ready to be characterized and used 

in different applications. However, doping usually is done during the synthesis of 

these polymers. Hence, let’s summarize different synthesis processes and how doping 

is incorporated in them.  

There are two methods to synthesize conducting polymers: chemical oxidation process 

or electrochemical synthesis [53]. In chemical oxidation, the monomer is dissolved in 

oxidant solution and the resulting reaction gives a polymer powder that should be 

washed and filtered. The choice of oxidant and reaction parameters vary for different 

monomers to yield good amount of polymer powder. Commonly used oxidants are 

ammonium persulfate, potassium dichromate, ferric chloride, hydrogen peroxide etc. 

Doping agent can also be incorporated in the polymerization process either through 

oxidant or through the solvent, both organic and aqueous solvents can be used. In 

electrochemical synthesis, the polymer is polymerized on the electrode surface 

through methods like potentiometry, cyclic voltammetry etc. by knowledge of 

oxidation or reduction potential of the polymers. These polymers can be peeled-off the 

surface of the electrode. During the process, suitable voltage can be used to dope the 

polymer. Materials like platinum, gold, stainless steel, glass etc. have been used as 

electrodes for polymer deposition [52, 53]. As we can see from these synthesis 

methods, it is usually powder or films that are produced after polymerization. Making 

polymeric films of conducting polymers is the most widely used method in various 

applications including gas sensors. The next section explains various methods to 
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produce films of conducting polymers on different substrates and methods involved 

therein. 

2.6.5 Application processes used generally to produce films of conducting 

polymers: 

Conducting polymers have been used as polymeric films for gas sensing. The active 

sensing part of the sensors is made by depositing the conducting polymer films using 

different techniques. Electrochemical deposition is one of the most widely used 

techniques to deposit the polymeric films for gas sensors [53, 55]. The process 

involves electrodes and the shape of the electrode can vary as per the sensor. Another 

popular technique is Dip-Coating where the substrate is dipped in polymerization 

solution for the polymer to deposit on its surface. Alternatively, the substrate can also 

be dipped in monomer bath and then dipped in oxidant solution for polymerization to 

happen completely on its surface [53, 56]. A variation of dip-coating is Spin-Coating 

where one has rotating collector or substrate to evaporate the solvent during 

polymerization and control the film thickness in a uniform way [53, 57]. Many other 

techniques like Chemical Vapor Deposition, using Colloidal Suspensions, Inkjet 

Printing, Drop-Coating, Layer-by-Layer deposition techniques for assembling more 

than one conducting polymer etc. [53, 58] have been used to deposit films on different 

substrates. However, we already studied the limitations of films for gas sensors and 

hence this section was only to explain the application technique and will not be 

explained to more depth. 

This is a summary of methods, application techniques, synthesis and chemistry of 

conducting polymers. However, the polymer of concern to this thesis is Polypyrrole. 
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The next few sections explain all these properties and much more about Polypyrrole 

only. 

2.7 Polypyrrole 

 

Among many conductive polymers, polypyrrole (PPY) has attracted much wider 

attention for gas sensors than others. This is due to many advantages it has that 

include: good environmental stability, easy processability, ability to be used for long 

periods of time when synthesized correctly, no toxicity while keeping good electrical 

conductivity [59]. After p-type of doping, PPY can be made sensitive to different 

gases under different conditions. The literature review here will try to explain most of 

these and why PPY is the chosen polymer for this research. Physical and chemical 

properties, polymerization, synthesis and general application processes, structure and 

doping characteristics, gas sensing applications and behavior and use as nanofibers 

through different methods will be explained in the coming sections. Lastly, PPY 

fibers, their advantages and making nanofibers through electrospinning will be 

discussed. 

2.7.1 PPY properties and solubility: 

PPY is a conducting polymer that can be p-type doped by oxidation or electrochemical 

process to behave like organic semiconductor. It can achieve conductivity up to 3 

S/cm [52, 53, 59]. The polymer is synthesized either in to powders or films. Either 

ways, it has a rigid, crystalline structure. PPY shows glass transition in 160˚C to 

170˚C and starts to decompose after 180˚C. The range of decomposition temperature 
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is 180˚C to 237˚C. The polymer is dark green to black in color depending on oxidation 

state. It usually is sensitive to humidity by swelling the structure [59]. 

The polymer so formed is infusible or insoluble in most of the solvents. Because of 

their aromatic, rigid structure that has excellent conjugation and pi bonding, it is very 

difficult to dissolve PPY in commonly used solvents and hence equally difficult to be 

used in processes that need polymer dissolution or suspension [52, 59]. Substituents 

are generally added to the polymer chains to make them soluble in certain organic 

solvents. These substituents are generally long organic compounds and should be 

chosen wisely. Alkyl substituents as a side chain on PPY structure makes it soluble in 

organic solvents, however, substantially reduces the conductivity. When a longer side 

chain becomes a part of the conducting polymer chain, the conjugation is distributed 

over a longer area and so does electron hopping. If the electrons have to travel a longer 

distance, the resistance increases, and conductivity decreases. Adding substituents to 

doped polymers is not recommended because of this reason [52]. However, some 

polymerization and synthesis processes incorporate doping agents that themselves 

serve as the side chain that aids in solubility. These will be discussed in the section 

explaining synthesis of PPY. 

2.7.2 Structure, doping, polymerization and synthesis: 

Refer Figure 2 and 3 to see undoped and doped polymer molecular structure of PPY. It 

is a rigid aromatic ring or heterocyclic structure with a nitrogen atom. Pyrrole 

monomers can be polymerized into PPY by either chemical polymerization or 

electrochemical polymerization. Electrochemical polymerization yields PPY films and 

hence is only used when the application needs a film as a substrate. Chemical 
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polymerization can be done in aqueous or organic solvents. Solvent, polymerization 

rate, time, temperature, monomer concentration, solubility of pyrrole monomer, 

oxidizing agent, dopant etc. are the factors that affect the yield of polymer in the 

chemical polymerization and affect the solubility. Al though usually insoluble, certain 

doping agent and polymerization conditions have resulted in PPY soluble in a few 

organic solvents [52, 53, 59].  

Alkyl groups added as side chains tend to make PPY soluble but reduces the 

conductivity substantially [59]. Anionic surfactants and other surface-active agents 

help to some extent but are detrimental to other processes involved in making films or 

active PPY substrate [59]. PPY was synthesized using dodecylbenzene sulfonic acid 

(DBSA) as doping agent to add dodecyl benzene sulfonate anion as the counter ion 

that can add to solubility. While the polymer so formed through chemical oxidation 

dissolved in polar organic solvents, the conductivity was decreased by order of 

magnitudes. The same research also tried using DBSA as the medium for chemical 

oxidation with the solvent where the conductivity was not affected much [60]. Another 

research used ammonium persulfate as the oxidant and solvent with DBSA to 

synthesize PPY soluble in m-cresol, chloroform and few other organic solvents [61]. 

However, there is no apparent comment on increase or decrease of conductivity. The 

conductivity reported is 2 S/cm after 25% doping which is a lot of doping agent. 

Few other interesting parameters to note in chemical oxidation is the rigorous 

polymerization conditions. Almost all of these polymerizations have to happen at 0˚C 

maintained conditions and the polymerization runs for as high as 40 hours with 

minimum time reported 24 hours for getting substantial yield. Additionally, the 
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resulting powder needs to be washed in solvents like ethanol and filtered to remove 

any residual reactants. [59-61]. Some attempts made to polymerize in 8-16 hours 

resulted in poor yields. With such rigorous conditions and high concentration of 

chemicals, one just adds to the cost of the resulting PPY making it much more 

expensive and away from commercially viable uses. 

The choice of oxidant also decided the life time and ageing of the PPY formed. PPY 

powder or films are sensitive to various atmospheric conditions although there are 

very few studies on the same. Oxidant used not only decides the doping degree and the 

resulting conductivity but also the lifetime of the PPY. PPY synthesized with different 

doping agents like ferric chloride, DBSA, ferric sulphate, ammonium salts and adding 

anionic surfactants showed varied results with respect to ageing and conductivity [62]. 

The polymer so formed with different oxidants showed varying stability in ambient 

conditions and a difference in conductivity in near and larger time frame. Although 

conductive polymers are known to be stable for a long period of time, this study 

clearly shows the effect of polymerizing conditions and reactants used. Some studies 

do show the effect of acid or basic condition on the ageing and conductivity of PPY 

over time [59, 62, 63]. The same process of chemical oxidation is also used to coat 

different substrates with PPY using in-situ polymerization and will be studied with 

respect to application in further sections. 

2.7.3 Gas sensing applications: 

The previous few sections explained the polymerization, synthesis and application 

methods of conducting polymers and PPY in general. Making polymeric films is one 

of the most used application methods for PPY and has been used widely for gas 
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sensing applications. This section explains gas sensing applications of PPY and then 

summarizes attempts to use it for carbon dioxide sensing. 

PPY films have mostly been used with some other material to retain the integrity and 

make for a stable polymeric film gas sensor. It is the protonation deprotonation 

process that changes the number of charge carriers in the conducting polymers and 

thus give a change in electrical conductivity. This property is used to sense gases that 

can protonate or deprotonate PPY. However, there are ambiguities in the response of 

PPY as the doping agent also seems to play a role in changing the number of charge 

carriers and hence change the electrical conductivity [52, 64].  Let’s discuss the gas 

sensing applications before discussing the doping behavior in the next section. 

PPY films with additional sensing agents has been used to make gas sensors for gases 

like SO2, NO2, I2, CO, Acetone, humidity sensing, H2S, CO2, NH3 etc. [53, 64]. Some 

of these are gases protonate PPY films to decrease resistance while other deprotonate 

to increase resistance. Out of these gases, the gas sensors for ammonia and carbon 

dioxide are of much interest because of similar electronic structure of these gases, the 

need to sense them and their reaction with PPY films. PPY nanocomposites with silver 

compounds were used to sense ammonia at room temperature [65]. The 

nanocomposites had silver sulfide particles embedded in the PPY matrix while the 

polymer was synthesized using chemical oxidation in aqueous medium using ferric 

chloride as the doping agent. Since silver is an electrical conductor, the 

nanocomposites showed a high conductivity.  The response of ammonia sensing was 

measured through current-voltage characteristics and an increase in conductivity with 

gas concentration is noted with partial deflections. The reason for deflections is cited 
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to be the time taken by PPY to localize the protonated charge [65]. There were no 

comments on response or recovery time of the sensors. 

Coming to carbon dioxide sensing, PPY has been used as screen-printed sensors with 

binding agents to make carbon dioxide sensors [66]. This research polymerized PPY 

by chemical oxidation using ferric chloride dopant and the filtered the polymerized 

powder. The polymer powder was made into a screen-printing paste with binders and 

then printed on a glass slide. The printed area was surrounded by silver paste to make 

conducting network. The circuit and sensor so formed was sensitive to carbon dioxide 

with increasing resistance with carbon dioxide concentration [66]. The sensor showed 

good response time but was saturated after a time. However, it established the 

sensitivity of PPY for carbon dioxide. Another research showed PPY-porous silicon 

sensors sensitive for carbon dioxide gas. The sensors were formed by grafting and 

depositing PPY on silicon media by cyclic voltammetry and managing its porosity for 

gas sensing [67]. In-situ fabrication of carbon dioxide sensors using two conductive 

polymers, PEDOT and PPY was done using drop coating method on an electrode. The 

sensors were sensitive to carbon dioxide up to 1000ppm but showed partial sensitivity 

to oxygen and heating at higher temperatures to desorb carbon dioxide [68]. However, 

all these researches show the potential of PPY to sense carbon dioxide. The task at 

hand then remains to sense it accurately and to maximize efficiency. Similar in-situ 

polymerization was tried on various textile substrates to make them conductive [69], 

however, none of them were used to sense any gases as the porosity of textiles is much 

higher than films and hence not the best material to sense gases either by adsorption or 

by reaction. The point to note here is the common thread of coating, in-situ 
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polymerization or depositing PPY by different methods being used as the only way to 

make conductive surfaces. 

2.7.4 Gas sensing behavior with respect to doping: 

PPY as explained in previous sections is being used for various gas sensing 

applications. However, there are two important observations here. One, it is always 

coated with some other binder, conductive paint or co-polymer. Two, the sensing 

criteria is not always common but unique depending on the doping agent and the 

doping chemistry. This section aims to explain that ambiguity by understanding the 

mechanism of charge transfer after doping with different agents and how electron 

hopping affects the reaction of PPY to different gases. 

When conductive polymers are used as substrates for gas sensing, they react by 

protonating or deprotonating in presence of gases they sense. As per theory, a gas that 

deprotonates PPY, that adds electrons to its structure, should increase the resistance 

and decrease the conductivity. This is because the charge transfer in PPY is through p-

type of doping that is transfer of holes. So, a greater number of electrons can bring it 

to neutral state. On the other hand, protonating gases remove electrons from it 

structure and hence should increase conductivity. This however, wasn’t found in all 

gas sensors made of PPY and thus there is much ambiguity with increase or decrease 

of resistance with certain gases and much more studies need to be done to establish 

this behavior [52, 53, 64]. Where some researches did show the mechanism explained 

above with carbon dioxide sensor via screen-printing PPY and silver paint [66], other 

did not comment anything on increase or decrease of resistance with increase in the 

concentration of the gases around PPY films [65, 67, 68]. For examples, according to 
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this mechanism, all p-type of doped conductive polymer should go to neutral state 

under ammonia atmosphere since ammonia has a lone pair of electrons that its shares 

and thus allow conducting polymer to sense it. However, another research on 

polycarbazole films which are p-type doped conductive polymers showed decrease in 

resistance when ammonia deprotonated the polymer film [53, 70]. In another study, 

Sulphur dioxide gas behaved similarly and deprotonated PPY films to decrease 

resistance and increase conductivity [71].  

There could be multiple reasons for this ambiguity and opposite behavior. One is the 

choice of doping agent and its chemistry around the PPY structure. Whether the 

doping ion leads to volume expansion of the polymer, changes morphology or the 

electron hopping plays a crucial role in the resistance decrease trend [53, 64]. Factors 

like humidity, temperature and volatile vapors around tend to add some effect too [64]. 

Basically, factors that are detrimental to electron jumping around conjugation and 

energy band gap increase the resistance and the opposites decrease the resistance by 

increasing the conductivity [64].  This is a general observation through the literature 

review that iron chloride and related doping agents tend to acheive a neutral state of 

the doped PPY with electron donating or deprotonating gases around. For DBSA 

based doping agents, not much reports have been established about the trend of 

conductivity with reaction of gases. Thus, the ambiguity persists, and only further 

studies could establish a sound observation about behavior of PPY with different gases 

and their selectivity. 
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2.7.5 PPY fibers and their properties: 

So far, we only discussed about PPY films and their applications for gas sensors. 

However, in recent years, enough attention has been given to conductive fibers made 

from these polymers and nanofibers for sensing application. The average hopping 

distance for electrons in PPY films is 5.7 Angstrom whereas it is 4 Angstrom for 

fibers. Lesser the hopping distance, lesser the resistance and higher the conductivity of 

the resulting substrate [72]. The PPY fibers were produced through wet-spinning using 

di-ethylyhexyl sulfosuccinate (DEHS) as doping agent and showed much better 

mechanical and electrical performance at low temperatures [72]. Another research 

focused on making long PPY fibers my chemical oxidation of PPY using two different 

salts-DEHS and ferric salts. The research used manual drawing electrospinning to 

draw the fibers. Pyrrole was deposited on ferrous based drawn fibers through vapor 

deposition [73]. This was basically deposition and not pure PPY fibers, but the fibers 

so generated has all the properties and advantages of using organic conductive fibers. 

Thus, PPY fibers seems to be a better alternative to films since they not only perform 

better but also are easier to produce in bulk, are inexpensive, better strength and ability 

to draw and align to achieve not just strength but also desired porosity as per the 

application. However, gas sensors need much lesser porosity than fiber interstices and 

hence, nanofibers might be a solution to look for better sensors and efficiency while 

moving over limitations of polymeric film-based sensors. The next section focuses on 

PPY nanofibers, electrospinning PPY and sensors that already researched on PPY 

nanofibers for different gases. 
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2.7.6 Electrospinning PPY nanofibers and their use in gas sensing: 

Nanofibers can be made with different methods as explained in previous sections. 

Hence, even for PPY nanofibers, different methods are tried, mostly because of 

difficulty to make solutions of PPY. The concept of conductive polymers itself is new 

and then making nanofibers out of it is still novel. As per the literature studied and 

reviewed so far, with a critical eye, very little research has been done to make PPY 

nanofibers and still lesser research on making PPY nanofibers by electrospinning. The 

literature reviewed resulted in hardly 2-3 publications that used pure PPY without any 

additive to make nanofibers. Let us review PPY nanofibers timeline and researches 

done around it as well as how many of them were used in gas sensing. 

Hydrogen gas sensors were made using PPY nanofibers that were synthesized by 

template free synthesis and chemical route. The research used ferric chloride as the 

oxidant and polymerized PPY in a way to generate nanofibers. The results reported 

show nanofibrillar morphology sensitive to hydrogen gas and showing good 

conductivity [74]. This was the only study found that made PPY nanofibers using 

methods other than electrospinning. Three other researches made PPY nanofibers 

using electrospinning technique. One of them used Sodium-DEHS as the doping 

agent, of polymerized PPY and this soluble PPY was then electrospun at really high 

voltages of 30-45kV. The nanofibers so formed were still in micrometer range and had 

an average diameter of 4μm, which is way higher than nanometer size [75]. The 

nanofibers showed good conductivity but weren’t really used for further application. 

The second used similar soluble PPY and adding Poly-(ethylene oxide) (PEO) to make 

good solution that can be electrospun [76]. This study only shows the effect of PEO on 



52 

the PPY solution and compares the two methods but doesn’t report the nanofiber size 

or their conductivity. The third important study on electrospun PPY nanofibers was 

done with the similar method but reported the nanofiber sizes, conductivity and 

morphology. PPY nanofibers were formed using sodium-DEHS as doping agent to 

make soluble PPY, using PEO as carrier polymer and adding surfactant to improve 

solubility. In all three cases, the solution gave nanofibers in the range of 70-300nm 

and showed conductivity in the range of 10-4 to 10-8 which is much lower than pure 

PPY. The electrospinning voltage was up to 30kV and the nanofibers were deposited 

on a paper. The resulting nanofibers did not have a uniform structure or alignment and 

wide range of nanofiber sizes [77]. Polymerization variables, high PEO content, 

electrospinning voltage etc. could be the factors leading to lower conductivity. 

However, interesting is to note that PEO can be a good carrier polymer for 

electrospinning PPY in pure form. 

Other than these few studies, related researches only focused on adding some 

supporting material to PPY and only harness it’s conductive nature by either vapor 

depositing or coating it on the fibers. Some other studies used carrier polymers as the 

main polymer and PPY to be present only at the surface and render the conductive 

nature. None of the studies used pure PPY as the gas sensing substrate or the only 

substrate to react with the analyte even in polymeric film sensors. For example, PPY 

was deposited on ZnO nanohybrids formed using electrospinning to sense ammonia 

[78]. The nanohybrids were formed using poly-vinyl alcohol as the basic polymer and 

other materials were either grown or deposited on the electrospun fibers. Another 

similar work reported PPY-Poly ether ether ketone (PEEK) core-shell nanofibers used 
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for ammonia sensing. The PEEK nanofibers were electrospun using polyacrylonitrile 

as a carrier polymer for easy processability. PPY was then deposited on the nanofibers 

using chemical oxidation of pyrrole the nanofiber surface [79]. A third study used two 

different polymers, PPY and poly vinyl pyrrolidone (PVP) to electrospin nanofibers. 

The study electrospun pyrrole-PVP solution and then oxidized it chemically to 

polymerize pyrrole using ferric chloride based doping agents. PVP served as carrier 

polymer to make electro spinnable solution of pyrrole [80]. All these nanofibers had a 

supporting polymer or reactant due to poor solubility of PPY.  

However, the fact that PPY can be electrospun is a big take away from these studies as 

the literature just established how nanofibers are an ideal candidate for gas sensing 

applications. In this scenario, it will be a good research track to experimenting with 

adding least amount of carrier polymer and maximum PPY so that the conductivity is 

retained, and the nanofibers are formed through electrospinning. In this aspect, PEO 

seems a good choice since it is a polymer experimented heavily for electrospinning 

and it readily dissolves in water. Adding correct amount of PEO here would be a 

challenge since insulating properties of PEO should not reduce conductivity of the 

resulting nanofibers. Let’s discuss a bit about PEO before taking it as the chosen 

carrier polymer for the research. 

2.8 Poly-(ethylene oxide) (PEO) 

PEO is a thermoplastic polymer, which is crystalline in nature and readily dissolves in 

water. The general structure of PEO is -(OCH2CH2)n-, where n has a very wide range. 

This is also the specialty of PEO, that it is commercially available in a wide range of 

molecular weight that can be harnessed in different applications. The lower weight 
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polymer with this general formula are generally referred to as polyethylene glycols 

and higher ones as PEO. The molecular weight can go as high as few millions [81]. 

This section will focus on general properties of PEO, its electrospinnability and 

properties important for electrospinning PEO. The section will end with explaining 

why PEO could be an ideal carrier polymer for electrospinning PPY. 

2.8.1 General Properties of PEO: 

PEO is crystalline in nature and a thermoplastic polymer, meaning, it can be melted 

and remolded in different shapes. It has hydroxyl groups that allow it to readily 

dissolve in water. Even at high molecular weights, the polymer still dissolves in water 

[81]. This is the biggest advantage with using PEO in different polymer processes, 

application and specially to make solutions for processes like electrospinning. PEO is 

polymerized using ionic polymerization of ethylene oxide, which has a three-member 

ring structure. The polymerization cannot be done using free radical initiators but 

acidic or basic initiator. These initiators differ as per the molecular weight required for 

the resulting polymer [81] Here, we will be discussing only about high molecular 

weight PEO since those will be of concern in the experimentation. 

High molecular weight PEO have a melting point around 65˚C and a moisture content 

of less than 1%. The dissolve in water and some other common organic solvents that 

can react with hydroxyl groups. The molecular weight of PEO determines its solution 

properties such as viscosity, rheological behavior and effect of temperature. High 

molecular weight PEO is also partially amorphous, leading to ambiguous behavior in 

determining a sharp glass transition temperature [81]. However, since temperature 

doesn’t play a very big role in experimentation with PEO in this study, this is all the 
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information we need to know. The rest will be discussed only with respect to 

electrospinning PEO and the properties concerned there. 

2.8.2 Electrospinning PEO: 

Since PEO dissolves readily in water, it is one of the most experimented polymers for 

electrospinning. Electrospinning required high molecular weight polymers for the 

polymer jet to stretch and sustain the electric force while travelling from the needle 

syringe to the grounded collector. Hence, generally high molecular weight PEO is 

used to make electrospinning solution. Many references cite the generally used 

molecular weight to be 400,000 and dissolving a 10wt% PEO in water to make 

electrospinning solution [27, 82]. Such a solution is electrospun at voltages 10-15 kV 

and 15-20cm between syringe and collector.  If 10wt% seems much higher 

concentration for electrospinning solution, efforts are also made to reduce the 

concentration. PEO with 900,000 molecular weight was electrospun at 1-3wt% 

concentration and 11kV voltage with same distance. Adding ethanol as an easy 

vaporizing solvent was also tried to reduce voltage and distance, the concentration 

needed here was 900,000 molecular weight 3wt% PEO [27]. Another study focused on 

modification of electrospinning set-up to monitor bending instability and controlling 

the deposition of PEO fibers through electrospinning. The study used 400,000 

molecular weight PEO with 10wt% concentration to get nanofibers in sub-micron 

range [82]. Thus, electrospinning of PEO is highly feasible and fairly simple if one 

plays correctly with the molecular weight. The next section focused on properties of 

PEO like dielectric constant, solution viscosity, rheological behavior and electrical 
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conductivity to understand it’s use better in electrospinning as carrier polymer for 

PPY. 

2.8.3 Properties of concern for electrospinnability: 

PEO dissolves readily in water but the behavior in solution varies as per molecular 

weight. Higher the molecular weight PEO, different the rheological behavior. Many 

solutions behave in a non-Newtonian way, meaning, they do not follow the Newtonian 

laws of viscosity. For such material, the viscosity of the solution behaves in a way any 

other than constant flow and viscosity. For molecular weights of PEO higher than the 

order of 105, the solution behaves as a pseudoplastic. At a critical shear, the solutions 

behave a rheopectic, that is the viscosity increase with time and after the critical shear 

point, it behaves as thixotropic, meaning a decrease in viscosity with time [81].  

Talking about dielectric behavior, the behavior decreases with increasing molecular 

weight and reaches a limiting value of 1.13. This corresponds to the dipole moment of 

the molecules in the polymeric chain even when interacting with water in solution. 

The dielectric relaxation is associated to the amorphous as well as crystalline parts of 

the polymer chain [81]. 

PEO as anyone would readily say is an insulator. However, studies say differently. 

Surely most of the molecular weights of this polymer fall under electrical insulators 

due to conductivity in the range of 10-18. However, to much surprise, some derivatives 

of PEO can achieve conductivity as high as 10-10 S/cm, 9 order of magnitudes higher 

than usual and way close to semiconducting region. Further investigation tells that 

with higher molecular weights in solution, the conductivity is higher than in semi-

crystalline form. PEO with molecular weight 600,000 has conductivity of 0.8*10-10 
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S/cm in solution at room temperature. This is accounted to greater chain mobility in 

solution and ability of protons to be transferred by local segmental motion of the 

oxygen molecules [81]. Thus, a sufficiently high molecular weight, correct rheology 

and monitored solution can be of help to not act as conductor but neither act as 

insulator. 

2.8.4 Using PEO as carrier polymer: 

With above literature discussion, PEO is an ideal carrier polymer to electrospin PPy. It 

has great affinity for the electrospinning process and it is easily soluble in water and 

common organic solvents. Additionally, when monitored for rheology and molecular 

weight, it can act as a neutral polymer that doesn’t hamper the conductivity of the PPY 

polymer chains. The fact that it is available in a variety of molecular weights only 

adds advantages to the experimentation since this opens a wide range of spectrum to 

play with. Using PEO as carrier polymer will also aid in easy processability of PPY 

solution and connectivity of PPY chains. The experimental section and next chapters 

explain its role and feature with PPy in further details only to reinforce this choice of 

carrier polymer. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES  

3.1 Materials 

 

This section lists the materials and their sources used for this research. Polypyrrole, 

doped, 5wt% dispersion in water with suitable doping agents was purchased from 

Sigma-Aldrich. The doped dispersion was made from dried cast film and had 

conductivity > 0.0005 S/cm. An already polymerized, water dispersed PPY was used 

through the research to eliminate any variations related to polymerization of PPY, 

doping agents and other polymerization parameter. A water-based dispersion also 

aided in making electrospinning solutions as PEO dissolves in water. PEO with two 

different molecular weights Mw 400,000 and 600,000 was used as carrier polymer, 

with later being used predominantly. Both were purchased from Sigma-Aldrich. Triton 

X-100 surfactant was purchased from Sigma-Aldrich to use in making PPY 

electrospinning solution, however, was only used to experiment briefly. The water 

used for dissolution was deionized (DI) water. Other solvent used was N, N-

Dimethylformamide (DMF) of research grade was acquired from Macron Fine 

Chemicals. Fabrics used as substrate to deposit nanofibers during electrospinning were 

taken from Department of Fiber Science and Apparel Design, Cornell University. 

Research grade 5.0 carbon dioxide cylinder CD R200 was purchased from Air Gas 

along with suitable regulator for the cylinder. The electrospinning set-up was lab made 

at the Fan Research Laboratory, Department of Fiber Science and Apparel Design, 

Cornell University. 
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3.2 Methods 

 

This section explains various steps and methodology of experimentation to get 

required nanofiber samples. 

3.2.1 Preparing electrospinning solution 

It is very clear from the literature review and study about PPY that it is insoluble and 

infusible in most of the common solvents including water. Additionally, due to their 

strong conjugation, PPY polymers don’t form long chains that give high viscosity. 

Making an electrospinning solution was one of the toughest steps in this research due 

to these properties of PPY. On the other hand, making an electrospinning solution of 

correct viscosity is of utmost importance to produce nanofibers using electrospinning. 

To counter these issues, the PPY used for experimentation was already a doped 

dispersion. To this doped dispersion, PEO was added along with suitable solvents. The 

PEO content was experimented from 1wt% to 10wt%. After experimenting with water 

and other common organic solvents like acetone, ethanol, chloroform and DMF, two 

different solvent system were experimented with. One, using pure DI water as solvent 

and two, DI water and DMF (1:1) ratio as the solvent. All chemicals and polymers 

were used as received and no further filtration and/or purification process was 

incorporated. 

This being a fairly new research, not much literature is available on solution properties 

of PPY dispersion and PEO. Multiple solutions were made with two different solvent 

system and observed throughout this study. Hence, these solutions were tested for 

their rheological properties and subsequent behavior in electrospinning process. 
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Based on many experiments with different concentration of solvents, PEO and PPY, a 

final composition of the solution was determined. Electrospinning solution was made 

using 75wt% PPY, 23wt% solvent and 2wt% PEO. The concentration of PEO with 

Mw=600,000 was small enough to not hamper conductivity of PPY but large enough 

to give sufficient viscosity to electrospinning solution. Solvent refers to two solvent 

system: DI water and a mixture of DI water and DMF (1:1). 16 different solutions 

were made, 8 with each solvent system as the final samples to be examined. The 

solutions were stirred using a magnetic stirrer with varying stirring rate and time to see 

their effect on rheology of the solution; since viscosity plays a very important role in 

behavior of electrospinning solution. Following tables detail the solution samples 

made, stirring parameters varied etc. Other than the parameters mentioned in the 

tables, all other solution making conditions were identical. 

Sr. No. Sample Name Stirring Rate (rpm) Stirring Time (hours) 

1.  WS1 500 4 

2.  WS2 1000 4 

3.  WS3 500 8 

4.  WS4 1000 8 

5.  WS5 500 16 

6.  WS6 1000 16 

7.  WS7 500 24 

8.  WS8 1000 24 

     Table 1: Samples made using DI water as the solvent 
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Sr. No. Sample Name Stirring Rate (rpm) Stirring Time (hours) 

1.  S1 500 4 

2.  S2 1000 4 

3.  S3 500 8 

4.  S4 1000 8 

5.  S5 500 16 

6.  S6 1000 16 

7.  S7 500 24 

8.  S8 1000 24 

     Table 2: Samples made using DI water + DMF (1:1) as solvent 

Since PPy doesn’t dissolve in any solvent, the best way to make solution was to swell 

it and stir the solution long enough for the PEO to dissolve in the solvent while 

swelling PPY to make a well dispersed, viscous solution. Each solution was tested for 

its rheological properties, primarily shear dependence using continuous flow 

mechanism and temperature dependence using AR 2000 Rheometer cone and plate 

geometry (20mm 4˚ steel cone) from Test Instruments. Each solution was also tested 

for its behavior while electrospinning and producing nanofibers. Change in 

electrospinning parameters with every new solution is discussed and explained. The 

nanofibers formed were analyzed and the nanofiber non-woven webs characterized to 

be used as sensor substrates.  Based on rheological studies, trials in electrospinning 

and resulting nanofibers after the process, the best samples were chosen to test carbon 

dioxide sensitivity.  
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3.2.2 Electrospinning PPY solution and effect of change in different electrospinning 

parameters 

 

Electrospinning PPY solution starts with first adjusting the syringe at the pump and 

deciding a flow rate. The flow rate for PPY solution was fixed at 1ml/hour for all the 

experiments throughout this research. A slower flow rate lead to clogging the polymer 

on the needle tip and a higher flow rate deposited polymer nanofiber that weren’t 

completely dry and still had unevaporated solvents leading to clumsy, unaligned and 

attached nanofibers that were more like a film with pores than nanofibers. The 

distance between needle tip and collector was varied between 10 cm to 15cm. The 

electrospinning voltage varied with every polymer solution and the details are 

explained in the following section with tables representing all the data. The range of 

voltage used for all the different solutions is 13kV to 32kV. The collector used was a 

rotating drum collector that was kept at 200 rpm to help in solvent evaporation and 

alignment of the deposited nanofibers. Different substrates were used for nanofiber 

deposition to find out the perfect substrate that supports deposition and peeling of 

nanofiber webs. The following few sections explain effect of each parameter and how 

they were varied to optimize the electrospinning process for PPY solution. 

a) Polymer Solution Parameters 

 Molecular weight of PEO: PEO added to PPY water dispersion with 

Mw=400,000 made a viscous solution but the polymer solution was not 

stretching enough in the electrospinning process to produce nanofibers. 

Hence, the molecular weight was slightly increased to Mw=600,000. 
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This molecular weight of PEO not only supported solution formation 

but also the polymer jet stretching during electrospinning and Taylor 

cone formation. With Mw=400,000 the Taylor cone was highly 

unstable, and it can be inferred that the polymeric chains weren’t have 

high enough surface tension to overcome and simply polymer droplets 

were being thrown from the electrospinning needle. In other words, the 

process happening was more of electrospraying than electrospinning. 

Recall one of the points mentioned in the literature review. PEO with 

molecular weight 600,000 and above, shows conductivity close to 

semiconducting region than insulating region, of the order 10-9 S/cm. 

This is only a win-win situation for the polymer solution as the 

conductivity of PPY will not be hampered. Hence, Mw=600,000 was 

ideally suited for the electrospinning solution of PPY. 

 PEO Concentration: PEO with 1wt% to 10wt% was experimented to 

find out the ideal concentration for the electrospinning solution so that 

conductivity of PPY is not compromised. Let’s recall another point 

mentioned in the literature survey. Higher molecular weight PEO, with 

large concentration in solution can have non-Newtonian behavior as 

rheopectic at the start and thixotropic solution at higher shear rates. 

This is what was observed when the concentration of PEO increases 

above 5wt%. The solution became a thick gel-like substance and did 

not respond to electrospinning voltages as high at 45kV. 3-5wt% PEO 

although made good solutions, the viscosity of the solution still did not 
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allow for the surface tension to be overcome and nanofibers to be 

deposited on the collector. 1-3wt% PEO not only gave good viscosity 

of polymer solution but also allowed nanofibers to deposit on the 

collector. Nanofibers deposited with 1wt% solution were however, 

small, unlinked, powdery in morphology and were not connected at all 

as webs. Eventually, after many experiments, 2wt% was chosen to be 

the optimized PEO concentration for electrospinning polymer solution. 

 Choice of solvent: Water and a mixture of 1:1 water and DMF were 

the final solvents chosen after rigorous trials with most of the common 

organic solvents that include acetone, ethanol, chloroform. Water easily 

dissolves PEO and hence was the primary choice for solvent for 

electrospinning solution. However, water-based polymer solution 

required much higher electrospinning voltage and solvent evaporation 

was not 100%. Hence, organic solvents were experimented with. Pure 

organic solvents acetone, ethanol and chloroform dissolved PEO but 

did not swell PPY and hence were completely eliminated to be used as 

solvents. Mixing them with water for a part of solvent to evaporate 

quicker did not aid either, the PPY dispersion failed to dissolve even 

after 24 hours of stirring. Pure DMF dissolved the solution but resulted 

in beads on the nanofiber structure. More of this will be discussed in 

results while characterizing fiber morphology. The combination of DI 

water and DMF 1:1 ratio proved good enough for solution as well as 

electrospinning of the nanofibers. 
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b) Electrospinning Process Parameters 

  

 

 

 

 

 

 

 

Figure 4: Electrospinning set-up in Fan research laboratory, FSAD, Cornell. 

 Distance between needle tip and collector: The distance between 

needle tip and collector allows for solvent evaporation and is an 

important criterion to produce desired nanofiber morphologies. In this 

study, the distance was varied from 10 cm to 20 cm gradually with 

every 1 cm increase to find optimum distance for solvent evaporation. 

Distances less than 15 cm proved to be too short for the polymer jet and 

the polymer solution deposited droplets of polymer instead of 

nanofibers. When pure DI water was used as solvent, 20 cm distance 

between needle and collector deposited nanofibers of good integrity as 

the longer distance allowed for water to evaporate completely. For the 

DI water + DMF solvent mixture, the distance of 15 cm was enough as 

DMF in the polymer solution evaporated quicker than water and still 

gave nanofibers of good integrity. 
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 Rotation of collector and substrate used for collection: The rpm of 

rotating drum collector was started with 100rpm to 500 rpm. Rotation 

higher than 200 rpm resulted in pushing away the deposited nanofibers, 

whereas lower rotations did not aid in fibre alignment. Hence 200 rpm 

worked at optimum level to evaporate solvent and align the fibers. The 

substrate used for nanofiber collection is an interesting find in this 

research. Usually, aluminium foil is used as substrate for nanofiber 

collection in electrospinning to dissipate the charges still accumulated 

on nanofibers due to electric force. However, PPY being conductive in 

nature, the aluminium foil failed to dissipate the charges. Nanofibers 

collected on aluminium foil clung tightly to the foil and were difficult 

to peel of as non-woven webs. Hence, non-woven polypropylene fabric 

was used as substrate. This proved to be at another extreme and did not 

cling fibers at all but only repelled them. This non-woven fabric was 

then laser cut to increase porosity, which did not increase fiber 

deposition affinity either. Then, a woven cotton fabric was used. A 

woven cotton fabric worked as the best possible substrate to deposit 

and peel of nanofiber non-woven webs. Cotton aided in dissipating any 

minor charge the polymer carried and at the same time absorbed and 

evaporated any remaining solvent. This produced nanofiber webs that 

are linked through and through to result in good conductivity as well as 

good physical integrity of the nanofiber non-woven webs. 
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 Voltage and current accumulation: Electrospinning voltage is one of 

the most crucial parameters since it decides the strength of electric field 

that will act on the polymer solution. Only after a threshold voltage has 

crossed does the Taylor cone form, remain stable and then produce 

nanofibers. While electrospinning PPY solution, another point to 

consider is current accumulation in the system. Usually, polymers are 

insulators hence, any small current accumulated in the electrospinning 

set-up doesn’t hamper the spinning. However, PPy being conductive in 

nature, many factors lead to high current accumulation and the system 

short-circuits very often. While explaining about voltage, this section 

also explains different factors that lead to short-circuit in the PPY 

electrospinning.  

For all the 16 different solutions that were used for electrospinning, 

there was a range of voltage and not a specific voltage even after fixed 

composition of the ingredients.  Humidity and solvent used are the 

factors here that decide the electrospinning voltage for formation of a 

stable Taylor cone. Humidity will be discussed in detail in the 

surrounding factors section. When only water was used as solvent, the 

voltages were in the higher range 25kV to 32kV. When DMF was 

added in the solution, the voltages were in the range of 13kV to 18kV. 

Similar is the trend with current accumulation. Higher current was 

accumulated and frequent short-circuits were observed for only water- 

based solutions. The following tables list the electrospinning voltage 
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for different solutions, current accumulation and other electrospinning 

parameters. The tables also write important comments about behavior 

of the solution with respect to stabilizing Taylor cone and number of 

short-circuits occurring in the system during spinning. The reason was 

lesser current accumulation for DMF and lower threshold voltages is 

higher dielectric constant of DMF than water that not only aided in 

better charge distribution but also quicker evaporation of solvent to 

stabilize the charges on the nanofibers. 

The only water-based solutions, described in table 3, used quite high 

electrospinning voltages and had a range of results. The solutions that 

were stirred for 24 hours (WS7 and WS8), did not spin at all due to 

extremely low viscosity, whereas solution stirred for 16 hours were 

very difficult to stabilize. The solution spun at 4 hours, although stable, 

did not give long nanofibers. The fibers were more powdery due to 

small morphology. Only the solutions stirred for 8 hours (WS3 and 

WS4) gave connected, long fibers with a stable Taylor cone and were 

deposited on the cotton fabric. The samples however, were very 

difficult to peel off the fabric. Hence, only DI water is not the best 

choice of solvent to get independent PPY nanofiber films that can be 

made into samples and tested for different characterization.  

When DI water + DMF was used as solvent, not only the 

electrospinning voltage decreased but also the fiber morphology 

improved. The fibers were long, aligned, and well connected. The 24 
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hours stirred solution was still not spinnable due to extremely low 

viscosity, but all other solutions gave stable Taylor cone and fibers of 

good integrity, easy to sample for further tests. 

Sr. 

No. 

Sample 

Name 

Flow 

rate 

(ml/hr) 

Distance b/w 

needle – 

collector (cm) 

Voltage 

(kV) 

Current 

accumula

ted (mA) 

Comments  

1.   WS1 1 20 25 0.09 Stable, very 

small fibers 

2.  WS2 1 20 20.5 0.076 Stable, very 

small fibers 

3.  WS3 1 20 26.2 0.054 Stable, long 

fibers 

4.  WS4 1 20 25.8 0.030 Stable, long 

fibers 

5.  WS5 1 20 35.2 0.078 Difficult to 

stabilize 

6.  WS6 1 20 31.7 0.067 Difficult to 

stabilize 

7.  WS7 1 20 - - Did not spin 

8.  WS8 1 20 - - Did not spin 

                 Table 3: Electrospinning parameters for solutions with DI water as solvent 

Sr. 

No. 

Sample 

Name 

Flow 

rate 

(ml/hr) 

Distance b/w 

needle-

collector (cm) 

Voltage 

(kV) 

Current 

accumula

ted (mA) 

Comments  

1.   S1 1 15 14 0.009 Stable and 

connected fibers 

2.  S2 1 15 13 0.007 Stable, long 

fibers 

3.  S3 1 15 14.7 0.007 Stable, long 

fibers 

4.  S4 1 15 15.4 0.008 Stable, long 

fibers 

5.  S5 1 15 13 0.003 Stable and 

connected fibers 

6.  S6 1 15 17.6 0.005 Stable and 

connected fibers 

7.  S7 1 15 - - Did not spin 

8.  S8 1 15 - - Did not spin 

        Table 4: Electrospinning parameter for solutions with DI water + DMF as solvent 
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c) Surrounding Parameters:  

Humidity is the only surrounding parameter of concern here as mentioned 

around voltage used for spinning. PPY as a polymer is susceptible to humidity 

as some studies say but this was a huge observation throughout this research. 

The electrospinning voltage increases around higher humidity, there was quite 

high short-circuiting experiments. Sometimes the same solution composition 

and parameters only resulted in short-circuit and the system stopped. 

Dehumidifier was run pretty frequently whenever the humidity increased 

above 50%. Humidity also affected the samples, especially the ones with only 

water as solvent. Some of these samples tend to merge to increase nanofiber 

diameter by swelling the fibers and absorbing humidity over time. Other 

samples were kept under low humidity with desiccant in storage boxes to keep 

the humidity below 30%. As per these observations, it can be inferred that 

humidity tends to increase surface tension of the polymer solution, thereby 

increasing the threshold electrospinning voltage, thus increasing the electric 

filed strength. Since humidity is mainly water, it can carry some charges in this 

case increasing the current accumulation in the system, thus leading to short-

circuits. The maximum current accumulation for electrospinning PPY solution 

was 0.01 mA, after which the system stopped. PPY is predominantly black in 

color and so are the resulting nanofibers. However, with different humidity’s, 

the color of samples changed between dark green to grey to black denoting 

different oxidation states of PPY. More studies need to be done focusing on 

humidity to find exact correlation between humidity and PPY. 
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3.2.3 Building carbon dioxide sensitivity set-up 

Sensing the nanofiber films for carbon dioxide sensitivity was the final goal of this 

research. The set-up for this purpose was built in laboratory with a focus on using 

four-point probe measurement for observing change in resistance with change in 

carbon dioxide concentration. Four-point probe resistance measurement will be 

explained in detail under characterization section. This section only explains the 

building of the set-up. A small plexi-glass box was made with two holes on each side 

to insert wires etc. A ring stand was used to hold in place and exert sufficient pressure 

for the four-point probe head, borrowed from CCMR, Cornell. The other end of probe 

head was connected using wires and alligator clips to a Keithley 2400 SMU borrowed 

from Kan research laboratory, ECE, Cornell. The SMU was functioned to sense in 4-

wire mode and measure sheet resistance of the nanofiber webs. The nanofiber webs 

were mounted on a glass slide right below the probe head. The ring stand occupied 

one of the inlet holes to hold the probe head. The other hold was connected to carbon 

dioxide gas flow pipe coming from a carbon dioxide cylinder. On the parallel side of 

the box, one hole was occupied was an inlet to circulate dry air. In the other hole, a 

carbon dioxide reading meter was put to show carbon dioxide concentration to be 

corelated to changing sheet resistance. The whole set-up was video recorded to 

observe change in resistance and plot the results. Following pictures explain the set-up 

more efficiently. The set-up was built in a fume hood considering safety concerns and 

desorption of carbon dioxide gas. Dry air was circulated to mimic actual atmospheric 

conditions where carbon dioxide has to be traced among all other gases. Dry air also 

avoided humidity since PPY is susceptible to humidity. 
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Figure 5: Carbon dioxide sensitivity set-up built in lab 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Schematic of carbon dioxide test sensitivity set-up in lab 
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3.3 Characterization 

3.3.1 Rheology of polymer solution 

 

The behavior of the electrospinning polymer solution is analyzed to check its viscosity 

and rheological behavior. PEO at higher molecular weight is known to behave in non-

Newtonian manner that is, the viscosity is not constant and needs to be analyzed. TA 

Instruments AR-2000 Rheometer using standard Cone and Plate geometry (20mm 4° 

steel cone) was used to characterize for solution rheology. The change in viscosity was 

observed using a continuous flow mechanism for shear rate 0/s to 100/s. The viscosity 

change with temperature was also observed for temperature between 20˚C to 50˚C. 

The results for all 16 solutions are represented graphically. The power law regression 

and best fit for the graphs was calculated to establish the shear-thinning behavior. 

Knowing the solution properties help to optimize the electrospinning parameters 

better. The Rheometer is located in FSAD, Human Ecology Building, Cornell. 

3.3.2 FTIR 

 

Fourier Transform Infrared Spectroscopy (FTIR) was used to characterize important 

peaks for PPY ring vibrations and -C-N- bond in the ring. Perkin-Elmer FT-IR 

Spectrometer Frontier located in FSAD, Human Ecology Building at Cornell was used 

to analyze the samples to confirm PPY being the majority of polymer in the 

nanofibers. The results are discussed and compared to pure PPY FT-IR to establish 

almost pure PPY content on the nanofibers. 
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3.3.3 Scanning Electron Microscopy (SEM) 

 

The morphology, nanofiber size, diameter and alignment are analyzed using Zeiss-

Gemini-500 FE SEM located at Cornell Center for Material Research (CCMR). The 

SEM software allows to measure the nanofiber diameter and size while viewing the 

images. Since PPY nanofibers are already conductive in nature, the samples could be 

directly mounted in the system and there isn’t any need to plate the samples with 

conductive particles; which is usually needed for polymer nanofiber samples. Various 

images for different solutions and combination are discussed in the results section. 

3.3.4 Nanofiber Web Thickness 

 

To calculate resistivity of the nanofiber webs, one needs to know the web thickness. 

Additionally, knowing web thickness also allows to understand the gas adsorption-

desorption criteria and how much it depends on nanofiber web thickness. The 

thickness of nanofiber webs was calculated using Mitutoyo Digimatic Indicator 

located at Bard Hall, Cornell. Each nanofiber web was measured for thickness in all 

four direction and multiple times to establish the ultimate thickness. 

3.3.5 Resistivity of PPY nanofibers 

 

Resistivity of PPY nanofiber webs was calculated using Cascade-CPS Four-Point 

Probe Set-up located at CCMR, Cornell. The four-probe set-up is linked to LabView 

4-wire software and directly gives the resistivity and sheet resistance of the nanofiber 

webs once you enter the web thickness. The thickness has to be less than few hundred 
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micrometers to use the 4-wire LabView program. The resistivity of nanofibers was 

measured repeatedly and in multiple directions to establish the ultimate resistivity. All 

measurements were done at room temperature, meaning 400ppm of carbon dioxide. 

Four-point probe set-up allows to eliminate the contact resistance by introducing two 

more probes than usual two probes used to measure resistance. When we talk of thin 

films and nanofiber webs, the structure itself has less conductivity than metals. In this 

case, the two probes of a multimeter of the usual two-probe resistance measurement, 

add their own inherent resistance, also called as contact resistance, thus not depicting 

the actual resistance of the nanofiber webs.  For conducting polymers, even used a 

polymeric-films, four-point probe technique has been used to measure resistivity [52, 

53, 53, 64]. In case of a four-point probe circuit, the four thin electrodes are aligned in 

a line, where the outer two electrodes measure current and the inner two electrodes 

measure voltage and the system gives sheet resistance without any contact resistance 

from the probes.   
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 Analysis of electrospinning solution for rheological behavior 

 

Rheology and viscosity changes in the polymer solution for electrospinning was 

characterized using AR-2000 Rheometer using a continuous flow mechanism with a 

shear stress from 0/s to 100/s. The number of samples tested and the details of making 

the solution are explained in section 3.2.1 and Tables 1 and 2. The samples were also 

tested for effect of temperature on the viscosity changes. 

It is the adding of high molecular weight PEO that gives a shear thinning nature to the 

polymer solution. Although, adding PEO was done previously [77] to PPY, the study 

did not focus on analyzing the solution behavior. PEO concentration not only affects 

the rheology of the solution but also the electrospinning voltage. With increasing PEO 

concentration, the electrospinning voltage increases, almost linearly. The following 

graphs show a change in electrospinning voltage when PEO concentration is varied 

and all other parameters are constant. 

 Figure 7 and 8: Effect on voltage with increase in PEO concentration and all other 

paramteres constant,  for both solvent system: water and water + DMF. 
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Moving to rheological behavior, the following two graphs show the rheological 

behavior of 8 samples each (refer to table 1 and 2 for sample details) for two different 

solvents: DI water and DI water + DMF. 

Figure 9: Graph of change in viscosity with shear rate for samples using water as 

solvent. (Stirring time-stirring rate) used to describe the samples in graph index. 

 
Sample name 

(Stirring Time-

Stirring Rate) 

Power Law Equation Flow Consistency 

Index (K) (Pa.s) 

Flow Behavior 

Index (n) 

WS1 (4-500) y = 14.112x-0.774 14.112 -0.774 

WS2 (4-1000) y = 10.627x-0.779 10.627 -0.779 

WS3 (8-500) y = 11.584x-0.712 11.584 -0.712 

WS4 (8-1000) y = 14.572x-0.754 14.572 -0.754 

WS5 (16-500) y = 5.5285x-0.606 5.5285 -0.606 

WS6(16-1000) y = 4.4519x-0.603 4.4519 -0.603 

WS7 (24-500) y = 0.3427x-0.328 0.3427 -0.328 

WS8 (24-1000) y = 0.6658x-0.24 0.6658 -0.24 

  Table 5: Analysis of flow behavior of polymer solution samples with water as solvent 
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The graphs for flow behavior of water-based samples clearly show the viscosity being 

reduced with increasing shear rate. This is called shear-thinning behavior. The power 

law fit to these graphs and the corresponding equations prove the similar trend. The 

negative flow behavior index is the characteristic of shear-thinning nature. Many 

polymer mixtures are known to have such behavior.  

If we observe the trends, the solutions that were stirred for 4 and 8 hours behaved very 

similarly with little effect due to stirring rate. As the stirring time increased to 16 and 

24 hours, the behavior became very similar to Newtonian fluid and very less shear-

thinning or change in viscosity was observed. This can be attributed to polymer 

mixing and dissipation in the solvent. With lesser time, the PEO and PPy mix in well 

and the solution has long chain mixed polymers that show visco-elastic nature. 

Whereas, as the stirring time increases, the dissipation of PEO in water increases and 

the resulting solution is more watery and less viscous, behaving very much like 

Newtonian fluids. Additionally, when the 8 hours solution were prepared, the 

humidity was drastically low compared to other days and hence humidity is another 

factor that should be monitored and worked upon in future. The following graph can 

prove this theory. When using water + DMF as solvent, the dissipation of PEO in 

solvent is more pronounced than with only water and the resulting solution showed no 

shear-thinning nature, just abrupt changes in viscosity. This is also the reason for 

lower voltages needed to electrospin solution containing DMF. No shear-thinning 

nature implies the viscosity is constant when electric force is applied and resulted in 

uniform fibers. Whereas, the solution with only water gave varying output with fibers 

deposited on the collector as seen in table 3.  



 

79 

Figure 10: Graph of change in viscosity with shear rate for samples using water + 

DMF as solvent showing no shear thinning nature for all 8 samples. (Stirring time-

stirring rate) used to describe the samples in graph index. 

 

The above graphs show how addition of 50% DMF in the solvent system drastically 

changed the rheological properties due to way PEO dissolves in different solvents. 

However, these solutions still resulted in good electrospinning due to lower voltage 

and less shear-thinning to affect stretching of polymer jet during electrospinning. The 

solutions with DMF very also less affected by humidity and hardly showed any short-

circuiting during electrospinning. 

For shear-thinning solutions or solution with decreasing viscosity with increasing 

shear rate, temperature dependence is a huge factor and hence must be analyzed. 

Similar to shear rate, temperature only affected the solution with only water as solvent. 

The following graph explains the trend. 
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Figure 11: Effect of temperature on viscosities of samples using water as solvent. 

(Stirring time-stirring rate) used to describe the samples in graph index. 

 

The temperature range of the testing procedure was restricted to 20˚C -45˚C since 

that’s are the extreme room temperature conditions for humans to stay comfortably.  

In this region the viscosity of the solutions reduces. This complies with shear-thinning 

nature of the solutions. Similar trend is observed with respect to stirring time and rate. 

4- and 8-hours stirring time solutions show greater downward trend than 16- and 24-

hours solutions. However, the change isn’t drastic enough to affect the electrospinning 

parameter. Hence, it can be inferred that electrospinning of this polymer mixture can 

be done at any room temperature irrespective of the season. There isn’t much work 

done on such polymer mixtures containing conductive polymers and a carrier polymer 

like PEO, hence this work can prove to be a reference point for such studies in future. 
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Using the rheological studies and table 3 and 4, many samples from the 16 samples are 

eliminated and only 8 samples were able to be used as nanofiber films for further 

characterization. WS7, WS8, S7, S8 did not spin at all due to extremely low viscosity. 

WS1 and WS2 produced nanofibers that were very small and more like powdery form 

that are not connected to each other and couldn’t be analyzed further. WS5 and WS6 

although produced nanofibers but were extremely difficult to stabilize during 

electrospinning and the yield was very poor. Hence, S1-S6, WS3 and WS4 are the 8 

samples that were characterized further. 

4.2 FTIR Analysis of PPY Nanofiber samples 

 

FTIR analysis of the samples was used to confirm the PPY dominance in the nanofiber 

webs and compared to pure PPY FTIR spectra to follow characteristic pyrrole ring 

vibrations at 1464 cm-1 and 1560 cm-1, doped PPY vibrations at 996 cm-1 and 1276 

cm-1, -C-N- bond vibrations at 1024 cm-1 and =C-H- bond vibrations at 884 cm-1 [66, 

74]. Some smaller peaks are observed for -C-H- bond and -C-C- bonds. 16 cm-1 was 

the scan resolution used and scan were done from 200 cm-1 to 4000 cm-1. 

Characteristic peaks were observed only between 600 cm-1 to 1700 cm-1, hence, this 

area is highlighted with red-dotted lines for characteristic peaks in the following 

graph, figure 12. These peaks confirm pure PPY presence in the nanofibers and no 

dominance of PEO vibrations (blue dotted lines) are hardly dominant in the spectra. 

Thus, FTIR Spectra confirm presence of maximum PPY in the nanofibers and further 

characterization reinforces the same. 
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Figure 12: FTIR Spectra for 8 different samples of PPY nanofibers. 

 

4.3 SEM analysis to characterize nanofiber morphology 

 

Scanning Electron Microscopy is used to observe fiber size and diameter, analyze the 

fiber morphology, compare different images and thus observe the effect of different 

parameters on the resulting nanofibers. Solvent used in to make polymer solution had 

a profound effect on the resulting nanofiber, their quality and formation of beads in the 

structure. Using only DI water as solvent tend to have higher fiber diameter than the 

other solvents used. Pure DMF although produced thinner nanofibers but resulted in 

lots of beads in the nanofiber structure thus proving not a good choice for the solvent. 

DI water + DMF proved to be giving uniform and aligned nanofibers with diameters 

in the acceptable range. Figure 13 shows the effect of solvent on nanofibers. Humidity 

was another prominent factor to affect nanofiber diameter. Lesser humidity resulted in 

finer fibers. Nanofiber webs with only water as solvent showed patches where solvent 
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was not completely evaporated. Additionally, some of these samples tend to absorb 

humidity over time and merge in-to films from webs by coalescing fibers and 

increasing the diameter. The average diameter for S1-S6 is 250nm, whereas for WS3 

and WS4 is 350nm. Figure 14 shows SEM images of S1-S6. Figure 15 shows SEM 

images of WS3, WS4 and water-based webs merging over time to form films.  

Figure 13: a) PPY nanofiber using DI water as solvent solution WS3, showing larger 

diameters and poor solvent evaporation b) PPY nanofibers using only DMF as solvent, 

showing lots of beads in the fibers c) PPY nanofibers using water + DMF as solvent, 

uniform, aligned and well-connected fibers. Solution S4 d) Nanofibers in c) magnified 

to observe average diameter around 200nm. 

 

Overall, samples made using water + DMF as solvent had aligned structure, uniform 

fiber length and porosity, no beads, uniform diameter and the ability to maintain 

integrity of the nanofibers. Hence, this is the ideal solvent to spin PPY nanofibers 

using small amount of PEO carrier. The SEM images also reveal how PEO has only 

d) 

a) b) 

 

c) 
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acted as a carrier and completely blended in the PPY nanofibers. None of the images 

show any trace of two different types of nanofibers present in the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: SEM images of PPY nanofibers from samples a)S1 b)S2 c)S3 d)S4 e)S5 

f)S6 respectively; all samples that used DI water = DMF (1:1) as solvent.  

The sizes of these nanofibers are averaged out and explained in a bar graph in the 

following section, figure 16. One thing to observe through these images is the 

uniformity and well-structured nanofibers formed using this solvent system. None of 

them feature beads or polymer droplets in the nanofiber webs formed. 

a) b) 

c) d) 

e) 

 
f) 
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Figure 15: SEM images for PPY nanofiber sample a)WS3 b)WS4 c)WS3 over time 

and d) WS3 nanofiber size after long time being increased due to fibers merging and 

humidity absorption.; all these samples are the ones made using only DI water as 

solvent. 

 

 

 

 

 

 

 

        Figure 16: PPY nanofiber average sizes for all samples (nm vs sample name) 

 

a) b) 

c) 

 
d) 
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4.4 Nanofiber web thickness 

Thickness of the nanofiber webs is essential to calculate resistivity from sheet 

resistance as well as to understand its effect on adsorption or desorption of analyte gas 

from the surface. Thickness was calculated using a Mitutoyo Digimatic Indicator in 

figure 17. Table 6 shows the average nanofiber web thickness for all samples. 

 

Figure 17: Mitutoyo Digimatic Indicator (left) 

Table 6: Average nanofiber web thickness for all nanofiber samples (right) 

The nanofiber web thickness for samples WS3 and WS4 tend to be more than S1-S6. 

Poor evaporation of solvent, merging of nanofibers webs in to films and more 

susceptibility to humidity could be the reasons for this behavior. Additionally, when 

stored for long time, these samples tend to absorb more humidity, merge and become 

thicker, as observed with SEM analysis for nanofiber size from figure 15 and 16. 

Sample 

Name 

Average 

thickness 

(μm) 

Std. 

Deviation 

S1 9  

S2 6 0.002 

S3 11.33 0.002645751 

S4 8 0.002081666 

S5 12 0.002645751 

S6 7.33 0.001 

WS3 12.33 0.001527525 

WS4 20.5 0.001154701 

WS3  

(over 

time) 

95 0.001527525 



 

87 

4.5 Resistivity measurement using four-point probe technique 

 

The principle of four-point probe resistance measurement is explained in section 3.3.5. 

This section shows the results of resistivity measurement for all 8 samples, replicated 

at multiple points and averaged to give the total resistivity of each nanofiber sample. 

Following is an image of Cascade-CPS Four-Point Probe set-up at CCMR, Cornell 

used for this study. Table 7 shows results of resistivity measurement and conductivity 

of each samples. Conductivity is calculated by taking reciprocal of resistivity. The 

Cascade-CPS Four-Point probe set-up is connected to LabView 4-wire software, 

where, web thickness from table 6 was entered to calculate resistivity from sheet 

resistance and that gives a final resistivity. 

Figure 18: Cascade-CPS Four-Point Probe 

set-up at CCMR Cornell (left); top view of 

the probe (right). 

 

 

The set-up can be connected to SMU seen in the left picture at the back however the 

four probes are connected to LabView software to give not just sheet resistance but 

also resistivity and choose the source current and voltage. 
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For all the measurements, the source current is 1*10-6 A and the voltage is 100V. 

Sample 

Name 

Sheet 

Resistance 

(Ohm) 

Resistivity 

(Ohm*m) 

Conductivity 

(S/m) 

Std. Deviation 

S1 267.66 *106 2.32*103 0.431*10-3 0.12*10-4 

S2 264*106 1.57*103 0.636*10-3 0.14*10-4 

S3 264.66*106 2.79*103 0.358*10-3 0.54*10-5 

S4 270.66*106 2.16*103 0.462*10-3 0.14*10-4 

S5 276*106 3.17*103 0.305*10-3 0.34*10-5 

S6 254.33*106 1.86*103 0.537*10-3 0.78*10-5 

WS3 276*106 3.11*103 0.321*10-3 0.16*10-4 

WS4 275*106 5.65*103 0.176*10-3 0.93*10-5 

WS3 (over 

time) 

273.33*106 24.7*103 0.0404*10-3 0.80*10-6 

Table 7: Resistivity and conductivity of all PPY nanofiber samples using four-point 

probe resistance measurement. 

The resistivity and conductivity values noted in table 7 establish quite a few facts 

about the PPY nanofiber webs produced by electrospinning. One, the resistivity of all 

samples made using DI water + DMF as solvent is nearly equal. When only water was 

used as solvent, the samples show higher resistivity. Improper evaporation of solvent, 

thicker nanofibers and humidity could be the reason for this. Electrical conductivity of 

PPY exists because of electron hopping after the structure is doped. Above three 

factors, either hamper the doping or bond with holes or electrons of the pi-cloud in a 

way that their path is restricted, leading to higher resistivity and lower conductivity. 

Second important inference to consider is effect of thickness of the film. Almost all 

samples show similar sheet resistance but varying resistivity. This is because, 

Resistivity= Sheet Resistance*thickness of the sheet. This is true for all thin films and 
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sheets, including nanofiber webs. Third inference from resistivity readings is the 

reference to many PPY film-based gas sensors. The conductivity achieved by 

nanofibers is at par with most of the film-based sensors [52-54, 66, 74, 77] as seen in 

the literature review. 

These results firmly confirm that PEO content in the PPY electrospinning solution 

only acted as carrier polymer to aid uniform, aligned, long PPY nanofibers and did not 

come in way to the conductive nature of the PPY. The nanofibers so formed show 

conductivity in the semiconducting range and are fit to be used for gas sensing 

applications. The solvent used for preparing electrospinning solution affects not just 

the electrospinning process and its efficiency but also the final resistivity of the 

nanofiber films. The dielectric constant of DMF and faster evaporation are the reasons 

for this effect.  

4.6 Carbon dioxide sensitivity response 

 

Carbon dioxide sensitivity and response of the nanofiber webs was the last research 

question this study addresses. The research proved the formation of uniform and 

aligned nanofibers of sufficiently high conductivity fit to be used as gas sensors. 

Sensitivity to carbon dioxide is what proves the purpose of this research. Enhanced 

sensitivity due to nanofiber structure is the result that needs to be found through this 

section. 

The sensitivity set-up was made in lab and is well-described in section 3.2.3 and figure 

5 and 6. Each sample was placed on a glass slide and adjusted below four-point probe 

head to keep the pressure uniform. The circuit used to measure sheet resistance of 



 

90 

these samples is the same as seen in figure 18. The probe head is connected to the 

samples and other end of probe head, with four wires, is connected to a Keithley 2400 

SMU to measure sheet resistance. The measured sheet resistance is multiplied with 

sheet thickness reported in table 6.  The change in resistance of the nanofiber webs is 

expected to be dynamic when concentration of carbon dioxide changes, hence, a video 

camera set-up was used to record all the reading and then plot the response every 10 

seconds. To know the carbon dioxide concentration, a carbon dioxide meter was 

connected to the closed box used to analyze the sensitivity. Dry air was circulated to 

mimic actual atmospheric conditions and avoid humidity to come in contact with PPY 

nanofibers.   

For each sample, multiple trials were done to reproduce the same response to carbon 

dioxide. Each time, carbon dioxide gas was purged in the analyzing box and then 

stopped. The dry air circulated kept the carbon dioxide in the box for a while for the 

nanofibers to sense and respond by change in resistance. The response time of the 

nanofiber webs was thus recorded as the time when the webs first showed a change in 

resistance. S1, S2 and S6 samples showed poor response to resistance change even 

after showing good resistivity. WS3 and WS4 samples proved to be too fragile and 

eventually turned brittle, showing no response to change in carbon dioxide 

concentration. S3-S5 showed resistivity change with change in carbon dioxide 

concentration and are graphically represented below. The results are plotted on a plot 

that shows time as secondary axis to measure potential response time and the change 

in carbon dioxide concentration with time. 
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Figure 19: Trend of change in resistivity with change in carbon dioxide concentration 

and time through figure 19 a), 19 b) and 19 c). Each of a), b) and c) explain the 

specific carbon dioxide range to which the change in resistivity is plotted and the trend 

behavior explained. 

a) Response of S3 showing increase in resistivity with change in carbon dioxide 

concentration. 
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b) Response of S4 showing increase in resistivity with change in carbon dioxide 

concentration. 

c) Response of S5 showing increase in resistivity with change in carbon dioxide 

concentration. 

 

Let’s start explaining the sensitivity results from figure 19. Same amount of carbon 

dioxide was being purged in each time the measurements were done. However, due to 

air circulation, the concentration and peak values of carbon dioxide were not same. 

The graphs show a lot of inferences as discussed below one after other. One, the 

resistivity only increases with change in carbon dioxide concentration. That is there is 

only increase in resistivity of nanofiber webs irrespective of increase or decrease in 

carbon dioxide concentration, which does not correspond to the expected trend that  

the resistivity should have decreased when the carbon dioxide concentration drops. 

This may lead to the conclusion that the nanofibers only adsorb carbon dioxides, but 

do not desorb carbon dioxides. However, when the same samples were tested after a 
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span of few days, the decrease in resistance is still observed. This can be inferred as 

extremely slow desorption. Thus, from all three graphs in figure 19, it can be 

concluded that the PPY nanofibers with PEO carrier polymer adsorbs carbon dioxide 

fast but desorb carbon dioxide very slowly.  

In the literature review, under doping characteristics for PPY, it is discussed in detail 

how doping agents affect the resistivity changes in PPY. In another study, it was found 

that resistance of PPY films increased when interacting with carbon dioxide [66] 

although the study did not specify the correlation with concentration range and 

resistance values.  An opposite trend is observed in some other studies as explained in 

literature review with reference to [52-54] where PPY interacted with ammonia gas in 

opposite way by decreasing the resistivity with increase in gas concentration. 

Carbon dioxide and ammonia interactions to PPY can be treated similarly as both 

interact by means of an extra lone pair of electrons in their structure, that leads to flow 

of electron/holes in the PPY structure, thus changing the resistance. Theoretically, as 

carbon dioxide gas interacts with PPY, the holes in the structure should be balanced 

with lone pairs of electrons coming from carbon dioxide and the resistivity should 

increase. However, the opposite trend in some other literature [52-54], can be 

explained by the very basic chemistry of PPY. Conductive polymers and PPY show 

change in resistance when the electron flow in their structure changes. For a p-doped 

structure, it is assumed that any electron donation analyte will occupy the holes and 

reduce the polymer back to neutral state. However, the key point here is occupancy of 

the holes. Doping degree of conductive polymer and PPY in specific is much higher 

than metals and there can be multiple holes generated in the structure. In this case, an 
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electron donating substrate will actually increase the number of electrons in the 

structure, influencing a flow of electrons, that is increasing the conductivity and 

decreasing the resistivity.  

Thus, it is not new that there exists ambiguity in the literature towards the behavior of 

PPY when interacting with electron donating gases like carbon dioxide and ammonia. 

If we consider this research, although an increase in resistivity is found, the resistivity 

did not decrease with carbon dioxide concentration decreased due to extremely slow 

desorption rate. The nanofibers on their own are not fit to be used as carbon dioxide 

sensors. Like many other hybrid sensors and films that have a supporting electrodes, 

even nanofibers would need a substrate or an electronic structure to be used as sensors. 

Secondly, the nanofibers have to be modified to improve the rate of desorption. 

With FTIR and SEM results, it is established that the PPY nanofibers made using 

600,000 Mw PEO as 2wt% carrier, produces excellent nanofibers that are aligned and 

uniform. The nanofibers have average diameter of around 250nm and no traces of 

PEO being a hindrance were observed wither under FTIR or with fiber morphology. 

Resistivity measurement using four-point probe set-up show resistivity of the 

nanofiber webs to be in semiconducting range and at par with the literature for doped 

PPY. However, the sensitivity trials show that the nanofibers only adsorb carbon 

dioxide faster than films, but the desorption is extremely slow, not allowing to 

measure the response time either.  



 

95 

CHAPTER 5 

CONCLUSIONS  

 

This research started with a question of electrospinning conductive polypyrrole with 

least amount of carrier polymer added. It was then expanded to analyze these 

nanofibers for carbon dioxide sensitivity to be used as flexible carbon dioxide sensors.   

The experimentation, characterization and results explain all the objectives of this 

study and answer all the research questions.  

Preparing polymer solution of PPY is a challenge due to its insolubility; however, this 

research optimized the polymer solution parameters to make electrospinning solution. 

The optimized solution procedure not only allows ease of preparation but also 

produces excellent nanofibers that are uniform, aligned, stable and suitable to be 

stored as nanofiber non-woven webs.  The research also established the 

electrospinning parameters, their variation and effect on fiber morphology and 

behavior. The results discussed the solution parameters that are best fit for carbon 

dioxide sensitivity. Just 2wt% PEO as carrier polymer in the solution that should be 

stirred for 8 hours-1000rpm or 16 hours-500rpm to produce nanofiber samples that 

exhibit excellent resistivity and sensing characteristics.  The electrospinning 

methodology explains effect of different parameters on resultant fibers including 

distance, flow rate, voltage, substrate etc.  where cotton fabrics proved to be the best 

substrate to deposit PPY nanofibers and peel them off after electrospinning as non-

woven webs.  
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Being conductive in nature, PPY poses a lot of problems during electrospinning and 

behaves quiet opposite to usual polymer as expected.  The electrospinning circuit 

shorts very frequently as current accumulation in the system increases due to 

conductive nature of the polymer. Additionally, the nanofibers treat everything pretty 

much as ground and deposit not only on the collector but also the surrounding area of 

the electrospinning equipment. When analyzed, the samples deposited on collector and 

surrounding showed same results. Another huge influence on PPY morphology, 

electrospinning and storage is humidity. An increase in humidity increases current 

accumulation, swells the nanofibers, shorts the electrospinning circuit and posed 

problems in sample storage. It was found that relative humidity below 25-30% proves 

to be the best working conditions for PPY processes, storage, spinning etc.  

 The rheological behavior establishes that a combination of 1:1 Water and DMF is a 

better solvent for electrospinning solution of PPY and PEO than just water which is 

usually used for PEO electrospinning.  FTIR analysis proves the presence of PPY and 

its dominance in the samples over PEO which is in small amount. The same is 

established through SEM images that showcase same fibers and not two different 

polymers in the samples. Resistivity studies show the influence of nanofiber web 

thickness on the conductivity of samples. The highest electrical conductivity reported 

is of the order 10-3 S/m, showing the results at par with polymer film made of coating 

and electroplating techniques.  

Lastly, the sensitivity trials investigate the potential of the electrospun PPY nanofibers 

to sense carbon dioxide as high as 5000pm. Although the nanofibers adsorb carbon 

dioxide up to high concentrations, they do not desorb it fast enough to use these 
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nanofibers as sensors. The desorption rate of the samples still needs to be worked 

upon. The sensitivity results show an increase in resistivity with change in carbon 

dioxide concentration. This only proves the ability of PPY nanofibers to interact with 

carbon dioxide but sensing the concentration is not accurate. Nanofiber structure 

maybe is helping adsorption but is not the best suited stand-alone substrate to sense 

carbon dioxide.  

There is not much research done on interaction of carbon dioxide with PPY. Neither 

has electrospinning parameters and solution rheology analyzed in such detail as this 

research. This research in many ways can pose to be a starting point to incorporate 

electrospinning PPY nanofibers in main stream experimentation and using these 

nanofibers for varied applications and not just gas sensing. 
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CHAPTER 6 

RECOMMENDATIONS FOR FUTURE STUDIES  

 

Although a pioneering study and a starting point for PPY nanofiber research for gas 

sensing, this study still has much more scope for future studies. To start with, effect of 

humidity on PPY nanofibers, solutions and sample is a whole new study in itself. 

Electrospinning parameters can be standardized for PPY using statistical software as 

an independent study. The nanofibers produced can be modified for superior 

performance using surface modifications, altering porosity, etc. for the desorption rate 

to be faster thus allowing the nanofibers to be used as sensing substrate. To be used in 

gas sensing applications, these nanofibers should be incorporated in electronic circuits 

and made into electrodes that can sense change in the analyte concentration. The 

interaction of PPY with carbon dioxide with respect to different doping agent needs to 

be researched upon to explain the resistivity trend with change in carbon dioxide 

concentration. Whether the resistivity increases or decreases with electron donating 

gases is a big question in itself and can be another topic for in-depth independent 

study. 

As for the nanofiber webs produced, they can be used as flexible carbon dioxide 

sensors.  The nanofibers can be deposited on RFID tags and then made into passive 

sensors that are portable and can be used for multi-point analysis. RFID tags are cheap 

and small sample of nanofibers also works equally efficiently. 10 ml of polymer 

solution produced nanofibers to put on at least 10 RFID tags. Thus, proving economic 

and novel carbon dioxide sensors. These can be used in closed environment and 
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contribute to energy conservation  by increasing or decreasing the heating or cooling 

in a building based on carbon dioxide levels; since carbon dioxide gas leads to 

warming of a closed area. Eventually, these portable sensors can be made wearable to 

be used on clothes and automobiles using the same RFID technology.  

How fascinating it would be if your clothes can monitor the carbon dioxide levels 

around you! You can monitor the carbon dioxide levels and act if they are too high!
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