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ABSTRACT OF THE DISSERTATION 

Hydrolysis-directed Vapor-phase Synthesis and Solution Processing of Nanostructured 

Conducting Polymers 

by 

Haoru Yang 

Doctor of Philosophy in Chemistry 

Washington University in St. Louis, 2023 

Professor Bryce Sadtler, Chair 

Conducting polymers are a class of organic material that possesses semiconducting properties. 

Their unique molecular structure facilitates charge transport via delocalized π-electron network 

in the polymer backbone. Creating nanostructures in a conducting polymer increases its surface 

area to volume ratio and promotes molecular interaction at the surface of the polymer, resulting 

in enhanced physical and chemical properties, such as ion transfer, adsorption/desorption 

efficiency, and electrical conductivity. This dissertation focuses on synthesizing nanostructured 

conducting polymers and their composites from the vapor phase. The mechanisms in a novel 

synthetic strategy that utilizes iron corrosion products to initiate polymerization and template 

nanostructure formation is examined. Vapor-phase synthesis is carried out on both organic and 

inorganic substrates, and varying reaction conditions, such as temperature, reaction time, or 

anions in the iron(III) salt, creates a spectrum of morphologies (0D particles, 1D fibers, and 

amorphous films). This dissertation also presents methods for overcoming challenges in 

conducting polymer processing. Vapor-phase synthesized conducting polymers are fabricated 

into electrodes for state-of-art supercapacitors, humidity and temperature sensors, and proof-of-

concept functional 3D-printed objects. 
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Chapter 1: Introduction to Nanostructured 

Conducting Polymer Synthesis 

1.1 Brief History of Conducting Polymer Synthesis 
One of the earliest accounts of conducting polymer dates back to the 19th century. In 1862, Dr. 

Henry Letheby obtained a “blue substance” that was likely polyaniline while investigating the 

anodic oxidation product of aniline in sulfuric acid (Figure 1.1). Letheby also described the 

material changed color (to blue and violet) when exposed to ammonia and concentrated sulfuric 

acid.1–3 We now know these color changes originated from the molecular structure change in 

polyaniline at different doping levels and oxidation states—blue as emeraldine base in alkaline 

pH and violet as pernigraniline when over-oxidized in concentrated sulfuric acid (Figure 1.2).4 

Another early account was from Dr. Angelo Angeli in 1915. He oxidized pyrrole in a mixture of 

hydrogen peroxide and acetic acid and named the conductive dark brown-black product “pyrrole 

black,” which we now know as polypyrrole.5 

 

Figure 1.1 Photo of Dr. Henry Letheby by W. & D. Downy. Used with permission. Copyright 2023, National 

Portrait Gallery, London, United Kingdom. 
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Figure 1.2 Colors of polyaniline under different pH and oxidation states. a) emeraldine salt, b) emeraldine base, and 

c) pernigraniline base. Adapted with permission from Reference 4. Copyright MDPI 2019. 

Decades later, the research on synthesis and processing of polyacetylene launched the field of 

conducting polymer research (Figure 1.3).2 In 1958, Natta et al. were the first to report a method 

for preparing high molecular weight, highly crystalline, and regularly structured polyacetylene 

from polymerization in hexane with Al(Et)3/Ti(OPr)4 as initiator.2,6 In the following decades 

various alternative routes were developed for polyacetylene synthesis, including the Luttinger 

route (1960) and the Shirakawa route (1971).7 In 1977, Dr. Hideki Shirakawa, Dr. Alan 

MacDiarmid, and Dr. Alan Heeger reported an electrical conductivity of 38 S/cm in iodine-

vapor-treated polyacetylene film at room temperature (eleven orders of magnitude increase 

compared to an untreated sample).8 In a following study, they observed an even higher electrical 

conductivity of 560 S/cm at room temperature from AsF5-treated polyacetylene. According to 
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their paper, the conductivity adjusted for density of treated polyacetylene was almost metallic, 

and the polyacetylene samples were sufficient substitutes to metal wires in simple electrical 

circuits.9 Heeger, MacDiarmid, and Shirakawa are the first to demonstrate tunable electrical 

conductivity in an organic material that were traditionally considered to be insulating. Their 

papers became the foundation and inspired further research in the synthesis, processing, and 

application of conducting polymers. Heeger, MacDiarmid, and Shirakawa were awarded the 

Nobel Prize in Chemistry in 2000 due to the significance of their discovery.2 

 

Figure 1.3 Polymerization of polyacetylene. a) Natta route and Shirakawa route. b) Luttinger route. 

Despite possessing close to metallic electrical conductivity, polyacetylene is not stable in air and 

is sensitive to humidity. Other less conductive polymers with higher stability under ambient 

conditions have gained much interest since the early 1980s, including polyaniline, polypyrrole, 

polythiophene, and their derivatives (Figure 1.4).2 Some polymers and their composites, such as 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) are commercialized and 

widely researched because it is easy to synthesize and stable under ambient conditions. In the 

past two decades, nanostructured conducting polymers attracted much interest due to their 

enhanced electrochemical properties. Structural features at sub-micron scales increases the 

surface area to volume ratio, facilitates molecular interactions at the interface, and improves 

charge carrier mobility of conducting polymers.10–18 Understanding and controlling the process 

in nanostructured conducting polymer synthesis is crucial and leads to improvements in 
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performance of conducting polymer-based energy storage devices, sensors (chemoresistive, 

pressure, and temperature), photovoltaics, catalysts (photo- and electro-), photothermal agents, 

and coatings for electromagnetic interference shielding. 19–32 

 

Figure 1.4 Structures of common parent conducting polymers (a-e) in current research. a) polyaniline, b) 

polyphenylene, c) poly(phenylene vinylene), d) polypyrrole, e) polythiophene. f) Poly(3,4-ethylenedioxythiophene), 

a polythiophene derivative. 

1.2 Applications of Conducting Polymers and Their 

Composites 
In the 1970s and 1980s, research in conducting polymers mainly utilized the electrical 

conductivity of this material to disperse charges for antistatic coating.5,33,34 Research in the 

following decades focused on utilizing the semiconducting properties of conducting polymers, 

which leads to fabrication of state-of-the-art energy storage devices and electromagnetic 

interference shielding coatings. Additionally, research on the biocompatibility of conducting 

polymers demonstrate the material’s potential for wearable temperature and chemoresistive 

sensors, as well as photothermal agents. 

1.2.1 Conducting Polymer-based Energy Storage Devices 

Conducting polymers such as PEDOT and polypyrrole are mainly used in electrodes for 

electrochemical capacitors (supercapacitors). This type of energy storage device possesses a 
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higher charge/discharge rate (power density) than batteries and stores more charge (energy 

density) than electrolytic capacitors. The charge storage mechanisms of a supercapacitor consists 

of electric double layer capacitance (EDLC) and pseudocapacitance. EDLC stores charges via 

adsorption of ions on the electrode surface, and pseudocapacitance stores charges via redox 

reaction on the electrode.35 

Current research in conducting polymer-based supercapacitor often involves synthesis of 

polymer composites with carbon or metal oxides. Porous carbon enhances the electrical 

conductivity of the electrode and facilitates facile charge transfer during charging/discharging. 

Additionally, the porous structure templates nanostructure formation during conducting polymer 

synthesis, increasing the surface area of the electrode and enhances charge storage via EDLC.14 

Metal oxides, such as nickel oxide and cobalt oxide, undergo redox reaction and are ideal 

materials for a supercapacitor that utilizes pseudocapacitance. However, these oxides often lack 

electrical conductivity, resulting in low charge/discharge rate. Conducting polymer/metal oxide 

composite combines the electrical conductivity of conducting polymers with the redox reaction 

of metal oxides. The synergy in the composite results in state-of-the-art energy storage 

performance in a supercapacitor electrode.15 

1.2.2 Conducting Polymer-based Sensors 

The electrical conductivity of a conducting polymer changes as a function of doping level and 

temperature. Dopants are mobile charge carriers inside the polymer, and high dopant 

concentration results in high electrical conductivity.36,37 The electrical conductivity in 

semiconductors such as conducting polymer originates from the promotion of charge carriers 

from the valence band to the conduction band. When heated, the valence band charge carriers 
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possess high internal energy and are readily promoted to conduction band, therefore as 

temperature increases the electrical resistance of semiconductor decreases.38 Conducting 

polymer-based sensors utilize this tunable electrical conductivity for temperature sensing and 

chemoresistive sensing. 

Wearable temperature sensors are fabricated by coating conducting polymer on textile or other 

flexible and stretchable substrate. Research on wearable sensors focuses on increasing the 

sensitivity and response time of the sensor. High sensitivity and short response time are achieved 

by creating nanostructures in the conducting polymer coating during or after synthesis.39,40 

Additionally, conducting polymers are also utilized in chemoresistive sensors for detecting 

ammonia, nitrogen dioxide, or changes in relative humidity (water).41 

1.2.3 Photothermal Application of Conducting Polymers 

Photothermal effect is produced when the electrons inside a material are excited by photons then 

undergo nonradiative decay and release phonons, resulting in the production of heat. Conducting 

polymers such as PEDOT and polypyrrole exhibit strong absorption of light in the near infrared 

wavelength and high efficiency in photothermal conversion. Therefore, these polymers are 

widely studied as photothermal therapy and photoacoustic imaging agents, as well as 

photothermal anti-icing/deicing coatings.27–30 

Conducting polymer nanoparticles with sizes between 40 and 70 nm are biocompatible and 

absorbable by cells via endocytosis. Past research on photothermal therapy demonstrate that 

cancer cells often possesses a higher concentration of polymer nanoparticles than normal cells 

due to their enhanced metabolism. When exposed to an infrared laser (typically 808 nm), the 
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high concentration of conducting polymer nanoparticles in cancer cells lead to rapid heating, 

resulting in death of cancer cells with minimal damage to adjacent normal cells.27,28 

1.2.4 Electromagnetic Interference (EMI) Shielding Application of 

Conducting Polymers 

The rapid development of electronic and wireless devices have overcrowded communication 

channels with different frequencies of electromagnetic waves. Electromagnetic interference 

shielding is of great importance in medical, communications, and military applications for 

filtering out unwanted frequencies and avoiding interference between components in electronic 

devices.42 EMI shielding is traditionally achieved via metal casing; however, metals are prone to 

corrosion, and their densities results substantial weight when applied at large scale. In recent 

years, conducting polymers rise as promising alternatives to metals in EMI shielding due to their 

high shielding efficiency, light weight, and stability in environment that is usually corrosive to 

metals.42 

EMI shielding is achieved through three mechanisms: reflection, absorption, and multiple 

internal reflection. Reflection is the surface of a material rejecting part of an incident EM wave, 

similar to light reflecting on the surface of glass. Absorption takes place when the incident EM 

wave induces alignment of electrical or magnetic dipoles in a material. The alignment of dipoles 

generates an EM wave that is out of phase to the incident wave, resulting in destructive 

interference that reduces the amplitude of the incident wave. Multiple internal reflection utilizes 

the structure and thickness to reflect an incident EM wave within a material repeatedly. These 

reflections consumes the energy of an incident wave, resulting in reduced amplitude.43 

Conducting polymer-based coating typically utilizes absorption mechanism for EMI shielding. 
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Improving the electrical conductivity of the polymer enhances the electric dipole moment in the 

material, resulting in state-of-the-art shielding performance.32 

1.3 Common Synthetic Strategies 
Conducting polymers are typically synthesized through three routes: electrochemical, solution-

phase, and vapor-phase. Both solution- and vapor-phase syntheses require an oxidant to initiate 

the polymerization, whereas electrochemical polymerization utilizes an oxidative potential to 

initiate polymerization and obviates the need of an oxidant. 

1.3.1  Electrochemical Synthesis of Conducting Polymers 

Electrochemical polymerization typically utilizes cyclic voltammetry in a three-electrode 

electrochemical cell that consists of a working, a counter, and a reference electrode (Figure 1.5). 

Polymer synthesized via this method is usually deposited on the working electrode as a film. 

Thickness, conjugation length, and doping level of the synthesized polymer film are controlled 

via altering parameters of the electrochemical cell, such as voltage, scan rate, pulsed or constant 

current, polymerization time, electrolyte concentration, types of solvent, and pH. 44–47 

 

Figure 1.5 Schematic diagram of a three-electrode electrochemical cell. 



21 

 

 

An essential equipment for electrochemical polymerization is the potentiostat (developed from 

polarograph, Figure 1.6), and it is used for controlling parameters of a three-electrode cell and 

recording data.48 As such, some seminal works of electrochemical polymerization were 

published in the 1980s and 1990s with the development of digital potentiostats.49–52 The coupling 

of voltammetry, spectroscopy, and spectroelectrochemistry assisted the understanding of 

polymerization mechanisms and intermediate species during synthesis. In 1987, Geniès et al. 

demonstrated an oxidized aniline formed both cationic radical and nitrenium cation. The 

formation of nitrenium ion resulted in two non-equivalent polyaniline structures due to coupling 

at both para and ortho positions.49 This discovery supplemented the aniline polymerization 

mechanism previously proposed by solution-phase studies.53 In 1990, Łapkowski 

electrochemically polymerized aniline in various acids, including hydrochloric, sulfuric, 

perchloric, and tetrafluoric acids, and observed the nitrenium cation during the initial stage of 

polymerization via spectroelectrochemical measurements.50 Łapkowski’s experiments confirmed 

the mechanism of aniline polymerization proposed by Geniès et al. Additionally, he 

demonstrated excess nitrenium ions created defects in polyaniline backbone and disrupted the 

formation of linear polyaniline structure.50 Aside from deconvoluting polymerization 

mechanisms, early research in electrochemical polymerization also revealed that electrical 

conductivity of polymers is due to redox reaction in the π-conjugated backbone instead of 

electroactive pendant groups. In 1981, Diaz et al. electrochemically polymerized pyrrole and 

demonstrated the polymer film was capable of repeated switching between insulating and 

conductive states.51 Their analysis suggested that polypyrrole was cationic during synthesis and 

contained anionic dopants (one anion per four pyrrole units). Diaz et al. were one of the first to 
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electrochemically characterize highly conductive organic polymer films. They also demonstrated 

that polymers similar to polypyrrole were redox active and electrically conductive due to the 

delocalization in their π-conjugated backbones.51 

 

Figure 1.6 Jaroslav Heyrovský invented the first polarograph in 1922. Adapted from Reference 48 and is in the 

public domain. 

1.3.2  Solution-phase Synthesis of Conducting Polymers 

In solution-phase synthesis, both oxidant and monomer are mixed in a solvent; the polymer 

product nucleates and precipitates out of the solution via either homogeneous or heterogeneous 

nucleation. Nucleation of polymer product is controlled via experimental parameters, such as the 

interface between solution and nucleation sites, surface tension of the solvent, reaction 

temperature, and mechanical agitation.54–59 

The history of solution-phase synthesis traces back to 1958 with Natta’s publication on 

polyacetylene.6 This polymer was systematically studied over the next decades, specifically its 

synthetic routes and methods of enhancing electric conductivity.7 However, polyacetylene is not 

stable in air, and doping the polymer often involves toxic compounds such as AsF5.
52 Thus, 

research interest gradually shifted to chemical synthesis of conducting polymers that are stable 
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under ambient conditions and do not require toxic dopants, such as polyaniline, polypyrrole, and 

polythiophene. These polymers can be synthesized in bulk quantities while their syntheses only 

require solutions of ammonium persulfate (APS) or iron(III) salts as oxidants.60–62 In 1988, 

scientists from Bayer AG developed a polythiophene derivative, poly(3,4-

ethylenedioxythiophene) (PEDOT), and the polymer soon gained much research interest due to 

its high electrical conductivity and stability under ambient conditions.33,34,63 In 1995, Yamato et 

al. reported a synthesis incorporating a polyanion polystyrene sulfonate (PSS) into polypyrrole 

and PEDOT that enhanced the polymers’ water solubility.64 This breakthrough greatly enhanced 

processability and resulted in PEDOT:PSS becoming one of the most widely used 

commercialized conducting polymers. 

1.3.3  Vapor-phase Synthesis of Conducting Polymers 

Vapor-phase synthesis is typically achieved through two different techniques: chemical vapor 

deposition (CVD) and vapor-phase polymerization (VPP). VPP is a conventional technique that 

flows monomer vapor onto a substrate pretreated with oxidant, and the polymerization often 

occurs at an interface (vapor/liquid or vapor/solid). CVD is a newer synthetic technique that 

utilizes both oxidant and monomer in the vapor phase for polymerization.65–69 Vapor-phase 

synthesis excels at creating a homogeneous coating of polymer film on the substrate, and the 

thickness is controlled via reaction time and stoichiometry of reactants. Additionally, the 

concentration of proton scavengers (water and anions from the oxidant) are crucial for the 

formation of highly conjugated polymer backbone because they remove excess charges and 

stabilize a newly formed polymer backbone. Past research has demonstrated precise tuning of 
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electrochemical properties of a conducting polymer via adjusting the humidity during the 

reaction.70–73 

The earliest account of conducting polymer vapor-phase synthesis was in 1986 by Ojio and 

Miyata. They dissolved FeCl3 in a poly(vinyl alcohol)/water mixture and cast the gel onto plastic 

substrates, such as poly(ethylene terephthalate) and poly(methyl methacrylate). Polymerization 

was carried out by exposing the oxidant-impregnated substrate to pyrrole and water vapors, and 

transparent polymer composite films with electrical conductivity were obtained.66 Subsequent 

publications from other researchers reported deposition on other types of polymer substrates 

including polyolefins, and the effect of altering anions in the oxidants on electrical conductivity 

of polypyrrole films.69 

Vapor-phase synthesis often produces a continuous film with high crystallinity that possesses 

high electrical conductivity due to its unique kinetics.75 Monomers such as pyrrole and thiophene 

polymerize via a step-growth mechanism; both monomer and oligomer are reactive during 

polymerization and form longer chains via coupling, resulting in a wide distribution of molecular 

weight and conjugation length.76 During the initial stage of polymerization, monomers are 

depleted rapidly, resulting in the formation of dimers, trimers, and other oligomers. When the 

stoichiometry of reactants is uncontrolled, synthesis is often accompanied with polymer 

branching and short conjugation length in the polymer backbone.76 In comparison, chain-growth 

polymerization controls the regioregularity of a synthesized product, and polymers synthesized 

through this mechanism usually have more uniform distribution of molecular weight than 

polymers that undergo step-growth mechanism.76,77 The reaction conditions of a vapor-phase 

synthesis alters polymerization by mimicking a chain-growth mechanism and induces the 
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formation of highly conjugated polymer backbones. Hence this synthetic strategy often produces 

conducting polymer films that possesses enhanced electrical conductivity.71,72,78,79 In 2010, 

Fabretto et al. used PEDOT as an example to explore the correlation between film growth 

mechanism in vapor-phase synthesis and electrical conductivity of PEDOT films.80 The growth 

of a PEDOT film during vapor-phase is divided into four stages based on changes in mass 

(Figure 1.7). During the first stage, limited mass transport leads to monomer molecules scarcely 

arriving at the oxidant-rich substrate surface (rate-limiting step), resulting in the oxidant 

immediately reacting with any monomer that arrives. The second stage occurs when 

polymerization forms a confluent polymer film on the substrate and covers the unreacted 

oxidant. During this stage, the rate-limiting step is electron transfer during the oxidation of 

monomers or oligomers due to limited availability of conductive pathways on the nascent 

polymer film. The availability of conductive pathway increases and reaches a percolation 

threshold (stage three) as more polymers are produced, and the reaction rate sharply increases. 

During the last stage of polymerization, the rate limiting step switches back to the diffusion of 

monomer vapor, and the reaction rate plateaus as limited mass transport stifles polymerization. 

The largest conductivity increase is observed during and at the end of stage two. This is due to 

the limited conductive pathways restricting polymerization to only selected sites, resulting in the 

formation of highly conjugated polymer backbones that possess enhanced electrical 

conductivity.80 
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Figure 1.7 Four stages of vapor-phase synthesis. Adapted with permission from Reference 80. Copyright 2010, 

Elsevier. 

1.3.4 Current Research in Conducting Polymer Synthesis 

Research in conducting polymer synthesis has developed rapidly and is much more diverse than 

the 1970s. The advancement in microscopy, especially electron microscopes (scanning, 

transmission, and scanning tunneling) and atomic force microscope, assisted research in 

conducting polymer synthesis and nanostructure characterization.81 Characterization at sub-

micron scale facilitates the understanding of structure-property relationship in nanostructured 

conducting polymers, and most publications in current research involves controlling and 

characterizing the polymer’s nanostructure. Recent publications demonstrate that chemically 

modifying the polymer chains enhance electrochemical performance and processability of 

nanostructured polymers and their composites. For example, electrochemically depositing 

polypyrrole on carbon foam and polydopamine promotes ion transfer while reducing the stacking 

density of polypyrrole, resulting in a supercapacitor electrode with outstanding areal 

capacitance.47 Post-synthetic chemical treatment alters the electrical conductivity and sorption 

properties, and opens up potential for tailoring conducting polymers to various applications 

including electrochemical desalination, cation selective membranes, and electrodialysis.44 
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Development of alternative synthetic routes to the commonly used oxidative polymerization is 

another focus in current research.54–56,82–85 The most notable among these is transition-metal-

catalyzed polycondensation. The mechanisms involved in this strategy are also step-growth 

polymerization, therefore developing catalysts or finding reaction conditions that allow more 

control over molecular weight, dispersity, and regioregularity is crucial.77,85 Since most catalysts 

require palladium and nickel, another emphasis in the research of transition-metal-catalyzed 

synthesis is developing cheaper catalysts (without palladium or nickel) and solvent-free methods 

to lower the cost of production.55,77 Studies that utilizes the more conventional oxidative 

polymerization concentrate on controlling nanostructures and synthesizing composites of 

conducting polymers. Many groups demonstrate significant progress in improving conducting 

polymers’ performance in application such as energy storage, heavy metal ion removal, 

bioelectronics, and oxygen evolution catalysts.54–56,83 Additionally, enhancing the interactions 

between a nanostructured conducting polymer film and its substrate is also crucial. Enhanced 

polymer/substrate interaction promotes charge transfers in conducting polymers and improves 

the stability of the material, which is beneficial for electrodes fabricated for energy storage 

devices and wearable electronics.86–89 

1.4 Oxidative Polymerization Mechanism 
Polyaniline, polypyrrole, polythiophene, and their derivatives are among the most widely studied 

conducting polymers in current research.77 Both pyrrole and thiophene are five-membered 

heterocycles and share a similar oxidative polymerization mechanism (Figure 1.8). The initiator 

(typically ferric salts, persulfates, or peroxides) oxidizes the monomer into a cationic radical. 

This radical possesses several resonance structures and is most stable when the positive charge is 
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on the hetero atom with the radical in the α position.90–92 Two cationic radicals undergo coupling 

and deprotonation to form a neutral dimer. The oxidation, coupling, and deprotonation steps are 

cyclic, yielding a π-conjugated polymer chain. When the polymer is further oxidized, anions 

(dopants) are incorporated via oxidative doping to balance the overall charge of the material 

(Figure 1.9). Oxidative doping takes place concomitantly with polymerization, delocalizes π 

electrons on the polymer backbone, and introduces mobile charge carriers, resulting in an 

electrically conductive material. 

 

Figure 1.8 Polymerization mechanism of five-membered heterocycles. 

 

Figure 1.9 Oxidative doping of polypyrrole and polythiophene. 

Oxidative polymerization of aniline is slightly different from the mechanism of pyrrole and 

thiophene (Figure 1.10). Spin density studies of the cationic radical’s resonance structures 

suggest that the unpaired electron residing on the nitrogen atom and the para-carbon are both 
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favorable.93 This gives rise to three possible coupling scenarios during polymerization: nitrogen-

nitrogen coupling (head-to-head), nitrogen-arene coupling (head-to-tail), and arene-arene 

coupling (tail-to-tail). Head-to-head coupling is unlikely because its product is unstable under the 

acidic environment during polymerization. Additionally, previous study demonstrates that tail-

to-tail coupling is more favorable than head-to-tail coupling.92–95 Thus, two aniline cationic 

radicals undergo arene-arene coupling and deprotonation to form a dimer. The cationic radical of 

aniline dimer undergoes head-to-tail coupling with other aniline radicals and forms a trimer after 

deprotonation. Similar to mechanism for five-membered heterocycles, polymerization of aniline 

consists of repeated oxidation, coupling, and deprotonation. Polyaniline possesses three 

oxidation states, leucoemeraldine base, pernigraniline base, and emeraldine base, with its 

conductive form as a salt of emeraldine base. Additionally, polyaniline undergoes both 

oxidatively and protonically doped in its emeraldine base form.96 The polymerization of aniline, 

pyrrole, and thiophene are step-growth mechanisms, which means ideally both monomeric and 

oligomeric radicals will undergo coupling. The step-growth nature of these polymers also 

enables in-situ self-assembly of nanostructures and have attracted much research interest in 

developing novel synthetic strategies for nanostructured conducting polymers.76,97–99 
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Figure 1.10 Polymerization scheme of aniline. 

1.5 Synthesis of Nanostructured Conducting Polymers and 

Composites 
Nanostructured materials are defined as materials with structural features on the scale between 1 

and 100 nm.100 Creating nanostructures in a conducting polymer increases its surface area to 

volume ratio, resulting in enhanced physical and chemical properties, such as ion transfer, 

adsorption/desorption efficiency, and electrical conductivity.101–107 Therefore, tailoring 

nanostructures offers a handle to control the electrochemical properties of conducting 

polymers.103 Nanostructured conducting polymers are categorized into 0D spheres, 1D 

fibers/rods/wires/tubes, 2D sheets/flakes, and 3D structures (spatial ensemble of 1D/2D 

structures, nanoporous structures, or hierarchical structures) (Figure 1.11).79,108–111 These 

structures are produced via templated synthesis and template-free synthesis.103 
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Figure 1.11 Nanostructured conducting polymers. a) 0D particle, b) 1D fiber, c) 2D sheet, d) and e) 3D structures 

(ensemble of lower dimensional features and hierarchical structures). Adapted with permission from References 79, 

109, 110. Copyright 2022, American Chemical Society. Adapted with permission from Reference 108. Copyright 

2016, Elsevier. Adapted with permission from Reference 111. Copyright 2022, MDPI. 

1.5.1  Templated Synthesis of Nanostructured Conducting Polymers 

Templated synthesis is an efficient route for controlling morphology and size of nanostructured 

conducting polymers.103 Depending on the nature of a template, the synthesis is either a hard-

template synthesis (e.g., polymer or oxide-based templates) or a soft-template synthesis (e.g., 

droplet or micelle templates). The structure of a product is dictated by the template used, hence 

controlling the dimensions and shapes of a template is crucial. 

Hard-template synthesis utilizes the structure of solid-state materials to guide the formation of 

conducting polymer nanostructures. Inorganic materials such as porous silica (SiO2), alumina 

(Al2O3), and carbon (graphite oxide, activated carbon) are all ideal templates because they are 

inert and processable in bulk quantities. Additionally, these templates possess large surface area 

that enhances the electrochemical properties of conducting polymers.21,31,112,113 Polymer 
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materials such as polyurethane, polystyrene, polyester, and polycarbonate are also popular 

choices because they are both templates and flexible/stretchable substrates.114,115 Other templates 

include oxidative compounds such as vanadium oxide (V2O5) and manganese dioxide (MnO2). 

They are both templates for nanostructure formation and oxidants for initiating polymerization, 

resulting in composites that possess synergy between the inorganic oxide and the organic 

polymer components.116–124 

Soft-template synthesis utilizes fluid-like state dispersions, such as emulsion, reverse emulsion, 

and clusters of organic small molecules for nanostructure formation. This type of template is 

easier to remove after synthesis than hard templates but more difficult to control in shapes and 

sizes.103 In emulsion synthesis, the more polar oxidant resides in the dispersed water phase and 

the less polar monomer dissolves in the oil phase. Typical emulsifiers include sodium dodecyl 

sulfate (SDS), sorbitan monooleate (Span 80) and poly(oxyethylene) sorbitan monooleate 

(Tween 80). The emulsifier stabilizes the dispersed phase, and the polymer nucleates at the 

interface between oil and water.125–128 

1.5.2  Template-free Synthesis of Nanostructured Conducting Polymers 

Template-free synthesis does not require preparation or removal of templates and is usually more 

cost-effective compared to templated synthesis.103 This technique exploits external electric fields, 

molecular interactions (van der Waals force and hydrogen bonding), and interfaces to guide the 

formation of nanostructures. 

Electrospinning is one of the most efficient techniques in creating 1D nanofibrillar conducting 

polymers. This technique utilizes an electrostatic field and creates a jet of a charged solution that 

forms fibrillar structured polymer.103 Oxidative polymerization and the spinning process are 
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concomitant. Electrospinning often produces long continuous nanofibers; however, it also 

requires other non-conductive polymers as additives to assist the fiber formation, resulting in 

decreased electrical conductivity.111,129,130 

Self-assembly techniques takes advantage of interfaces and molecular interactions to arrange 

conducting polymers into an organized structure.98,103,131 Although self-assembly often favors a 

thermodynamically stable structure, controlling variables such as temperature, surface tension, 

and pH, alters the preference of a self-assembly process and enables trapping of kinetically-

driven states. For example, polymerizing aniline at a water/chloroform interface under controlled 

temperature range (between 5 and 60 °C) results in uniform nanofibrillar polyaniline. Aniline 

molecules are hydrophobic and prefers the organic phase, while the polymer is hydrophilic and 

prefers the aqueous phase. Therefore, the polymer backbone continuously float to the lighter 

aqueous phase, leading to linear addition of aniline units during coupling and a fibrillar 

structure.132,133 

1.6 Iron Corrosion Product (Rust) and Rust-based Vapor-

phase Polymerization (RVPP) 
Current research lacks in synthesizing nanostructured conducting polymers from the vapor 

phase. This dissertation focuses on addressing this issue and presents novel synthetic strategies 

that utilize iron corrosion product and iron(III) salts for vapor-phase synthesis of nanostructured 

conducting polymers and their composites. Iron(III) salts, oxides, and oxyhydroxides are utilized 

as oxidants for initiating oxidative polymerization. Forced hydrolysis of ferric ions results in 

crystallization of iron(III) oxides, hydroxides, and oxyhydroxides that are responsible for 

directing nanostructure formation during polymer synthesis. Varying reaction conditions, such as 
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temperature, reaction time, or anions in the iron(III) salts, create a spectrum of morphologies (0D 

particles, 1D fibers, and amorphous films). The following chapters will focus on how to utilize 

iron corrosion product and iron salts in nanostructured conducting polymer synthesis by creating 

synergy between three mechanisms: dissolution, hydrolysis, and oxidative polymerization. 

Additionally, strategies for overcoming challenges in solution processing of conducting 

polymers are also presented. 

1.6.1  Brief Introduction to Iron Corrosion Product 

Iron corrosion product, colloquially known as rust, is a collective name for the oxides, 

hydroxides, and oxyhydroxides produced from hydrolysis of ferric ions in water. Sixteen distinct 

phases of iron corrosion product exist naturally under different temperature, pH, and pressure 

(Figure 1.12).134–153 Currently, the value of an iron corrosion product such as hematite (α-Fe2O3) 

originates from its stability, low cost, catalytic property,154,155 and multi-state redox activity.156 

Hematite nanoparticles serve as catalyst for organic synthesis,157 photocatalyst for dye 

degradation,158,159 hydrogen evolution,160 and redox-active electrodes for batteries.156,161 Iron 

corrosion product is also an ideal oxidant for conducting polymer synthesis due to the oxidative 

nature of ferric ions, and various papers reported using size-controlled iron oxyhydroxide 

nanoparticles for templated conducting polymer composite synthesis in the past decade.162–165 

For example, akageneite (β-FeOOH) contains chloride-filled channels in its crystal structure, 

making it an ideal component in a nanocomposite with polyaniline for chromium ion removal.164 

Other phases such as lepidocrocite (γ-FeOOH) consists of two-dimensional layered structure, 

and its interlayer distance is useful for ion transport. A composite between polypyrrole and 

lepidocrocite results in a supercapacitor electrode with high capacitance and cycle stability.165 
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Figure 1.12 Chemical formulas and names of all naturally occurring phases of iron corrosion product. Crystal 

structures represent the six most common phases. 

1.6.2  Hydrolysis of Ferric Ions 

Hydrolysis is a solution phase reaction of water (solvent) molecules breaking chemical bonds in 

solute molecules.166,167 If the solute is organic, a water molecule functions as a nucleophile and 

participates in a substitution reaction where hydroxyl groups (-OH) replaces leaving groups (-X) 

of a solute molecule. For an inorganic solute, two water molecules form a hydronium (H3O
+) and 

a hydroxide (OH-) ion. The negatively charged hydroxide ions replace the original anions of the 

solute and form a hydroxide via bonding with the cation (Figure 1.13). Ferric ion hydrolysis 

produces metastable products that precipitate from the solution as oxides, hydroxides, and 

oxyhydroxides (iron corrosion product). Various experimental factors, including temperature, 
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pH, polarity of the solvent, spectator ion, and concentration of Fe3+, influence the final 

composition and structure of a hydrolysis product. Hydrolysis is favored in basic pH and is 

driven by elevated temperature. Spectator ions do not participate in hydrolysis; however, they 

influence the overall pH of the reaction and the formation of iron oxide/hydroxide/oxyhydroxide 

crystal structures.134,168,169 During crystallization, Ostwald ripening, oriented attachment, and 

splitting growth collectively affect the structure of crystals.170–174 In Ostwald ripening, smaller 

crystals re-dissolve and merge with larger crystals. This process is energetically favored because 

it reduces the amount of iron species exposed at the surface of crystals and increases the amount 

of iron atoms that are coordinated in octahedral form. Oriented attachment directs the 

crystallization by alignment of crystallographic orientations through Coulombic interactions and 

Lewis acid-base interactions (Figure 1.14). Splitting growth occurs when Fe3+ is oversaturated 

and results in formation of spindle-like crystals (Figure 1.15).173,174 Ostwald ripening and 

oriented attachment are competing mechanisms during crystallization, and the occurrence of one 

over the other is determined by the local curvature of the crystal.170 

 

Figure 1.13 Hydrolysis scheme of octahedral iron(III) complexes. 
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Figure 1.14 Oriented attachment and Ostwald ripening during crystallization. (A) The arrows indicate the direction 

of motion of monomers, clusters, or surfaces, and the dashed lines give the crystallographic orientations of 

nanocrystals. The expanded oval shows molecular-scale processes. OR, Ostwald ripening; MA, molecular 

attachment; CA, cluster attachment; A, amorphous addition; OA, oriented attachment; NOA, non- or semi-oriented 

attachment; RC, recrystallization. (B) Twins, stacking faults, and dislocations can result from the attachment of 

crystalline particles. Adapted with permission from Reference 170. Copyright 2015, American Association for the 

Advancement of Science. 

 

Figure 1.15 Splitting growth during crystallization. Adapted with permission from Reference 173. Copyright 2006, 

American Chemical Society. 

1.6.3  Dissolution of Iron Corrosion Product 

Dissolution releases ferric ions (oxidant for polymerization) from an iron corrosion product and 

consists of three separate mechanisms that take place simultaneously. Figure 1.16 explains these 

mechanisms using dissolution of an iron(III) oxyhydroxide in oxalic acid as example. The first 
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mechanism is dissolution via protonation, where the bonding between oxo/hydroxo groups and a 

surface iron(III) is broken by protons. The iron atom retains its oxidation state and is dissolved as 

an aqueous ferric ion (Figure 1.16a). Figure 1.16b is dissolution via ligand complexing, where 

complex formation weakens the oxo and hydroxo bonds between surface iron species and 

facilitates dissolution. The last mechanism is reductive dissolution, where the surface iron(III) 

leaves the bulk oxyhydroxide as an iron(II) complex. Iron(II) complex in the solution acts as a 

catalyst and reduces iron(III) on the surface of oxyhydroxide to iron(II), then both ferrous and 

ferric ions dissociate from the bulk material in aqueous form. The rate-limiting step during 

reductive dissolution is the reduction and release of ferrous ions, so depending on whether Fe2+ is 

present in the solution, the rate of this mechanism varies drastically (Figure 1.16c).175 

 

Figure 1.16 Dissolution scheme of iron(III) oxides/hydroxides/oxyhydroxides include: a) dissolution via 

protonation, b) dissolution via complexing, and c) reductive dissolution. 

Various experimental parameters, such as phase of iron corrosion product, pH, temperature, type 

of ligand present in solution, and concentration of Fe2+, alter the rate of dissolution (Figure 
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1.17).167–172 Previous studies demonstrate that when all the variables are equal, reductive 

dissolution mechanism is the most facile pathway, followed by ligand adsorption, and dissolution 

by protonation has the slowest reaction rate.177,179 

 

Figure 1.17 Experimental variables that alter the kinetics of dissolution. Adapted with permission from Reference 

179. Copyright 1991, Springer Nature. 

1.6.4  Proposed Mechanism for Rust-based Vapor-phase Polymerization 

(RVPP) 

The proposed mechanism of rust-based vapor phase polymerization (RVPP) starts with the 

dissolution of iron corrosion product in the presence of hydrochloric acid (HCl) vapor. A 

liberated ferric ion either undergoes hydrolysis or initiates oxidative polymerization. Hydrolyzed 
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Fe3+ complexes form nanoparticles through homogenous nucleation, and these nanoparticles then 

serve as nuclei for heterogenous nucleation of polymers. The reaction continues as more polymer 

deposits on top of the oxidant layer, and the hydrolyzed nanoparticles merge and grow through 

Ostwald ripening, oriented attachment, and splitting growth. The growth of crystals directs the 

formation of polymer nanostructures (Figure 1.18). A core/shell-structured nanofibrillar 

composite with iron oxide/iron chloride core and polymer shell is produced via the mix-

mechanistic pathway of dissolution, hydrolysis, and oxidative polymerization (Figure 1.19).162,181 

 

Figure 1.18 The mixed reaction pathways in rust-based vapor-phase polymerization. 

 

Figure 1.19 PEDOT nanofibers produced via RVPP consists of a core/shell structure. Adapted with permission from 

Reference 181. Copyright 2019, American Chemical Society. 
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Chapter 2: Rust-based Vapor-phase 

Polymerization of Nanofibrillar Poly(3,4-

ethylenedioxythiophene)/Polypyrrole 

Composite on Flexible Substrates 
At the end of Chapter 1, I introduced a synthetic strategy that produces nanostructured 

conducting polymers. Previous publications from the D’Arcy lab applied this technique to the 

synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT). In this chapter, I utilize rust-based 

vapor-phase polymerization in the synthesis of polypyrrole (PPy), demonstrating the versatility 

of this technique. I also present my work on the synthesis of a PEDOT/PPy composite on a 

flexible substrate that enables the fabrication of a flexible, stretchable supercapacitor and a 

wearable humidity dosimeter. 

2.1 Introduction 
Flexible and wearable electronics are gaining much research interest in recent years due to the 

increasing demand of biocompatible sensors and electronic skins in real-time health monitoring, 

as well as foldable capacitive touch screens in novel smart devices.1–6 Conducting polymer rises 

as a promising material for electrodes in wearable electronics due to its stability under ambient 

conditions, mechanical flexibility, light weight, and ease of synthesis.7–12 Polypyrrole (PPy) and 

poly(3,4-ethylenedioxythiophene) (PEDOT) are two most widely studied polymers for wearable 

electronics fabrication. As a single material, both PEDOT and PPy are suitable for electrodes of 

flexible energy storage devices. Creating a polymer composite takes advantage of the 

electrochemical properties of both polymers and introduce synergy between the two components. 
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Here, we present a synthetic strategy that combines clean room techniques and chemical 

synthesis in laboratory to fabricate flexible PEDOT/PPy composite electrodes for 

supercapacitors. A homogenous coating of polymer is deposited on a flexible substrate through 

rust-based vapor-phase polymerization (RVPP). The difference in mechanism between PEDOT 

and PPy in an acid-catalyzed polymerization is examined via stochiometric studies. These 

experiments assist our understanding of the mixed mechanistic pathways that take place in 

RVPP.  

Stretchability is an essential mechanical property of wearable electronics, and vapor-phase 

synthesized conducting polymers are often flexible but lack stretchability due to their 

crystallinity.13–15 Therefore, an alternative approach to deposition on stretchable substrate is 

needed for fabrication of wearable electronics. Kirigami, the art of paper cutting, is an emerging 

approach to constructing stretchable 3D architectures out of simply cutting planar sheets. Under 

external strain, cuts made in thin films undergo in-plane rotation and out-of-plane buckling that 

result in expanded 3D structures.16,17 Combining Kirigami with electrode material deposition 

enables simultaneous achievement of macroscopic robustness, mechanical strength, and high 

stretchability alongside high electronic performance.2,18 These properties are ideally suited to a 

variety of flexible devices including chemoresistive sensors and supercapacitors. Precise control 

over conducting polymer nanofibers deposition on pre-patterned substrates is achieved for 

humidity dosimeter and supercapacitor electrode fabrication. We combine the engineering of 

Kirigami techniques with chemistry in vapor-phase polymer synthesis. Our synthetic strategy 

affords multi-layer deposition for developing bilayer PEDOT/PPy nanofibrillar composite 

supercapacitors. This composite supercapacitor exhibits a synergistic effect that elicits a state-of-
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the-art energy density of 115 μWh/cm2 at 1 mA/cm2 and an extended cycle stability when 

stretched (85% capacitance after 100% elongation over 300 cycles). Assembling the 

supercapacitor into a planar configuration enables it to light up LEDs at various open voltages 

and demonstrates its potential as a power supply for wearable electronics. A flexible and 

stretchable nanofibrillar PEDOT humidity dosimeter exhibits significant sensitivity, showing a 

40% resistance change within seconds when exposed to a new humidity level under 200% 

stretch, making it an ideal mask accessory for detecting the presence of droplets from coughs or 

sneezes. 

This chapter is adapted from a previous publication.19 The research was led by Dr. Yifan Diao, 

and I was responsible for vapor-phase synthesis and electrochemical characterizations of 

PEDOT, PPy, and their composite. The introduction, results and discussion, and the conclusion 

sections in this chapter are rewritten based on the published data with an emphasis on 

mechanisms during polymer synthesis. 

2.2 Materials and Methods 
Materials 

Pyrrole, 3,4-ethylenedioxythiophene (EDOT, 97%), chlorobenzene (99%), sulfuric acid (98%), 

hydrochloric acid (37%), lithium perchloride (99.9%), acetonitrile (99.8%), aqueous ammonia 

(25%) and hydrazine hydrate (50%) were purchased from Sigma Aldrich and used as received. 

Deposition of nanofibrillar Kirigami electrodes 

1) Kirigami cuts were generated via CO2 laser cutting following a pattern designed in AutoCAD. 

2) A solid-oxidant precursor, α-Fe2O3 (hematite), was sputtered over polyethylene terephthalate 
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(PET) films via physical vapor deposition (Kurt J. Lesker PVD 75 RF and DC). 3) For single 

polymer electrodes, all syntheses were performed at 140 °C for 1.5 h in glass reactors, each 

containing a hematite coated PET film, a reservoir for concentrated hydrochloric acid (HCl), and 

a reservoir for 1.56 M monomer (pyrrole or EDOT) solution in chlorobenzene. Various volume 

combinations of liquid reactants were tested (10~200 μL HCl, 100~200 μL monomer solution) to 

achieve conformal coating of polymer on the substrate and to obtain optimal electrochemical 

performance. After 1.5 h, the electrodes were immediately removed from the reactors, cooled to 

room temperature, and purified with 6 M HCl. 4) For a PEDOT/PPy composite electrode, 

another layer of α-Fe2O3 was deposited on a purified PEDOT electrode. The same synthetic 

procedure was performed again using concentrated HCl and pyrrole/chlorobenzene solution. A 

composite electrode was purified with 6 M HCl to remove all iron impurities. 

Kirigami electrode characterizations 

Optical micrographs were obtained from a Nikon Eclipse LV100ND microscope. Scanning 

electron micrographs and energy-dispersive X-ray spectra were collected using a JEOL 

7001LVF FE-SEM. Raman spectra were obtained using a Renishaw inVia confocal Raman 

spectrometer mounted on a Leica microscope with a 20× objective and 785 nm wavelength diode 

laser serving as an illumination source. A low power was necessary to mitigate heating of 

conducting polymer samples. Current-voltage (I-V) curves were obtained with a built-in-house 

3D-printed probe station using two gold needles 1.24 mm apart. Four-point probe sheet 

resistance measurements were carried out using a Keithley 2450 SourceMeter with a Signatone 

SP4 four-point probe head. Stress-strain curves were characterized via INSTRON 5583.  
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Preparation of gel electrolyte 

Both 1 M H2SO4 and LiClO4 aqueous electrolyte required degassing of milli-Q water (18 MΩ) 

for 15 min. A 1 M LiClO4/polyvinyl alcohol gel electrolyte was prepared by adding 1 g of 

concentrated LiClO4 to 10 mL of deionized water, followed by addition of 1 g of polyvinyl 

alcohol powder. The whole mixture was heated to 85 °C while stirring until a clear solution was 

obtained. 

Fabrication of PEDOT nanofibrillar Kirigami humidity dosimeter  

Platinum current leads were connected to a PEDOT-coated film using polyimide tape and 

attached onto the surgical mask via Scotch tape. 

Humidity characterizations 

PEDOT nanofibrillar film and PEDOT:PSS granular film were tested in a humidity chamber. 

Utilizing N2 gas flow to decrease the humidity and water vapor to increase the humidity. 

Fabrication of PPy/PEDOT nanofibrillar Kirigami supercapacitor   

Platinum current leads were connected to a PEDOT/PPy composite film and 100 μL of a 1 M 

LiClO4 gel electrolyte was added by drop-casting, followed by drying at 55 °C for 2 h. 

Electrochemical characterizations 

All electrochemical tests were performed on a BioLogic VMP3 multi-potentiostat and the data 

were averaged over 5 devices. Cyclic voltammetry was carried out from 25 mV/s to 1000 mV/s 

between -0.2 V and 0.8 V. Electrochemical impedance spectroscopy was carried out at the 
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electrode’s open circuit potential after obtaining a reversible cyclic voltammogram. Impedance 

values were recorded using a 10 mV sinusoidal disturbance at frequencies ranging from 100 kHz 

to 100 MHz. For 3-electrode tests, various electrolytes (aqueous 1 M H2SO4, aqueous and 

acetonitrile 1 M LiClO4) were tested against a Ag/AgCl reference electrode at room temperature 

(25 °C). Galvanostatic charging/discharging (GCD) was carried out from 0.1 mA/cm2 to 2 

mA/cm2 between 0 to 1 V. 

2.3 Results and Discussion 
Deposition of hematite and vapor-phase synthesis of polymers 

A conformal oxidant precursor coating is produced by sputtering hematite (α-Fe2O3) onto a laser 

cut polyethylene terephthalate (PET) film (Figure 2.1a). The uniformity of the solid-state 

precursor ensures homogenous polymer deposition, and synthesis on a pre-cut substrate instead 

of laser cutting after polymer deposition prevents polymer damage from CO2 laser heating. α-

Fe2O3 is dissolved by HCl vapor at 140 °C, releasing ferric ions (Fe3+) that oxidize EDOT and 

initiate polymerization (Figure 2.1b).20,21 Hydrolysis of Fe3+ produces β-FeOOH spindles in situ; 

these spindles serve as nucleation sites for PEDOT and template one-dimensional nanofiber 

formation (Figure 2.1b). Polypyrrole is synthesized via a similar vapor-phase technique because 

the oxidation potential of a ferric ion is adequate for initiating both EDOT and pyrrole 

polymerization (Figure 2.1b).22 Scanning electron micrographs (SEM) in Figure 2.1c-d show 

homogeneous PEDOT (blue) and PPy (black) thin films consist of nanofibers with an aspect 

ratio of 50. Polymer nanofibers deposit with a high packing density, resulting in a polymer film 

that possesses a high surface area. 
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Figure 2.1 Schematic diagram for vapor-phase deposition of conducting polymer nanofibers on Kirigami sheets. a) 

PET sheet is laser-cut and subsequently sputtered with a 60 nm layer of α-Fe2O3. b) PEDOT and PPy nanofibers are 

deposited via rust-based vapor-phase polymerization, and the synthesis consists of i) dissolution of Fe2O3 into Fe3+ 

and oxidative polymerization of ii) EDOT and iii) pyrrole. The resulting nanofibrillar coatings are homogeneous as 

shown by c) blue PEDOT and d) black PPy. 

 

Figure 2.2 Optical micrographs of polypyrrole synthesized under various HCl concentration. a) 20 μL, b) 60 μL, c) 

90 μL, d) 120 μL, and e) 150 μL. Fibrillar PPy causes refraction and is lighter in color under the optical microscope 

compared to granular PPy. The structure is obtained when 120 μL HCl is used during synthesis. 
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Acid-catalyzed polymerization of EDOT and pyrrole 

Comparing the optical micrographs of polypyrrole films synthesized under different HCl 

concentration reveals a correlation between the stoichiometry of reactants and the morphology of 

the films (Figure 2.2). The nanostructure of a PPy film changes from granular (stage one) to 

fibrillar (stage two) then to granular (stage three) as the HCl concentration in the reactor 

increases. The morphology change from stage two to stage three (fibrillar to granular) is also 

observed in PEDOT vapor-phase synthesis and is attributed to excess HCl dissolving the 

structure-directing iron oxides and oxyhydroxides. The consequent lack of nucleation sites and 

templates for nanofiber growth results in an undesirable granular morphology (Figure 2.3). The 

structural change between stage one and stage two (granular to fibrillar) is unique to polypyrrole 

synthesis. Based on the evidence from both microscopy and the acid-catalyzed polymerization 

mechanisms reported in the literature, a mechanism is proposed to explain the evolution of 

morphologies during polypyrrole synthesis. 

 

Figure 2.3 SEM images of β-FeOOH crystals and granular morphology of PEDOT. 

Both EDOT and pyrrole monomers protonate and undergo acid-catalyzed polymerization in the 

presence of low pH.23,24 Figure 2.4 depicts the proposed mechanisms of acid catalyzed 
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polymerization of EDOT and pyrrole. The reaction is initiated by the protonation of monomer 

and propagates via coupling between a protonated monomer cation and a neutral monomer. The 

dimer cation either terminates the reaction by deprotonating into a neutral dimer, or couple with 

other neutral monomer/oligomers. The polymer backbone formed in acid-catalyzed 

polymerization does not contain the alternating double-single bond structure. Therefore, π-

electrons do not delocalize over the entire polymer backbone, resulting in poor electrical 

conductivity. Spectroscopic evidence from the literature suggests that EDOT forms oligomeric 

chains through this mechanism (average degree of polymerization is 11.3), while pyrrole forms 

polymeric chains that consist of a mixture of pyrrole and pyrrolidine.23–28 Pyrrole is susceptible 

to reduction in acidic environment, resulting in the formation of pyrrolidine.29,30 Pyrrolidine and 

pyrrole form a trimer in a ratio of one pyrrolidine to two pyrroles. In a reaction that consists of 

both oxidative and acid-catalyzed polymerization, the ratio between pyrrole monomer and 

pyrrole/pyrrolidine trimer influences the conjugation and electrical conductivity of the polymer 

product.24–26 During vapor-phase synthesis, high acidity triggers the acid-catalyzed 

polymerization, and this mechanism competes with iron oxide dissolution for HCl. Polypyrrole 

synthesis requires higher acid concentration than PEDOT synthesis because pyrrole forms 

conjugated backbone via both oxidative polymerization and acid-catalyzed polymerization, 

whereas conjugated PEDOT forms exclusively via oxidative polymerization. Thus, greater 

volumes of HCl are required to account for protonation and for the Fe3+ liberated by dissolution 

to generate a nanofibrillar morphology during PPy synthesis. 
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Figure 2.4 Acid-catalyzed polymerization of EDOT and pyrrole. 

Spectroscopic analysis of PEDOT and PPy films 

Characterizing the bonding in a nanofibrillar conducting polymer film is necessary to deepen 

understanding of their physical and chemical properties. Raman spectroscopy provides insight 

into the impact of doping on chemical bonding within the materials. Raman peaks of PEDOT 
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(Figure 2.5a) at 1261 and 1357 cm-1 correspond to Cα-Cα’ and Cβ-Cβ’ bonds, respectively. Peaks 

at 1437 and 1510 cm-1 correspond to symmetric and asymmetric Cα=Cβ stretching.31 The 

symmetric Cα=Cβ stretching peak shifts towards 1426 cm-1 after doping with HCl vapor. This 

shift towards higher wavenumbers corresponds to greater doping levels due to an increased ratio 

of quinoid vs. benzenoid structure in PEDOT and is consistent with previously reported behavior 

of electrochemically synthesized PEDOT samples.32,33 Similar information is derived from the 

Raman analysis of PPy that shows peaks at 1345 and 1573 cm-1 associated with Cα=Cβ bonds at 

higher intensity (Figure 2.6). The behavior of the PEDOT and PPy samples indicates that Cl- is 

an efficient dopant due to its small size and single negative charge as a counter anion.34 

 

Figure 2.5 Spectroscopic and mechanical characterization of conducting polymer coatings. a) Raman spectra shows 

PEDOT possesses an oxidized conjugated backbone. b) UV-vis spectra prove that both reducing agent and base 

partially convert conductive polaronic and bipolaronic PEDOT to its non-conductive neutral state. c) I-V curves for 

a PEDOT-coated film demonstrate ohmic behavior that stems from a homogenous percolation network of 

conductive polymer backbone. d) Schematic diagram of a Kirigami unit cell. e) Tensile tests of PEDOT-coated 
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Kirigami sheet. f) Stress-strain curves show the increase of ultimate elongation is proportional to the increase in the 

number of unit cells. g) Electric conductivity remains stable throughout the stretching process. 

 

Figure 2.6 Raman spectrum of a HCl-doped PPy film. 

Ultraviolet-Visible-near-IR spectroscopy (UV-Vis-NIR) is utilized to assess charge carrier 

density in polymer films and determine changes in molecular structures due to doping and 

dedoping. The UV-Vis-NIR spectra of PEDOT (Figure 2.5b) is divided into three regimes: 

neutral, polaronic, and bipolaronic.35 A larger absorbance in the polaronic and bipolaronic 

regimes is observed for the HCl-doped PEDOT sample, compared to an aqueous-ammonia- 

(NH3∙H2O) or a hydrazine-dedoped sample. Doping increases the charge carrier density in the 

polymer chain, resulting in formation of conductive polaron and bipolaron structures that 

enhance electrical conductivity. This behavior is also present in the UV-Vis-NIR spectra of HCl-

doped PPy (Figure 2.7a).36 Notably, the doping/dedoping process is reversible and controlled by 

charge carrier concentration as evidenced by Figure 2.7b. Electrical conductivity of a PEDOT 

film is probed via current vs. voltage measurement and shows ohmic behavior (straight line) with 

low resistance (large slope) (Figure 2.5c). This signifies a homogeneous and continuous 

percolation network of conductive polymer chains within the film that facilitate charge 
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transport.37 The line slope decreases when the sample is dedoped with NH3∙H2O due to loss of 

charge carriers, and this is consistent with the reversibility demonstrated by UV-Vis spectra. 

 

Figure 2.7 UV-Vis-NIR characterization of conducting polymers. (a) UV-Vis-NIR spectra of doped and dedoped 

PPy films. (b) UV-Vis-NIR spectra of dedoped and HCl-redoped PEDOT. 

Electrochemical Characterizations of PEDOT, PPy, and composite polymer films 

Layer-by-layer deposition of nanofibers with high packing density is achieved via the 

combination of hematite sputtering and vapor-phase synthesis. A composite polymer film is 

synthesized by polymerizing pyrrole directly on the surface of a PEDOT layer (Figure 2.8a). 

SEM images show that the composite film surface is comprised of a carpet of PEDOT/PPy 

nanofibers. This hierarchical structure suggests that the existing PEDOT layer acts as a barrier to 

the diffusion of HCl vapor. Pyrrole polymerization occurs on PEDOT nanofibers instead of on 

the PET substrate due to preferential nucleation.22,38 This novel synthetic approach for depositing 

electroactive polymer composites results in sequential deposition of conducting polymer layers 

that grafts PPy to PEDOT (Figure 2.8b).  
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Figure 2.8 Nanofibrillar PEDOT/PPy composite as Kirigami electrodes. a) A schematic diagram shows the 

deposition strategy: a nanofibrillar PEDOT-coated PET film is sputtered with α-Fe2O3 and undergoes vapor-phase 

synthesis, resulting in a nanofibrillar PPy film on top of the PEDOT nanofibers. b) This bilayer PEDOT/PPy 

Kirigami electrode possesses a high packing density of nanofibers with a 150 nm diameter (inset). c) A schematic 

diagram shows a PEDOT/PPy composite electrode charging in the electrolyte. PPy serves as a highly capacitive 

material with active redox sites and PEDOT serves as a conductive layer that facilitates facile charge transfer. d) EIS 

of PEDOT, PPy, and PEDOT/PPy electrodes show that the composite possesses the lowest ESR due to the 

conductive PEDOT layer and low ion transfer resistance. e) Cyclic voltammograms of PEDOT, PPy, and 

PEDOT/PPy composite electrodes at 25 mV/s show the curve of the composite envelops the largest area, indicating 

a high capacitance. f) The PEDOT/PPy composite electrode is stable under various scan rates from 25 to 1000 mV/s 

in an aqueous LiClO4 electrolyte. 

The composite polymer film possess a bilayer architecture that capitalizes on the high 

conductivity of PEDOT (1000 S/cm) through intimate contact and chemical bonding at the 

electrode/current collector interface. The PPy layer (nanofibers) possesses high pseudo-

capacitance and is more sensitive to ion adsorption at the electrode/electrolyte interface than 

PEDOT (Figure 2.8c). Electrochemical impedance spectroscopy is utilized to compare the 

electron and ion transfer resistance of the single electrode against the composite electrode 

(Figure 2.8d). Nyquist plots for PEDOT and PPy films reveal that PEDOT possesses a lower 

equivalent series resistance (intercept of x axis), lower ion diffusion resistance (small semicircle 
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radius) than PPy.21 In comparison, Nyquist plot of the composite polymer film possesses a 

smaller semicircle radius than a PEDOT film, indicating reduced contact resistance between 

electrolyte and electrode as well as low diffusion resistance for adsorption/desorption of 

electrolyte ions.39 The enhanced electrical conductivity and adsorption/desorption of ions 

demonstrates synergy between two polymers inside the composite as a result of grafting during 

synthesis.  

Three-electrode cyclic voltammetry (CV) provides fundamental understanding of 

electrochemical processes that occur during charging and discharging of the composite electrode. 

Figure 2.8e shows the CV curves for PEDOT, PPy and PEDOT/PPy electrodes immersed in 1 M 

aqueous solutions of various electrolytes. Unlike PEDOT that prefers acidic electrolyte, the most 

rectangular and reversible curve for PPy is achieved using a neutral LiClO4 electrolyte (Figure 

2.9). The composite electrode demonstrate the highest capacitance in LiClO4 which typically 

weakens the charge storage performance of PEDOT. The loss in capacitance from PEDOT is 

offset by the high capacitance of PPy, and the synergy between the polymers enhances charge 

storage, resulting in a greater capacitance compared to single polymer electrodes. Cyclic 

voltammograms remain mostly undistorted at high scan rates (1000 mV/s) as the nanofibrillar 

architecture creates free volume and accessible electroactive sites; fast redox reactions in the 

devices enable high-rate charging that is ideal for supercapacitors (Figure 2.8f). The synergy 

between PEDOT’s high electrical conductivity and PPy’s pseudocapacitance enhances the 

overall electrochemical performance in a composite polymer electrode. 
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Figure 2.9 Electrochemical characterizations of PEDOT and PPy films. (a) Cyclic voltammograms of PEDOT in 1 

M H2SO4, 1 M aqueous LiClO4 and 1 M LiClO4 in acetonitrile. (b) Rectangular cyclic voltammogram of PEDOT in 

1 M H2SO4 electrolyte under various scan rates from 25 to 1000 mV/s. (c) Cyclic voltammograms of PPy in an 

aqueous 1 M LiClO4 electrolyte under various scan rates from 25 to 1000 mV/s. 

Flexibility and stretchability of conducting polymers 

Conducting polymers such as PEDOT and PPy possess good flexibility but poor stretchability 

owing to their molecular structure: the single bonds in the polymer backbone afford rotational 

degree of freedom, and the delocalized π-orbitals enables polymer chains to slide against each 

other without breaking conjugation.13,14,40 The structure of a polymer consists of both crystalline 

and amorphous domains, and the stretchability of a polymer originates from straightening of 

coiled polymer chains in the amorphous domain.15,41,42 PEDOT and PPy synthesized from the 

vapor phase possess high crystallinity and few polymer chains in the amorphous domain, 

resulting in poor stretchability. Another challenge is the difference in mechanical properties 

between substrate material (PET) and active materials (PEDOT and PPy). The mismatch of 

strength (tensile, torsional, and flexural), ultimate elongation, Young’s modulus, toughness, and 

viscoelasticity between materials often leads to delamination from substrate or break in the 

percolation network formed by the conductive polymer chains.42,43 Therefore, enhancing the 
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stretchability of conducting polymers while matching the mechanical properties between 

substrate and active material are crucial for fabricating electrodes in wearable electronics. 

Kirigami is an engineering solution to a chemistry problem that overcomes the intrinsic stretch 

limits of conducting polymers by redirecting applied strain onto the macroscopic structure of the 

electrode instead. Strain-stress analysis and resistance measurement demonstrate the relationship 

between mechanical deformation and electrical conductivity. Unit cells are patterned with a cut 

geometry of length l (18 mm), horizontal spacing d (0.2 mm), and vertical spacing h (0.5 mm), 

resulting in PET-based films that stretch up to 350% strain before rupture (Figure 2.5d). As a 

mechanical strain is applied, the cuts open and redirect the stress into structural change, 

enhancing the in-plane stretching capacity of the substrate. Additional strain causes the initial 

planar structure to deform, and the unit cells begin bending out-of-plane to redistribute the stress 

to the vertices of the cuts (Figure 2.5e).44 This structural response allows the substrate to 

accommodate increased stretching while maintaining low stress growth by on a PEDOT or PPy 

film. Conducting polymers exhibit strong interfacial adhesion to the PET substrate due to 

covalent bonding facilitated by Friedel-Crafts alkylation that grafts PEDOT onto aromatic 

functional groups of PET.45 During polymer synthesis, dissolved ferric ions functions as both 

oxidants to EDOT monomer and a Lewis acid that catalyzes Friedel-Crafts alkylation between 

PEDOT and PET. PEDOT and PET exhibit strong adhesion and minimal delamination during 

bending, scotch tape test and bath sonication (Figure 2.10). In comparison, pristine a PPy 

electrode exhibits weak adhesion with PET, and the polymer film cracks and delaminate when 

bent due to a lack of covalent bonding (Figure 2.11).45 
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Figure 2.10 Adhesion tests of PEDOT to a PET substrate. (a) Adhesion of PEDOT to a PET substrate is examined 

via sonication, scotch tape test. (b) The electrical resistance is measured before and after each test. 

 

Figure 2.11 PPy film delaminates from a PET substrate after scotch tape test. 

Increasing the number of Kirigami unit cells further extends the maximum elongation of the film 

(Figure 2.12). Additional unit cells delay the point of fracture as demonstrated by the gradual 

decoupling of the stress-strain curves in Figure 2.5f. Similar stress-strain curves obtained for a 

PET film and a PEDOT-coated PET film indicate that a PEDOT-coated electrode retains the 

original mechanical properties of the substrate. Yielding initiates from the innermost cut and 

propagates outwards until the peripheral cuts reach their maximum stress load and the electrode 

ruptures.46 Besides buffering the transmission of strain to outer regions of the film, extra unit 

cells also lessen the overall load distributed to individual cut, significantly enhancing the fracture 

limit.4,47 The nanofibrillar electrodes demonstrate excellent electrical stability stemming from 

their ability to withstand complex deformation without rupturing the conductive polymer layer. 
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Conductivity-strain curves (Figure 2.5g and Figure 2.13) confirm that electrode conductivity is 

not significantly affected by increasing strain. Localization of strain on the corners of the cuts 

allows the substrate to stretch without disrupting the homogeneity of nanofibrillar film.48 

Preservation of conducting pathways allows the electrode to retain a high degree of electrical 

conductivity (95%) under different mechanical tensile strains (0-150%). Other modes of 

mechanical deformation, such as bending and twisting, exert low stress on the film, and the 

structural and electrical properties of the active material layer also remain unchanged.49 

 

Figure 2.12 Nanofibrillar PEDOT Kirigami sheets with increasing numbers of unit cells. 

 

Figure 2.13 Conductivity measurement via a four-point probe. 

Fabrication of flexible and stretchable supercapacitor 

Both sandwich-type and planar supercapacitors are fabricated from stretchable PEDOT/PPy 

composite electrodes and characterized by two-electrode cyclic voltammetry (CV) as well as 



77 

 

 

galvanostatic charging/discharging (GCD) technique. The sandwich-type supercapacitor is 

comprised of two electrodes and 1M LiClO4 gel electrolyte (Figure 2.14a). GCD curves (Figure 

2.14b) for the composite electrode exhibit symmetric triangular shapes from 0-1 V under various 

current densities, indicating a reversible redox charge storage mechanism.50 The linearity of the 

GCD curves together with minimized IR-drop at a fast discharge rate stems from a low internal 

resistance that promotes capacitive behavior.51 Cyclic voltammograms exhibit a rectangular 

shape proportional to the reversibility of doping/dedoping by electrolyte ions. The PEDOT/PPy 

composite electrode generates symmetric rectangular cyclic voltammograms under scan rates 

ranging from 5 mV/s to 50 mV/s and is capable of fast charging/discharging. The CV of a 

composite electrode envelops a larger area compared with pristine PEDOT and PPy electrodes 

(Figure 2.15). Areal capacitance calculations from CV curves are summarized in Figure 2.14c. 

The PEDOT/PPy composite supercapacitor possesses state-of-the art areal capacitance of 378 

F/g due to its bilayer nanofibrillar morphology and the synergy between PEDOT and 

polypyrrole. PPy excels at charge storage due to its redox reactions during cycling and the high 

electrical conductivity of PEDOT facilitates charge transfer.52 
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Figure 2.14 Nanofibrillar PEDOT/PPy Kirigami supercapacitors. a)  A schematic diagram of a sandwich-type 

supercapacitor that consists of two composite electrodes and 1 M LiClO4 gel electrolyte. b) Symmetric triangular 

charge/discharge curves at various current densities from 0.1 mA/cm2 to 2 mA/cm2 demonstrate reversible storage 

and release of charges. c) The PEDOT/PPy composite possesses higher capacitance than pristine PEDOT or PPy 

across all scan rates due to the synergistic interaction between capacitive PPy and conductive PEDOT. d) The 

capacitance remains stable during mechanical deformation such as stretching, twisting, and bending. e) Comparison 

of capacitance retention without stretching versus with stretching. An 85% capacitance retention is achieved after 

300 stretching cycles. Inset shows an LED is powered using 3 stretched supercapacitors connected in series. f) A 

Ragone plot normalized by area compares this work against graphene/PPy, CNT/PANI, PEDOT:PSS/MnO2/CNT, 

RuO2/PEDOT:PSS, PPy/CPH, 10%rGO-PEDOT:PSS, and PEDOT/rGO thin-film supercapacitors. g) A schematic 

diagram of a planar configuration that connects multiple supercapacitors in series to extend the voltage window. h) 

Charge/discharge curves collected at 1 mA/cm2 demonstrates that reversible storage and release of charges when the 

number of unit cells is increased. 1 V (black), 2 V (red), 4 V (blue) and 6 V (green). i) Photographs that shows a 

planar PEDOT/PPy Kirigami supercapacitor powering up LEDs with various colors. 
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Figure 2.15 Cyclic voltammograms of PEDOT in 1 M LiClO4 electrolyte under various scan rates. 

Maintaining electrical performance under mechanical deformation is a crucial parameter for 

stretchable power sources. A planar PEDOT/PPy nanofibrillar supercapacitor shows minimal 

change in capacitance during stretching (378 F/g at 0% stretch, 373 F/g at 50% stretch, 368 F/g 

at 100% stretch, 363 F/g at 50% stretch), twisting (369 F/g at 50% stretch), and bending (372 F/g 

at 50% stretch) (Figure 2.14d) and demonstrates superior energy storage performance under 

mechanical strain. A composite supercapacitor exhibits 99% and 85% capacitance retention after 

300 cycles (100% stretch), respectively (Figure 2.14e). An Ragone plot normalized by area 

graphs the relationship between power density and energy density and shows the state-of-the-art 

performance among supercapacitors fabricated from carbon allotropes and metal oxides, metal-

organic framework (MOF), MXene, and transition metal dichalcogenide (Figure 2.14f).53–57 

Among these, the PEDOT/PPy composite supercapacitor exhibits the highest areal energy 

density of 115 μWh/cm2. 
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Supercapacitor units are assembled both in series and in parallel to meet specific energy needs or 

open circuit voltages for various applications. Figure 2.14g and Figure 2.16 illustrate the details 

of the planar configuration comprised of 6 units of PEDOT/PPy supercapacitors (labeled in red 

and green) connected in parallel. The capacitance performance is confirmed via GCD curves 

collected at 1 mA/cm2 for 1 V (black), 2 V (red), 4 V (blue) and 6 V (green). This functional 

device lights up LEDs of different colors, demonstrating the advantage of a planar configuration 

and highlighting its potential for stretchable electronics. 

 

Figure 2.16 The supercapacitor withstands various modes of deformation, including stretching, twisting, and 

bending. 

Fabrication of wearable humidity dosimeter 

The global outbreak of COVID-19 significantly affected economy and human health in the past 

few years. Recent studies demonstrate that surgical masks efficiently prevent virus transmission 

from airborne aerosols.58,59 The ability to detect exposure to respiratory droplets from coughing 

or sneezing on the outer surface of a mask is of considerable importance, since a mask will lose 

its functionality once it experiences extreme humidity. Additionally, touching or handling a 
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contaminated mask carries the risk of transmitting bacteria or viruses (Figure 2.17a).60 A flexible 

nanofibrillar PEDOT-coated film serves as a flexible chemoresistive dosimeter by monitoring 

the relative humidity change on the mask to detect droplet attachment. The stretchable 2D film is 

easily integrated onto the 2D mask via platinum lead, polyimide tape, and a multimeter (Figure 

2.17b). A PEDOT-coated film shows clear compatibility with the mechanical requirements of 

wearing surgical masks due to the 3D tunable mechanical properties generated by Kirigami. 

Notably, the electrode is only 0.5 mm thick and weighs only 0.16 g, making it easy to assemble 

onto the mask (Figure 2.17c). 

To explore the relationship between sensitivity and electrode morphology, a nanofibrillar 

PEDOT electrode and compare it against PEDOT:PSS thin film electrodes for testing humidity 

levels. Figure 2.17d shows that the resistance decreases with increasing humidity for both 

electrodes due to 1) polymer swelling-induced electron transfer through conjugation length and 

2) formation of a water layer that induces electron hopping that facilitates electron transfer. 

Nanofibrillar PEDOT film exhibits remarkable decrease in resistance at the initial humidity 

range (around 40% relative humidity) and exhibits faster response (<2 s) in comparison to the 

PEDOT:PSS thin film (Figure 2.17e).61 The heightened response of the electrode is a 

consequence of the larger surface area generated by high aspect ratio nanofibers that provides 

more accessible pathways for water vapor to traverse.62 This is congruent with the porous nature 

of nanofiber films, in which gas molecules or aerosol droplets rapidly diffuse in and out of the 

nanofibers (Figure 2.17f).63 A PEDOT nanofibrillar humidity dosimeter exhibits better 

performance in both sensitivity and response time than a conventional PEDOT:PSS film or other 
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commercial humidity sensors, demonstrating it as an ideal humidity-sensing dosimeter accessory 

for surgical masks. 

 

Figure 2.17 Nanofibrillar PEDOT Kirigami electrodes for wearable humidity dosimeters. a) A schematic diagram 

demonstrating the humidity dosimeter detects droplets that originate from sneezes and coughs. b) A photograph of 

humidity dosimeter in its 2D state attached to a surgical mask. c) Front and side view of the dosimeter stretching to 

accommodate 3D deformation from surgical mask. d) Resistance change and e) response time in a dosimeter 

comprised of PEDOT nanofibers vs. PEDOT:PSS as a function of relative humidity. f) A schematic diagram that 

demonstrates water droplets spreading on PEDOT nanofibers and enhancing charge transfer. 

2.4 Conclusions  
In this chapter, a synthetic strategy that combines cleanroom techniques and rust-based vapor-

phase polymerization of conducting polymers is presented. The acid-catalyzed polymerization 

mechanism, a side reaction during polymer synthesis, is studied via stoichiometric experiments. 

The synthetic strategy presented enables fabrication of a flexible PEDOT/PPy composite 

electrode and advances the research in stretchable electrodes by combining Kirigami-based 

engineering techniques with vapor-phase polymer synthesis. The grafting between PEDOT and 

PET substrate enhances the stability of a polymer electrode and is facilitated by Friedel-Crafts 

alkylation. The interaction between PPy and PEDOT creates synergy that enhances the 
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electrochemical properties of the composite, enabling the fabrication of a supercapacitor that 

possesses state-of-the-art energy density (115 μWh/cm2 at 1 mA/cm2) and capacitance (85% 

capacitance retention after 300 stretching cycles). A Kirigami humidity dosimeter is fabricated 

using PEDOT nanofibers that exhibits superior performance in both sensitivity (40% change) 

and response time (<2 s). 
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Chapter 3: Covalently Bonding 

Nanostructured Poly(3,4-

ethylenedioxythiophene) to Functionalized 

Glass 
In Chapter 2, I briefly discussed the Friedel-Crafts alkylation between poly(3,4-

ethylenedioxythiophene) (PEDOT) and polyethylene terephthalate (PET). This reaction inspired 

further investigation on covalently bonding PEDOT to other surfaces containing phenyl 

functional groups. In this chapter, I present my work on covalently bonding nanostructured 

PEDOT to a glass surface functionalized by phenyl silane. This novel synthetic strategy enables 

the fabrication of a transparent supercapacitor electrode on glass. 

3.1 Introduction 
Transparent energy storage devices draw much attention in recent years due to the emergence of 

smart windows and the rapid development of solar cells and touchscreen electronics.1–6 Among 

all energy storage devices, supercapacitors show much promise due to their fast-charging ability 

and cycling stability. Supercapacitors also bridge the gap between electrolytic capacitors and 

batteries in terms of energy and power densities.7–14 Various factors are evaluated for a 

transparent supercapacitor, including transparency, energy and power densities, specific 

capacitance, and cycle stability.4–6,15,16 Among materials for energy storage, poly(3,4-

ethylenedioxythiophene) (PEDOT) rises as one of the most promising supercapacitor electrode 

materials due to high conductivity, stability under ambient conditions, light weight, and ease of 

synthesis.6,17 A major challenge for depositing this conducting polymer on a glass substrate is the 
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lack of molecular interactions between organic and inorganic moieties resulting in poor adhesion 

and low cycle stability of the electrode.1,17,18 Many studies overcome this challenge by 

embedding polymers in a framework, utilizing a sacrificial layer, or creating polymer/metal 

oxide composites.3,17–20 However, these studies rely on glass with conductive coatings, such as 

fluorine-doped tin oxide or indium-doped tin oxide, that are both susceptible to dissolution in 

acidic environment and potentially costly for large scale implementation. 

Here, we present an alternative strategy for depositing conducting polymers on a glass substrate 

by covalently linking polymer and glass through a self-assembled diphenyldimethoxysilane 

monolayer. The synthetic strategy is inspired by silanization and Friedel-Crafts alkylation 

mechanisms (briefly discussed in the previous chapter)1,21–23. This method is superior because it 

obviates the need for a conductive metal oxide coating, enabling the fabrication of  current 

collector-free supercapacitor electrodes on any glass surface. In previous studies, transparent 

electrode fabrication often involves a tradeoff between transparency and functionality.5,6,24–26 

This issue is circumvented by localizing a PEDOT coating to the edge of a glass substrate, 

enabling the assembly a proof-of-concept tandem supercapacitor. This approach retains 

electrochemical performance of a PEDOT electrode without compromising transparency of 

glass. 

This chapter is adapted from a previous publication.27 

3.2 Materials and Methods 
Chlorobenzene (99%), 3,4-ethylenedioxythiophene (97%), hydrochloric acid (37%), hydrogen 

peroxide (30%), poly(vinyl alcohol) (Mw 89,000–98,000, 99+% hydrolyzed), ethanol (200 
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proof), and toluene were purchased from Sigma-Aldrich; sulfuric acid (98%) was purchased 

from Macron. Diphenyldimethoxysilane (98%) was purchased from Gelest. All chemicals were 

used without further purification. Corning glass slides were purchased from Ted Pella, Inc. 

(product #265005). Hematite particles (α-Fe2O3) produced by NewLook Inc. were purchased at 

The Home Depot Inc. Platinum foil (0.025 mm thick, 99.9%) was purchased from Alfa Aesar for 

current leads. 

Electrochemical Characterization, Microscopy, and Spectroscopy 

Optical microscopy was performed on a Nikon Eclipse LV100ND microscope. Scanning 

electron microscopy with energy dispersive X-ray analysis was performed with a Thermo Fisher 

Scientific Quattro S environmental scanning electron microscope. Cyclic voltammetry and 

electrochemical impedance spectroscopy were performed using a Biologic VMP3 multichannel 

potentiostat. A platinum mesh counter electrode and an Ag/AgCl reference electrode were used 

in 3-electrode cyclic voltammetry. For electrochemical impedance spectroscopy, the sinusoidal 

disturbance was 10 mV with frequencies scanned between 100 kHz and 0.1 Hz. 2-point 

resistance and 4-point conductivity measurements were made using a Keithley 2450 

SourceMeter with 1 mm distance between probes. Dimensions of the film used for conductivity 

measurements were 1 cm × 2 cm × 10 μm, and sheet resistivity was calculated using equation ρ 

= (V/I) * C (V is voltage measured, I is current applied, and C is a geometric correction factor). 

UV-Vis-NIR spectroscopy was conducted from 300 nm to 1300 nm on a Cary 5000 UV-Vis-NIR 

spectrophotometer. Raman spectroscopy was performed using a Renishaw inVia™ confocal 
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Raman microscope under green light excitation at 514 nm. Thermogravimetric analysis was 

conducted on a Discovery TGA (TA Instruments).  

Glass Silanization 

Microscope glass slides were cut into 1 cm by 2.5 cm pieces then washed in piranha solution (3:1 

mixture of 98% sulfuric acid and 30% hydrogen peroxide) for 30 min and rinsed thrice with 

deionized water. After drying in air, a slide was immersed in 0.1 M 

diphenyldimethoxysilane/toluene solution with 0.05 M ethanol for 30 h at room temperature (20 

°C). Excess silane was rinsed off with toluene, and the slide was dried and annealed in a 50 °C 

oven for 2 h. 

Hematite Deposition 

Hematite particles were sieved using a 1.58 mm pore size steel mesh to remove large 

agglomerates and bath sonicated in deionized water. A 0.1 g/mL aqueous dispersion was 

produced under constant stirring (900 rpm) and 1 mL aliquots were utilized for air-brushing. A 

silanized glass slide was oxygen plasma-treated for 5 min prior to hematite deposition; the slide 

was positioned vertically with respect to the air brush and 1 cm by 2 cm area was coated. The 

slide was air-brushed five times with the hematite dispersion at 40 psi and a nozzle distance of 

50 cm. Each layer was fully dried in between each deposition. 

PEDOT Synthesis and Purification 

A PEDOT coating was produced via rust-based vapor-phase polymerization (130 °C / 5 h). A 

300 mL Teflon-lined hydrothermal reactor was loaded with a hematite-coated glass slide, a half-
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dram vial containing 200 μL of 1.56 M EDOT/chlorobenzene solution, and 10 μL of 

concentrated hydrochloric acid (injected at the bottom of the Teflon liner). PEDOT/glass 

composite was purified by immersing in 6 M hydrochloric acid overnight and dried on a 50 °C 

hotplate. 

Preparation of poly(vinyl alcohol)/H2SO4 gel electrolyte 

A 1 M sulfuric acid gel electrolyte was formulated using 1 g of poly(vinyl alcohol) powder 

dissolved in 10 mL deionized water under 500 rpm magnetic stirring at 90 °C. 0.6 mL of 

concentrated H2SO4 was added dropwise to prevent carbonization of poly(vinyl alcohol). Stirring 

continued for 1 h until the mixture was homogeneous, translucent, and colorless. 

Planar Supercapacitor Fabrication 

Polyimide tape was used to mask and pattern a glass slide prior to hematite deposition. The mask 

was removed after synthesis and two parallel electrodes (0.45 cm x 2 cm) with 1 mm gap were 

produced and purified in hydrochloric acid. A symmetric supercapacitor was assembled by 

attaching platinum current leads to each electrode and sealing with polyimide tape; 200 μL of gel 

electrolyte were injected at the gap of electrodes. 

Sandwich-type Supercapacitor Fabrication 

A 7.5 cm by 5 cm silanized glass slide was air-brushed on one of its short edges (0.1 cm by 5 

cm) with hematite particles. Polymer synthesis (130 °C / 24 h) was carried out in a 500 mL glass 

jar loaded with a hematite-coated-edge glass slide and two half-dram vials separately containing 

100 μL of concentrated hydrochloric acid and 200 μL of 1.56 M EDOT/chlorobenzene solution. 
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A PEDOT/glass composite was purified and dried, and a small piece (0.3 cm × 0.5 cm) of carbon 

tape was used as current collector. A platinum current lead was attached to the carbon tape and 

sealed with polyimide tape (edge-coated electrode). A sandwich-type supercapacitor was 

assembled by fitting two edge-coated electrodes in an FDM-printed frame. The gap between 

electrodes was approximately 0.2 mm, and 100 μL of gel electrolyte were injected between the 

edge-coated electrodes. 

Fabrication of a Tandem Supercapacitor 

A tandem supercapacitor was fabricated using edge-coated electrodes by connecting three 

sandwich-type supercapacitors in series. The supercapacitors were stacked to mimic a window 

and charged with 3 V to light up a blue LED. 

3.3 Results and Discussion 
Glass Silanization 

Glass is silanized with molecules of general formula RnSiX4-n (X is a methoxy, ethoxy, or 

halogen group) where substitution of X with hydroxyl groups leads to covalent bond 

formation.28,29 To produce a high density of hydroxyl groups, glass is pretreated with piranha 

solution. Depending on the number of X groups, a silane molecule forms either bipodal (two 

covalent bonds) or monopodal (one covalent bond) “anchoring” on glass. Unreacted X groups 

crosslink both vertically and horizontally with adjacent silanes, resulting in a disordered 

multilayered structure. Previous studies report that alkoxysilane avoids crosslinking and forms a 

highly ordered and well-packed monolayer.1,28 To obviate crosslinking, a bipodal-anchoring 

alkoxysilane (diphenyldimethoxysilane) is utilized here (Figure 3.1a). 
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Figure 3.1 Glass silanization and polymer synthesis. a) A microscope glass slide is treated in piranha solution prior 

to silanization in 1 M diphenyldimethoxysilane/toluene solution with 0.05 M ethanol. Silanization substitutes -OH 

groups on the glass surface with methoxy groups and deposits a monolayer of diphenyldimethoxysilane. b) Hematite 

(α-Fe2O3) particles are airbrushed from an aqueous dispersion on a silanized glass slide. The slide is oxygen plasma-

treated prior to airbrushing for homogeneous deposition. c) Vapor-phase polymer synthesis is carried out in a 

hydrothermal reactor loaded with a hematite-coated slide and reservoirs containing concentrated hydrochloric acid 

and EDOT/chlorobenzene solutions, respectively. d) Scanning electron micrographs demonstrate that a PEDOT 

coating is comprised of nanofibers; optical micrograph is shown on the inset. The diameter and length of nanofibers 

ranges between 0.5 to 0.8 μm and between 15 to 18 μm, respectively. 

Hematite Deposition and Rust-based Vapor-phase Polymerization (RVPP) 

Hematite (α-Fe2O3) nanoparticles possesses trivalent ferric ions necessary for initiating 

polymerization and is deposited as a thin film on a silanized glass by air brushing from an 

aqueous medium. The surface of silanized glass lacks hydrophilicity, resulting in islands of 

agglomerates (Figure 3.1b). Oxygen plasma treatment prior to air brushing restores 

hydrophilicity and ensures a homogenous coating (Figure 3.1b).  

Nanofibrillar PEDOT synthesis follows rust-based vapor-phase polymerization (RVPP) 

mechanism reported in a previous work (Figure 3.1c).30 Synthesis starts with diffusion of 

hydrochloric acid (HCl) vapor that initiates hematite particle dissolution. Hematite dissolution 
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occurs by detachment of Fe3+ from bulk oxide and is catalyzed by the formation of dative bond 

between chloride (Cl-) and ferric (Fe3+) ions (Figure 3.2a).31–33 Hygroscopic ferric ions absorbs 

water and forms an aqueous oxidant layer. EDOT monomer is oxidized by dissolved Fe3+ in the 

aqueous layer and creates a cationic radical that undergoes oxidative radical polymerization 

(ORP). Polymerization propagates by coupling of two radicals and deprotonation of an 

intermediate di-cation. Water molecules or chloride ions scavenge the released protons and 

stabilize the dimer. The oxidation and propagation steps release Fe2+ and HCl as side products 

that accelerate hematite dissolution, creating an autocatalytic cycle of dissolution, oxidation, 

coupling, and deprotonation (Figure 3.2b).34–38 Excess ferric ions oxidatively dope PEDOT into 

conductive polaronic and bipolaronic forms (Figure 3.2c).36,39 

 

Figure 3.2 Mechanisms in rust-based vapor-phase polymerization. a) Dissolution of hematite in hydrochloric acid 

forms complexes with ferric and chloride ions on the surface of bulk oxide, facilitating its detachment. b) Oxidative 

radical polymerization of EDOT molecule is initiated by Fe3+, resulting in a resonantly stabilized cationic radical. 

The reaction propagates via a cycle of oxidation, coupling of radical cations, and deprotonation to form PEDOT. A 

polymer chain covalently bonds to a phenyl group on a silanized glass via Friedel Crafts alkylation (detail in Figure 

3.7). c) Oxidative doping of PEDOT using FeCl3 generates bipolaronic and polaronic forms of the polymer while 
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chloride ions are incorporated as charge carriers. Polaronic PEDOT exists in resonance forms between benzoid and 

quinoid structures. d) Forced hydrolysis of ferric ion forms an octahedral complex with hydroxyl and aqua groups in 

an aqueous medium. In forced hydrolysis, a Fe(III) complex forms oxo- and hydroxo-bonds with other complexes 

via olation and oxolation reactions, generating iron oxyhydroxide. 

Elevated temperature during polymer synthesis leads to forced hydrolysis of ferric ions that 

directs the formation of PEDOT nanofibers. Iron hydrolysis reaction produces various crystal 

structures and sizes depending on concentration, temperature, pH, solvent, and spectator ions.40–

45 Hydrolysis begins with ferric ions forming complexes consisting aqua and hydroxo groups via 

dative bonding; olation and oxolation reactions link octahedral Fe3+ complexes via hydroxo- and 

oxo-bonds (Figure 3.2d).42,46–48 Spectator ion concentration influences the structure of unit cell 

formed during hydrolysis, and a high chloride ion concentration (from HCl) facilitates the 

formation of monoclinic akageneite (β-FeOOH).40,43,49 Columbic interaction and Lewis acid/base 

interaction drive oriented attachment during β-FeOOH crystallization.50 Oversaturation results in 

splitting growth of spindle-like β-FeOOH crystals that elongate and merge into one-dimensional 

templates for directing PEDOT nanofiber formation (Figure 3.1d and Figure 3.3).51–53 

Akageneite crystallization and EDOT polymerization occur simultaneously, resulting in 

development of a core/shell structure. Optical micrographs of quenched syntheses show 

formation of smooth PEDOT coatings after 0.5 h of reaction and development of fibrillar 

morphology after 1.5 h (Figure 3.4). Reaction time for nanofiber growth is thrice the formation 

of smooth PEDOT because deprotonation during EDOT polymerization generates an acidic pH 

and stifles the kinetics of hydrolysis. 
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Figure 3.3 Scanning electron micrographs of washed (a and b) and unwashed (c and d) PEDOT nanofibers. 

 

Figure 3.4 Rust-based vapor-phase polymerization of PEDOT on silanized glass is quenched at various times. 

Quenching times are a) 30 min. b) 60 min. c) 90 min. and d) 120 min., respectively. 
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Effects of post-synthetic doping and oxidative doping during polymerization are compared via 

electronic conductivity measurements, UV-Visible spectroscopy, and Raman spectroscopy on as-

synthesized (partially doped), HCl-doped and hydrazine-dedoped samples. Current vs. voltage 

curves (Figure 3.5a) are generated via a linear voltage sweep from -2 V to 2 V. The sheet 

resistance of a doped PEDOT film is 2.1 Ω/□, and the conductivity is calculated to be 473.8 

S/cm (~10 μm thickness). Conductivity drops substantially (almost 0 slope) in a dedoped sample, 

and the partially doped sample shows a non-linear curve (capacitive) as voltage passes beyond 1 

V or -1 V. An electrically conductive material requires both mobile charge carriers and a 

conductive pathway.54 Doped PEDOT possesses delocalized π-electrons on its backbone 

(pathway) and chloride counter anions (charge carrier). Hydrazine treatment reduces (dedopes) 

the polymer, localizing π-electrons into double bonds and stripping chloride dopants from 

PEDOT.55,56 UV–vis–NIR spectroscopy is utilized to assess charge carrier density and to 

characterize changes in molecular structure caused by doping. A UV–vis–NIR spectrum of 

PEDOT (Figure 3.5b) is divided into neutral (550 nm), polaronic (780 nm) and bipolaronic (1020 

nm) regions.57 Spectrum of dedoped PEDOT possesses high intensity in neutral region and low 

intensities in polaronic and bipolaronic regions. In comparison, partially doped and HCl-doped 

samples show an intensity drop in neutral region and enhanced signals in polaronic and 

bipolaronic regions, suggesting large concentration of conjugated double bonds with delocalized 

π-electrons present. The spectra also show slightly higher concentration of bipolaronic PEDOT 

in the HCl-doped sample (compared to partially-doped). Bipolaronic PEDOT is reported to have 

higher conductivity than polaronic PEDOT, resulting in higher conductivity in the HCl-doped 

sample.58 
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Figure 3.5 Characterization of a PEDOT-coated silanized glass electrode. a) Current-voltage curves, b) UV-Visible 

spectra, and c) Raman spectra of as-synthesized (black), HCl-doped (blue), and hydrazine-dedoped (red) samples. d) 

A PEDOT-coated glass is utilized as a working electrode in a 3-electrode electrochemical cell with platinum strip as 

current lead and polyimide tape seal to minimize contact resistance. e) Cyclic voltammogram in 1 M sulfuric acid at 

various scan rates of a PEDOT-coated electrode. A platinum mesh counter electrode and a Ag/AgCl reference 

electrode are used to complete the 3-electrode cell. The cyclic voltammograms are quasi-rectangular at low scan 

rates (5 to 50 mV/s) and gradually shift to fusiform at high scan rates (100 and 200 mV/s). f) Electrochemical 

impedance spectroscopy results are shown in Nyquist plots. A PEDOT-coated silanized glass electrode (black) 

possesses lower internal resistance and charge transfer resistance than a PEDOT-coated untreated glass electrode 

(red). 

Raman spectroscopy aids in investigating changes in bonding during doping process (Figure 

3.5c). Peaks at 1260 and 1365 cm-1 correspond to Cα-Cα’ and Cβ-Cβ bonds, respectively. Cα=Cβ 

double bond corresponds to peaks at 1440 and 1500 cm-1, while peaks near 990 cm-1 represent 

oxyethylene ring in each repeating unit of PEDOT.55,59–61 Comparing partially doped and doped 

to the dedoped spectra demonstrates rising oxidation levels lead to red shifting of Cα=Cβ peak 

near 1420 cm-1 and enhanced intensity of Cα=Cβ peak near 1500 cm-1.59,60,62 In comparison, 

spectrum of a partially doped PEDOT on glass without silanization shows less significant red 

shift of the 1500 cm-1 Cα=Cβ peak (Figure 3.6a). Doping process (oxidation) delocalizes π-

electrons from the polymer, and the structure of PEDOT becomes more planar as it shifts from 
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benzoid to quinoid form. The latter structure possesses a higher concentration of double bonds, 

creating a more linear conformation. This conformation generates strong interactions between 

PEDOT chains and enhances conductivity.59 

 

Figure 3.6 Additional characterization of PEDOT on silanized glass and untreated glass. a) Raman spectra of 

PEDOT on silanized glass and untreated glass. b) 3-electrode cyclic voltammograms of PEDOT on untreated glass. 

c) Thermalgravimetric analysis from 25 to 490 °C of PEDOT coating on 0.25 cm2 of silanized glass. d) Elemental 

mapping via EDX of washed PEDOT nanofibers. e) Spectrum of washed PEDOT nanofibers obtained from EDX. 

Friedel-Crafts Alkylation of PEDOT 

Polymerization on a silanized surface enables chemical anchoring and enhances electrochemical 

performance of a PEDOT coating. Friedel-Crafts alkylation attaches PEDOT to aromatic 

functional groups and is documented in many previous studies.22,23,63 Ferric chloride forms a 

[FeCl4]
- intermediate in the presence of excess chloride ions and catalyzes the reaction between 

the conjugated backbone of PEDOT and phenyl functional groups of a silane molecule (Figure 
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3.7). Covalent bonds are generated between PEDOT and a glass substrate, resulting in a 

mechanically robust coating that withstand delamination of scotch tape test. In comparison, 

PEDOT coating on untreated glass peels off easily as a thin film. The mechanism in Figure 3.7 

shows alkylation is catalyzed by ferric chloride (Lewis acid), resulting in competing mechanisms 

between polymerization, forced hydrolysis, and alkylation for Fe3+. Extending reaction time from 

3 h to 5 h enhances adhesion between PEDOT and glass as a function of time. (Figure 3.8).  

 

Figure 3.7 Proposed mechanism of a PEDOT chain covalently bonding to the phenyl group of a silanized glass 

surface via Friedel-Crafts alkylation. 

 

Figure 3.8 Scotch tape test of PEDOT coating on silanized glass after 3 h of synthesis (left) and 5 h of synthesis 

(right). 
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A PEDOT-coated silanized glass is purified in hydrochloric acid and characterized with 3-

electrode cyclic voltammetry and electrochemical impedance spectroscopy. Elemental mapping 

from energy dispersive X-ray analysis (EDX) demonstrate purification removes excess iron 

chloride (Figure 3.6d and e). The working electrode for electrochemical characterization is 

fabricated by attaching a platinum current lead to PEDOT coating and sealing with polyimide 

tape to ensure good electrical contact (Figure 3.5d). PEDOT coating is highly conductive, 

enabling the fabrication of a current collector-free working electrode. The electrode is cycled at 

different scan rates in 1 M sulfuric acid with an Ag/AgCl reference electrode and a platinum 

mesh counter electrode (Figure 3.5e). Current vs. voltage curve remains quasi-rectangular at low 

scan rates and gradually shifts to fusiform as scan rate increases beyond 100 mV/s. Gravimetric 

capacitance of an electrode is ~200 F/g based on thermogravimetric analysis (TGA) result 

(Figure 3.6c, plotted from 25 to 490 ºC). The difference between the first (starting at 100 ºC) and 

second (starting at 450 ºC ) plateaus represents the mass of a PEDOT-coating. The polymer 

coating on silanized glass is mechanically robust and remains attached to the substrate. Cyclic 

voltammograms of a PEDOT on untreated glass electrode shifts to fusiform at a much lower scan 

rate (50 mV/s, Figure 3.6b). Additionally, polymer coating on untreated glass suffers from poor 

adhesion and delaminates from substrate during cycling. 

In a cyclic voltammetry experiment, sulfate ions diffuse in and out of PEDOT during oxidation 

and reduction sweeps, respectively. The rate of sulfate ion diffusion is driven by scan rate and 

limited by electronic conductivity and surface structure of a working electrode. At a low scan 

rate, sulfate ions have ample time to diffuse, resulting in a quasi-rectangular curve. As scan rate 

increases, diffusion is stifled due to the ionic radii of sulfate ions, leading to a shift from quasi-
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rectangular to fusiform. The electronic conductivity of PEDOT on silanized and untreated glass 

is investigated by electrochemical impedance spectroscopy (EIS). Impedance spectroscopy 

perturbs an electrochemical system using alternating current and measures the effective 

resistance of that system. Each EIS spectrum of a PEDOT electrode, shown as Nyquist plot 

(Figure 3.5f), consists of a semicircle and a straight line at an angle (typically 45º). The x-

intercept represents equivalent series resistance and diameter of semicircle represents charge 

transfer resistance. The impedance spectrum of PEDOT on silanized glass possesses both smaller 

x-intercept and semicircle diameter than PEDOT on untreated glass, corresponding to the results 

obtained from 4-point conductivity measurements. Diffusional Warburg impedance affects the 

arc at which the semicircle transitions into the straight line.64,65 Nyquist plots of both electrodes 

transition into a 45º line at identical arcs, suggesting both samples possess similar Warburg 

impedance. The slope of the line in a Nyquist plot is influenced by both electric double layer 

(EDL) formation near the electrode and ion diffusion in the electrolyte. Small slope indicates ion 

diffusion limited charge transfer, whereas steep slope indicates EDL formation-controlled charge 

transfer process.65 PEDOT on silanized glass electrode exhibits superior conductivity and more 

facile charge transfer, resulting in a smaller x-intercept and semicircle radius than an untreated 

glass electrode. The interaction between PEDOT and glass surface dictates the structure of 

polymer chains and influences the measured electronic conductivity. Each phenyl group on a 

tightly packed diphenyldimethoxysilane monolayer functions as a chemical “anchor” for PEDOT 

deposition. Covalent bonding between PEDOT and phenyl group results in mechanically robust 

coating possessing enhanced adhesion. At the molecular level, high density of phenyl groups 

increases packing density of PEDOT chains, enhances interactions between molecules. The 
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conducting polymer structure consists of crystalline and amorphous domains, and charge 

transport is achieved in the crystalline domain due to the ordered overlapping and constructive 

interference of p orbitals. Charge transport is more efficient within the plane of a polymer 

backbone and less efficient via interchain hopping.66 We propose that the PEDOT chains 

covalently bonded to phenyl groups are close-packed with overlapping of polymer backbones, 

resulting in improved efficiency of interchain hopping and enhanced electrical. Additionally, the 

close proximity between PEDOT chains forces the polymer to adopt the more conductive linear 

(quinoid) configuration. Raman spectrum demonstrates PEDOT chains on untreated glass are 

more likely to adopt a coiled (benzoid, Figure 3.9) configuration due to the lack of phenyl 

groups. Linear molecular configuration and enhanced interaction between polymer chains of 

PEDOT coating on silanized glass results in higher conductivity.59 

 

Figure 3.9 Proposed structures of PEDOT polymer chains on silanized glass (left) and untreated glass (right). 

Planar PEDOT Supercapacitor 

Electrochemical capacitors (or supercapacitors) are a type of energy storage device that stores 

charges via surface adsorption and redox reactions of the electrodes. Supercapacitors are 

categorized into planar and sandwich-type, depending on the geometry of the device. To 
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fabricate a planar PEDOT supercapacitor, silanized glass slide is masked with polyimide tape 

prior to polymer synthesis and removing the mask results in a symmetric planar supercapacitor 

with 1 mm gap (Figure 3.10a). A 1 M sulfuric acid in 0.1 g/L poly(vinyl alcohol) gel electrolyte 

is used instead of aqueous electrolyte to minimize the influence of electrolyte evaporation. 

 

Figure 3.10 Fabrication and performance of a planar supercapacitor. a) Schematic diagram of device. The mask is 

removed after synthesis, creating a 1 mm gap between electrodes. 200 μL of sulfuric acid in poly(vinyl alcohol) gel 

are used as electrolyte. b) Cyclic voltammogram of a planar supercapacitor at various scan rates. The shape remains 

quasi-rectangular up to 50 mV/s. c) Supercapacitor fabricated from PEDOT on silanized glass possesses superior 

cycle stability (50000 cycles) to PEDOT on untreated glass (less than 10,000 cycles). d) Coulombic 

charge/discharge curves of a device at various current densities. e) Thickness of a nanofibrillar PEDOT coating is 

controlled by varying the thickness of the precursor layer of hematite. Increasing PEDOT coating thickness 

enhances the capacitance of a planar device; however, polymer delaminates during cycling when coating thickness 

is greater than 10 μm (blue dashed). 

The charge storage mechanisms occur predominately at the interface between electrolyte and the 

surface of an electrode.67,68 In a cyclic voltammetry experiment, a layer of solvated anions in the 

electrolyte move adjacent to the surface of working electrode, creating a narrow area with 

positive charges on the polymer called the Helmholtz double layer (EDLC).68 Some sulfate ions 

are specifically adsorbed to positively charged sites on the polymer backbone (inner Helmholtz 

plane), resulting in pseudocapacitive behavior of a PEDOT electrode.69 The performance of a 
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supercapacitor remains stable as long as the interface between its two electrodes remain 

untouched.67–69 Cyclic voltammetry is conducted on planar devices with different coating area. A 

standard sample consists of two identical parallel electrodes (4.5 mm × 20 mm) separated by a 

gap distance of 1 mm (100% coating area). Gel electrolyte is injected and covers the entire 

polymer coating; a portion of PEDOT coating is partially removed from each electrode after 10 

cycles at 10 mV/s (Figure 3.11). A device is cycled again at the same scan rate, and removal 

procedure is repeated, creating cyclic voltammograms of 75%, 50%, 25%, and 10% coating 

areas, respectively (Figure 3.11). Cyclic voltammograms remain quasirectangular from 100% to 

25% coating area and slightly shifts to fusiform when only 10% coating remains on each 

electrode. 

 

Figure 3.11 PEDOT coating is removed sequentially from a planar supercapacitor. After each removal, the device is 

characterized via cyclic voltammetry for 10 cycles. The capacitance of a planar supercapacitor remains stable as 

long as the interface between electrode and electrolyte is unaltered. 

A planar PEDOT supercapacitor is cycled at various scan rates, and its cyclic voltammograms 

remain quasi-rectangular from 1 to 50 mV/s (Figure 3.10b). A planar supercapacitor possesses a 

gravimetric capacitance of 130.7 F/g and an outstanding cycle stability, retaining 86% of its 

capacitance after 50000 cycles at 2.5 A/g (Figure 3.10c and Figure 3.12). This cycle limit the 

PEDOT electrode is determined based on charge/discharge efficiency (≥ 85%). Galvanostatic 

charge/discharge experiments shows minimal IR drop at various current densities in a 1 V 
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voltage window (Figure 3.10c). Cross-sectional electron microscopy is used to investigate the 

structure of PEDOT films on a glass slide and shows a polymer coating is comprised of a bilayer 

structure with nanofibrillar polymer on top of a smooth film (Figure 3.13). The thickness of 

PEDOT coating is controlled by the amount of hematite deposited from air-brushing. Optical 

micrographs in Figure 3.13 represent silanized glass slides with 0.19 and 0.38 milligrams of 

deposited hematite. A glass with 0.19 milligrams of air-brushed hematite results in average 

polymer coating thickness of ~5 μm. Increasing the amount of air-brushed hematite to 0.38 or 

0.76 milligrams results in average polymer thickness of 10 and 20 (approximated) μm, 

respectively. Gravimetric capacitance of a planar supercapacitor is proportional to the thickness 

of fibrillar section of a polymer coating (Figure 3.10d). A PEDOT electrode with higher average 

thickness also possesses a thicker fibrillar section, enhancing its interaction with charge carriers 

in the electrolyte and increasing its gravimetric capacitance. The 10 μm thick sample produces a 

planar supercapacitor with the best overall performance, combining high capacitance and no 

delamination during testing. 

 

Figure 3.12 A planar supercapacitor is repeatedly charged/discharged at 2.5 A/g and retains its capacitance after 

50000 cycles. 
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Figure 3.13 Optical micrographs of silanized glass after a) 0.19 mg and b) 0.38 mg of hematite deposition. Cross-

sectional electron micrographs in c) and d) demonstrate PEDOT coating thickness increases as the mass of deposited 

hematite particles increases. 

Transparent Sandwich-type PEDOT Supercapacitor 

A sandwich-type device consists of two edge-coated electrodes, platinum leads, and gel 

electrolyte. The edge of a glass slide (0.1 cm by 5 cm) is coated by PEDOT (0.5 cm2). Electrodes 

are separated by gel electrolyte and held together by an 3D-printed frame that maintains the 

electrode/electrolyte interface (estimated gap of 0.5 mm, Figure 3.14a). A sandwich-type device 

possesses similar electrochemical performance as a planar device, resulting in quasi-rectangular 

cyclic voltammogram at various scan rates (Figure 3.14b). Silanization treatment enables 

deposition of diphenyldimethoxysilane on all six surfaces of a glass slide. PEDOT coating is 

localized on the edge (narrow surface) and presents minimal influence on the transparency of 

glass (Figure 3.14c, broad surface of a glass slide remains transparent). Edge-coated electrodes 
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completely circumvent the tradeoff between functionality and transparency often seen in 

previous transparent supercapacitors. 

 

Figure 3.14 Characterization of an edge-coated electrode and fabrication of a transparent supercapacitor. a) A 

sandwich-type supercapacitor is fabricated by assembling two PEDOT edge-coated electrodes in a 3D-printed 

frame. The gap between two electrodes is ~0.5 mm and filled with gel electrolyte. b) Cyclic voltammograms of a 

sandwich-type device at various scan rates. c) A PEDOT coating is localized to the edge of a glass slide 

unhampering transparency. d) A tandem supercapacitor consists of three sandwich-type devices connected in series, 

and it lights up a blue LED (forward voltage 3.0 V) for ~10 s after charging for 1 min. Inset shows the circuit 

diagram of a charging tandem supercapacitor. e) A tandem supercapacitor outputs a constant current during 

discharge. 

A tandem supercapacitor is fabricated by stacking three sandwich devices and connecting them 

in series (assembly procedure of sandwich-type supercapacitor is in Figure 3.15). The tandem 

device possesses excellent transparency and lights up a blue LED with a 3.0 V forward volage 

for 10 s after 1 min of charging (Figure 3.14c and d). A device is fully charged to 4 V in 2.5 min 

and lights up the blue LED for ~3 min (fully lit to dim) while maintaining a stable 0.12 mA 

current  until its voltage output drops below 1.5 V (Figure 3.14e).  
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Figure 3.15 Assembly procedure of a sandwich-type supercapacitor. 

3.4 Conclusions 
The development of conducting polymer-based transparent energy storage devices requires 

strong adhesion between organic polymer and inorganic glass substrate. This chapter presents a 

chemical solution to this problem by vapor-phase synthesis of a PEDOT coating and covalently 

bonding it to a silanized glass through Friedel Crafts alkylation. Phenyl functional groups on the 
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silane monolayer influences the molecular configuration of polymer chains, enhancing the 

performance of a PEDOT-coated silanized glass electrode. The strong adhesion between polymer 

coating and glass also results in high cycle stability of a planar PEDOT supercapacitor. 

Transparent electrode fabrication often involves a tradeoff between functionality and 

transparency. This challenge is resolved by localizing the polymer to the edge of a substrate, 

creating a proof-of-concept transparent tandem supercapacitor that charges to 4 V and outputs a 

stable current to light up an LED. Future experiments for optimizing this synthesis include 

standardizing the scotch tape test that examines the adhesion between polymer and substrate. The 

pressure applied on the scotch tape, the duration of applying the scotch tape, and the peel-off 

speed need to be quantitative. Additionally, the deposition of silane require spectroscopic 

characterization (FTIR or Raman) to ensure the formation of a homogeneous silane monolayer 

and bonding between PEDOT and phenyl groups. 
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Chapter 4: Poly(3,4-ethylenedioxythiophene)-

integrated Masonry Material via Vapor-

phase Polymerization 
 

In Chapter 3, I presented a novel approach that covalently bonds PEDOT to glass, a material 

commonly used in construction. The integration between conducting polymers and construction 

materials inspires further research of combining a construction material that contains Fe3+ and 

conducting polymers. In this chapter, I present my work on integrating vapor-phase synthesized 

PEDOT with masonry materials, such as bricks and tiles. This project is unfinished, but the 

synthesis and mechanisms involved deserve more investigation. 

4.1 Introduction 
Masonry construction is ubiquitous across cultures and widely utilized through history for its 

versatility and durability.1,2 In the past, architects develop various designs to cope with different 

climates across the globe.3–7 For example, in the Middle East mashrabiya window contains built-

in spaces for water jars  and utilizes evaporation for passive cooling, in northern China sky well 

(an enclosed courtyard) orients towards south to maximize sunlight intake and blocks cold 

northern winds.8,9 In modern architecture, the rapid development in automated and energy 

efficient buildings requires real time temperature sensing to minimize ecological footprint in the 

long term.10,11 Monitoring and regulating temperature in a masonry structure is essential for 

reducing building energy consumption and creating energy efficient architecture.12–16 The current 

solution to temperature monitoring often involves embedding wired or wireless sensors into 
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walls, however these sensors suffer from low response time and limited battery life.13,15 

Alternatively, embedded resistive temperature sensors with fast response time and long term 

sensing capability overcomes these stifling limitations. Recently, the chemoresistive and 

thermoresistive properties of conducting polymers has attracted much interest in sensor 

research,17–23 and among these materials PEDOT stands out due to its stability under ambient 

conditions. Unfortunately, current PEDOT-based temperature sensors suffer from a narrow 

temperature sensing window and poor linearity.20–22,24 Here, we present a novel strategy for 

developing a temperature sensor by integrating nanofibrillar PEDOT within  the inorganic 

microstructure of common masonry materials. The synthetic strategy is inspired by a previously 

published work using rust-based vapor phase synthesis (RVPP) and fired bricks.25 The electrical 

conductivity of PEDOT-integrated brick is enhanced by introducing organic solvents during 

vapor-phase synthesis, resulting in improved linearity and widened temperature sensing range. 

Mechanisms that lead to enhanced electrical conductivity is presented and discussed. Our unique 

synthetic approach combines the semiconducting properties of PEDOT and the structural 

integrity of masonry materials. The homogeneous integration between PEDOT and brick/tile 

results in a superior composite material for long term real-time sensing. A device possesses 

excellent sensitivity of 0.50 °C-1 (normalized resistance per Celsius, ΔR/(R0·ΔT)) and exhibits 

approximate linear behavior to temperature change within a wide temperature window (-20 °C to 

60 °C), demonstrating potential for new integrated electronic functionality in load bearing 

construction materials.  
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4.2 Materials and Methods 
Chlorobenzene (99%), 3,4-ethylenedioxythiophene (97%) methanol (≥99.8%), and hydrochloric 

acid (37%) were purchased from Sigma-Aldrich. Fired bricks were purchased from local 

hardware stores: The Home Depot Inc. (type 1 brick, https://www.homedepot.com, Internet 

#100323015, Model #RED0126MCO, Store SKU #393134), Lowe’s Inc. Floor tiles were 

purchased from local hardware stores: Internet #305322621, Model #NRETBLA3X6INBEV, 

Store SKU #1003235709, Store SO SKU #1003190599. All chemicals were used without further 

purification. 

Microscopy and Spectroscopy 

Optical microscopy was performed on a Nikon Eclipse LV100ND microscope. Scanning 

electron microscopy was performed with a Thermo Fisher Scientific Quattro S environmental 

scanning electron microscope. Raman spectroscopy was performed using a Renishaw inVia™ 

confocal Raman microscope, and samples were under green light excitation at 514 nm. 

PEDOT Synthesis and RVPP with Organic Solvents 

In a standard synthesis, a tile or brick was cut into 1.5 cm by 1.5 cm by 0.6 cm cubes and placed 

in a sealed glass jar reactor with two vials containing concentrated HCl (tile synthesis:150 μL, 

brick synthesis: 300 μL) and 1.56 M EDOT/chlorobenzene solution (tile synthesis: 200 μL, brick 

synthesis: 400 μL) respectively. For tile synthesis, 300 μL ethanol was drop-casted on top before 

the reactor was sealed and heated in a 140 °C oven over 1.5 h. For brick synthesis, no additional 

solvent was used, and the reactor was sealed and heated under 140 ℃ over 3 h. 
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Experiment comparing the effect of sample size utilized tiles cut into 1.5 cm x 5.5 cm x 0.6 cm 

for synthesis. Reaction time was increased to 2 h, and reactant amounts were scaled to 300 μL 

concentrated HCl and 400 μL 1.56 M monomer solution, respectively. 

Experiment comparing the effect of incorporating different solvents followed a similar procedure 

as a standard synthesis on tiles. 300 μL of isopropanol, t-butanol, or nitromethane were drop-

casted on a tile instead of ethanol. Experiment comparing the effect of varying ethanol volumes 

were prepared with 50 μL, 100 μL, 300 μL, and 1000 μL, respectively. 

Temperature Sensor Fabrication and Testing 

Samples were soaked in methanol overnight to remove any excess iron ions from the reaction, 

then dried at room temperature for sensor fabrication. Two pieces of copper tape 2 mm in width 

were placed 1 mm apart on a washed and dried sample as current leads. All surfaces of the 

sample were covered with polyimide tape to prevent dopant leakage. The current leads were 

connected via alligator clips to a Fluke 177 True-RMS multimeter for resistance measurement, 

and a thermocouple was attached to the tile to monitor temperature. T0 and R0 were set as room 

temperature at the time of measurement and the resistance at that temperature. Temperature was 

varied via heating on a hot plate or cooling with dry ice, and a calibration curve was created by 

plotting and fitting the sensor’s normalized resistance ((R-R0)/R0) against temperature. In an 

experiment exploring the effect of distances between leads, 1 mm, 3 mm, and 6 mm gaps were 

tested. All current vs. voltage curves were generated using  a Keithley 2450 SourceMeter. 

4.3 Results and Discussions 
Rust-based Vapor-phase Polymerization (RVPP) of PEDOT on Tiles 
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A brick/tile is placed in a glass jar reactor along with two reservoirs that contain concentrated 

hydrochloric acid (HCl) and EDOT in chlorobenzene solution respectively (Figure 4.1a). All 

liquid phase reactants evaporate, and the synthesis occurs in vapor phase under a temperature of 

140 °C. HCl vapor arrives at the tile surface to dissolve hematite (α-Fe2O3) and liberate ferric 

ions. The presence of chloride ion facilitates the dissolution of hematite, complexing with a ferric 

ion that accelerates its detachment from the bulk oxide (Figure 4.2).26,27  The liberated ferric ions 

are hygroscopic and forms a thin aqueous layer at the tile surface. Figure 4.3 shows EDOT 

monomer is oxidized by Fe3+ and forms a cationic radical (initiation). Two cationic radicals 

undergo coupling  and deprotonation, forming a neutral dimer (propagation). The initiation and 

propagation steps are cyclic until steric hinderance eventually terminates polymerization. As the 

cross-sectional photo shows, polymerization occurs both at the surface and inside the brick/tile 

(Figure 4.1b). Ferric ions both initiate oxidative radical polymerization and undergo forced 

hydrolysis. At molecular scale, free ferric ions first form complexes consisting aqua and hydroxo 

groups, olation and oxolation reactions then link Fe3+ complexes via hydroxo- and oxo-bonding 

(Figure 4.4). During hydrolysis, chloride ion is a spectator ion and influence crystal structure 

formation when present at high concentration, facilitating the formation of monoclinic 

akageneite (β-FeOOH).28,29 Columbic interaction and Lewis acid/base interaction drive the 

oriented attachment during β-FeOOH crystallization.30,31 Smaller spindle-like β-FeOOH crystals 

elongate and merge to template the formation of highly conductive PEDOT with nanofibrillar 

morphology (Figure 4.1c). A sample is washed and dried after synthesis and fabricated into a 

resistive temperature sensor for testing (Figure 4.1d). 
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Figure 4.1 Schematic diagrams of synthetic approach and temperature sensing device. a) Rust-based vapor phase 

polymerization on a brick/tile occurs when ferric ions liberated by HCl oxidize EDOT molecules and initiate 

polymerization. This results in the integration of PEDOT nanofibers within the inorganic matrix. b) Cross-sectional 

photos of  PEDOT-coated brick and tile. c) Electron micrograph of a nanofibrillar PEDOT coating. d) A temperature 

sensor contains two copper leads attached to a PEDOT-coated sample and a polyimide tape seal; temperature is 

monitored via changes in electrical resistance. 

 

Figure 4.2 Dissolution of ferric oxyhydroxide in hydrochloric acid. 

 

Figure 4.3 Oxidative radical polymerization of EDOT. 
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Figure 4.4 Olation and oxolation of ferric ions. 

Effect of Organic Solvents 

Four organic solvents are added individually (ethanol, isopropanol, t-butanol, and nitromethane) 

via drop-casting on tiles prior to polymer synthesis. The polymer produced from these syntheses 

are named Et-PEDOT, iPr-PEDOT, tBu-PEDOT, and NM-PEDOT, respectively. The electrical 

resistance of PEDOT is measured at several spots on a coated tile and averaged. Et-PEDOT is 

the most conductive coating (16 Ω), and NM-PEDOT is the least conductive (34 Ω). For 

comparison, synthesis without organic solvents produces a PEDOT-coated tile (water-PEDOT) 

with an average electrical resistance of 38 Ω (Table 4.1). Optical microscopy and back-scattering 

scanning electron microscopy (SEM) are utilized to measure PEDOT coating thickness from 

each synthesis. The detector in back-scattering SEM picks up electrons deflected back by the 

nucleus of an atom, and heavier atoms back-scatter more electrons and appears brighter in a 

micrograph. The boundary between polymer and tile is distinct in a micrograph (Figure 4.5) 

because PEDOT consists of lighter elements, such as carbon, hydrogen, and oxygen, whereas tile 

is comprised of heavier elements, such iron, titanium, and silicon. Et-PEDOT possesses the 

thickest coating (~100 μm) while the coating of NM-PEDOT is the thinnest, similar to the water-

PEDOT (~50 μm). Raman spectra is used to investigate the effect of adding organic solvent at 

molecular scale and examine changes in oxidative doping (Figure 4.6a). Raman peaks at 1260 

and 1365 cm-1 correspond to Cα-Cα’ and Cβ-Cβ bonds, respectively. The Cα=Cβ double bond is 
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shown through the peaks at 1440 and 1500 cm-1, while the peaks near 990 cm-1 indicate 

oxyethylene ring in each repeating unit of PEDOT.32–35 Comparing spectra of different samples 

shows the Cα=Cβ peak near 1440 cm-1 blue shifts with the decrease in solvent surface tension 

while another peak near 1570 cm-1 becomes  prominent, revealing an increase in PEDOT 

conjugation.35  

Table 4.1 Average two-point electrical resistance of PEDOT from RVPP with organic solvents. 

Solvent Average Two-point Resistance (Ω) 

Water (reference) 38 

Nitromethane 34 

Ethanol 16 

Isopropanol 28 

t-Butanol 30 

 

Figure 4.5 Back-scattering electron micrographs of PEDOT-coated tiles. Samples are synthesized from tiles 

pretreated with a) ethanol, b) isopropanol, c) t-butanol, d) nitromethane and e) Millipore water. PEDOT consists of 
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lighter elements than a tile, therefore deflecting less electrons to the detector and appearing lower in brightness. Note 

that sample placement is not perfectly perpendicular to the detector. 

 

Figure 4.6 Characterization of PEDOT synthesized with organic solvents. a) PEDOT Raman spectra show an 

increase in oxidative doping when a tile is pretreated with an alcohol. b) Plot of normalized resistance vs. 

temperature shows a device possesses less linear response when solvent surface tension is high. c) 300 μL of ethanol 

results in a device with optimal performance (enhanced linear response).  

Electrical resistance measurements, microscopy, and spectroscopic characterization demonstrate 

little to no difference between the water-PEDOT sample and NM-PEDOT. However, syntheses 

with alcohols result in PEDOT coatings with some variations in molecular structure. Based on 

experimental evidence and literature search, we propose two side-reactions that occur during 

synthesis that used alcohols that lead to the changes in polymer structure: 1) Friedel-Crafts 

alkylation between alcohols and chlorobenzene and 2) reaction between HCl and alcohols that 

forms alkyl chlorides. Previous studies report that PEDOT catalyze Friedel-Crafts alkylation 

between alcohols and aromatic  compounds, such as benzene or toluene.36 We propose that 

PEDOT catalyzes a similar reaction between the chlorobenzene solvent and alcohols in our 

synthesis, resulting in the formation of 1-chloro-2-alkylbenzene and water (Figure 4.7). The 

relative humidity inside the reactor is crucial for vapor-phase polymerization of EDOT because 

water molecules are proton scavengers that remove excess charges during the deprotonation step 

and stabilize newly formed oligomer and polymer chains.37–39 High concentration of proton 

scavengers results in formation of a highly conjugated PEDOT backbone that possesses 
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enhanced electrical conductivity. The optimal relative humidity for PEDOT synthesis reported in 

the literature is around 35%, and any deviation (too high or too low) from this relative humidity 

leads to decrease in electrical conductivity of the polymer.39 During our synthesis, the side 

reaction between alcohols and chlorobenzene produces proton scavenging water molecules that 

leads to the formation of PEDOT with longer conjugation. 

 

Figure 4.7 Friedel-Crafts alkylation between alcohol and chlorobenzene catalyzed by PEDOT. R is an ethyl, 

isopropyl, or t-butyl functional groups. 

The second side reaction is the formation of alkyl chloride from the reaction between alcohols 

and HCl (Figure 4.8).40 This reaction competes with the dissolution of hematite for HCl, 

resulting in resulting in less Fe3+ available for the oxidation of EDOT that initiates 

polymerization. Additionally, lack of ferric ions leads to insufficient oxidative doping, resulting 

in low concentration of conductive polaronic or bipolaronic structures in the polymer backbone. 

The reactivity between alcohols and HCl is tertiary (t-butanol) > secondary (isopropanol) > 

primary (ethanol).40 The competing side reaction is least likely to occur during the synthesis with 

ethanol, resulting in Et-PEDOT possessing an oxidatively doped polymer backbone and the 

highest electrical conductivity. 

 

Figure 4.8 Reaction between alcohol and concentrated HCl. R is an ethyl, isopropyl, or t-butyl functional group. 
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PEDOT Tile and Brick Temperature Sensors 

A material needs both charge carrier and conductive pathways to conduct electricity; conductors 

and semiconductors behave differently in resistance under changes of temperature. Conductors 

like metal shows an increase in electrical resistance when its temperature is increased because 

increased lattice vibration in a metal under heat generates more phonons that scatter electrons. 

Macroscopically, the scattering is reflected through increase of electrical resistance.41 Unlike 

metals, semiconductors such as PEDOT exhibit the opposite behavior in electrical resistance 

when heated. The conducting mechanism in semiconductors does not originate from movements 

of free electrons, but through the promotion of its charge carriers from the valence band to the 

conduction band. When heated, the valence band charge carriers possess more internal energy 

and are more readily promoted to conduction band, therefore as temperature increases the 

electrical resistance of semiconductor decreases.42 The change in electrical resistance under 

different temperatures is governed by the equation R = Rref(1 + α(T-Tref)), where α is the 

temperature coefficient of the material; this coefficient is positive for metals and negative for 

semiconductors.43 Tref and Rref are arbitrary reference temperature and the resistance measured at 

that temperature. The equation indicates that theoretically the resistance of any electrically 

conducting material responds linearly to changes in temperature. A resistive temperature sensor 

sometimes shows non-linear curve due to bad electrical contact or errors in measurements. 

Increasing the conductivity of a sensing material improves the electrical contact in a sensor and 

enhances linearity. 

Figure 4.6b shows the normalized resistance vs. temperature of sensors fabricated from syntheses 

with organic solvents. Comparing data from Table 4.1 and Figure 4.6b reveals linearity of a 
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device and conductivity of PEDOT are also positively correlated. Et-PEDOT possesses the 

lowest electrical resistance, resulting in the highest linearity in temperature sensing. Figure 4.6c 

compares the result of varying the volume of ethanol in a reaction and demonstrates high 

concentration of ethanol during synthesis negatively affects the performance of a temperature 

sensor. This is likely due to excess water molecules formed from the side reaction between 

ethanol and chlorobenzene, resulting in the relative humidity inside the reactor deviating far from 

the optimal 35% and impeding the formation of conjugated polymer backbone. 

The current vs. voltage curve in Figure 4.9 shows linear behavior when PEDOT coating is 

exposed to acidic, neutral, and basic pH. This demonstrates the coating is chemically stable 

under various acidity/basicity and is ideal for temperature sensing. The testing temperature range 

is set from -20 °C to 60 °C to mimic the environment an actual masonry structure experiences 

throughout the year. Instead of relying on an absolute resistance value, we utilize normalized 

resistance (ΔR/R0) to eliminate any error associated with electrical contact and minor difference 

between batches, where R0 equals to the resistance measured under an arbitrary temperature (21 

°C) and ΔR is the difference between a resistance measured and R0. The calibration curve has a 

good fit with a reduced χ2 of 0.01039 and an R2 of 0.99171. The overall trend is close to linear, 

demonstrating constant sensitivity of 0.46 °C-1 (normalized resistance divided by temperature), 

and the sensor shows little margin of error across the temperature scale we measured (Figure 

4.10a). With proper sealing, PEDOT tile also exhibits stability in temperature sensing 

performance and fast response time of 1.1 s (Figure 4.10b and c). Figure 4.10d compares 

response to temperature from PEDOT-coated tiles with different sizes (1.5 cm x 1.5 cm x 0.6 cm 

and 5.5 cm x 1.5 cm x 0.6 cm), and a small tile shows a steeper change in normalized resistance 
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(higher sensitivity) than a large tile. Heat takes less time to transport through a small volume, 

resulting in steep change in normalized resistance. This also demonstrates only a small PEDOT-

coated area is needed for an accurate and highly sensitive temperature sensor. Figure 4.10e 

shows the absolute resistance measured from various gap distances (1mm, 3 mm, and 6 mm). We 

find changes in absolute resistance do not affect the sensitivity or linearity because resistance is 

always normalized. 

 

Figure 4.9 Current vs. voltage curves of PEDOT show linear behavior even when exposed to various pH. 
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Figure 4.10 Performance of a PEDOT tile temperature sensor. a) Normalized resistance (ΔR/R0) plotted against 

temperature generates a calibration curve of PEDOT tile temperature sensor. The sensor demonstrates close to linear 

response to temperature over a wide range (-20 to 60 °C) and possesses an excellent sensitivity (0.46 °C-1). b) The 

sensor is stable after repeated cycling and c) exhibits fast response time to temperature change. d) A small PEDOT 

tile demonstrates steeper response to changes in temperature because its temperature changes more rapidly. e) 

Sensitivity and linearity remain unaffected by gap distance between current leads, only absolute resistance changes. 

Figure 4.11a plots the normalized resistance vs. temperature (-20 to 60 °C), and the fitted curve 

of a brick sensor has reduced χ2 of 0.01245  and an R2 of 0.99414 with little margin of error at 

each point. A brick sensor is also stable under repeated heating and cooling and demonstrates 

similar response time to a tile sensor (Figure 4.11b). A device fabricated from PEDOT brick 

possesses similar sensitivity (0.50 °C-1) and linearity to a tile sensor. We prove the synthetic 

technique versatile and accessible for integration with masonry structures such as a brick wall 

(Figure 4.11c). 
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Figure 4.11 Performance of a PEDOT brick temperature sensor and a concept of integrated sensing in masonry 

construction. a) Calibration curve of a PEDOT brick sensor also exhibits high linearity and sensitivity (0.50 °C-1). 

b) The device is stable during repeated cycling between -20 and 60 °C. c) Schematic diagram of a wall utilizing 

PEDOT bricks for integrated temperature sensing. 

4.4 Conclusions 
This chapter presents a proof-of-concept demonstration of integrating PEDOT and common 

masonry materials for a long term, real-time monitoring temperature sensor used in construction. 

The vapor-phase synthesis of PEDOT is modified by adding an organic solvent prior to 

synthesis. Enhanced electrical conductivity is observed when ethanol is introduced in polymer 

synthesis. We propose an increase in proton scavenger concentration, as a result of side reactions 

of alcohol molecules, is responsible for the enhanced electrical conductivity. Further 

experimentation is needed to deconvolute the roles of organic solvents and the optimal relative 

humidity for rust-based vapor-phase polymerization. Proof-of-concept temperature sensors based 

on both tile and brick are fabricated; the sensors possess good linearity, high sensitivity, and fast 

response time. The synthetic technique is versatile and presents new avenue to integrate 

electronic functionality for load bearing construction materials. 
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Chapter 5: Solution Processing of Sub-

micron Poly(3,4-ethylenedioxythiophene) 

Particles 
Previous chapters extensively discussed the rust-based vapor-phase polymerization of 

conducting polymers and applying the synthetic strategy to various substrates. However, a major 

limitation of this technique is the mass transport of reactants through diffusion (passive 

transport). In this chapter, I present an aerosol-based vapor-phase synthesis that actively 

transports reactant by pushing the vapors and droplets with a carrier gas. I also present my work 

on overcoming challenges in solution processing of nanostructured conducting polymer particles. 

5.1 Introduction 
Conducting polymers possess unique electronic, ionic, and optical properties with potential for 

advancing the next generation of bioelectronics,1,2 energy harvesting/storage electrodes3–5 and 

electrochemical catalysts.6–8 Unfortunately, the recalcitrant insolubility for the vast majority of 

conducting polymers remains a challenge stifling the development of current and future 

applications. Among conducting polymers, poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) is a solution processable exception commonly purchased as a water-

based formulation9 suitable for ink-jet printing10, drop casting and spin coating.11,12 A major 

limitation for PEDOT:PSS stems from its incompatibility with organic solvents leading to 

coatings that readily delaminate from untreated hydrophobic substrates such as 3D-printed 

thermoplastics. An alternative to processing a solution-based formulation is found by dispersing 

conducting polymer particles as colloids;13 however, few reports in the literature discuss the 



140 

 

 

synthesis and optimization of solution processable conductive PEDOT particles.14–16 Here, we 

present a continuous aerosol synthesis that produces submicron PEDOT particles of low 

electrical resistance (4.2 ± 0.5 Ω). Particles synthesized via this method is processable in organic 

solvents, resulting in a stable dispersion (surfactant is unnecessary) that conformally coats 

untreated 3D-printed thermoplastics. A particle-based coating is robust, electrically conductive 

(1 kΩ/cm) and enables engineering of stretchable resistive sensors. Moreover, PEDOT coatings 

are highly photothermally active because PEDOT’s charge carriers absorb light in the near-

infrared (NIR) region. Exposing a coating to a 5 second laser pulse (808 nm, 0.8 mW/cm2) raises 

its temperature to 194.5 °C, the highest reported among PEDOT coatings,17,18 with the potential 

for light-induced surface sterilization applications. 

This chapter is adapted from a previous publication and was coauthored with Dr. Yang Lu.19 

5.2 Materials and Methods 
Iron(III) chloride (reagent grade, 97%), ethanol (200 proof, anhydrous) and 3,4-

ethylenedioxythiophene (EDOT, 97%) were purchased from Sigma Aldrich and used without 

further purification. Ultrapure water was obtained from a Millipore filter (18.2 MΩ). 3D printing 

filaments were purchased from eSUN (PLA and PETG, brand name: Inland) and Ninjiatek 

(TPU, brand name: NinjiaFlex). Conductive PLA filaments were purchased from Proto-Pasta. 

Particle Synthesis and Purification 

A straight Vigreux tube with 60 cm in length and 2.54 cm in diameter was held vertically as the 

reactor and heated to 130 °C; the finger indentations inside the glass reactor disturbed the gas 

streams for a better reactant mixing. Iron(III) chloride aerosol generated via a 1.7 MHz ultrasonic 
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transducer was carried by a 125 sccm (standard cubic centimeter) N2 flow, and 3,4-

ethylenedioxythiophene (EDOT) vapor generated via bubbling the liquid was carried by a 75 

sccm N2 flow. Liquid EDOT was in a 50 mL three-neck flask so that addition of reactant was 

continuous. The reactor was heated to 130 °C while the EDOT monomer temperature was 50 ºC. 

Particles were collected as dispersion by directing aerosol flow through three ethanol-filled 

scrubbing bottles connected in series.  

Solvent removal of collected PEDOT in ethanol dispersion was carried out in a rotary evaporator 

at 50 mL aliquots. The remaining dispersion was subsequently purified by centrifuging in 50% 1 

M hydrochloric acid and 50% ethanol until the supernatant became colorless or light blue. 

Hydrochloric acid removed any iron from particles and doped the polymer. The purified 

dispersion was lyophilized resulting in a blue colored powder. 

Spectroscopic Characterization 

Scanning electron microscopy and energy-dispersive X-ray spectroscopy data were collected 

using a JEOL 7001LVF FESEM and a Thermo Fisher Quattro S ESEM, respectively. Samples 

were prepared via dispersing PEDOT particles in water and drop-casting on gold-coated 

polyimide tape. Optical microscopy images were collected using a Nikon microscope (NIKON 

Eclipse, LV100ND) fitted with a Nikon Ds-Ri2 camera. Powder X-ray diffraction spectra were 

collected using a Bruker d8 advance X-ray diffractometer at room temperature, with a Cu Kα 

radiation source (λ = 1.5406 Å) and LynxEyeXE detector, operating at 40 kV and 40 mA. Dry 

sample powders were cast onto a zero-intensity silicon wafer and the sample holder was rotated 

at 30 rpm/min with a scan step of 0.02°. Ultraviolet-visible-near infrared spectra were collected 
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on a Cary 5000 UV-Vis-NIR spectrophotometer using a parallel liquid cell. Solid powders were 

dispersed in 1 M HCl aqueous solutions via bath sonication and the spectra were immediately 

collected to minimize the effect of particle precipitation; data was collected in a quartz cuvette. 

Each measurement requires a small amount of sample (< 1 mg) allowing for batch processing. 

Electrochemical and Thermogravimetric Characterizations of PEDOT Particle Electrodes 

The electrochemical set-up consisted of a PEDOT particle working electrode, an Ag/AgCl 

reference electrode, a platinum mesh counter electrode, and aqueous 1 M H2SO4 electrolyte. 

Cyclic voltammograms were collected using a BioLogic VMP3 multipotentiostat. The active 

mass of the working electrode was determined via thermogravimetric analysis using a Discovery 

TGA (TA Instruments). The cycled electrode was rinsed thrice using water and dried in air at 25 

°C before loading onto the sample pans (high temperature Pt pans). The ramping recipe consisted 

of two steps 1) 50 ºC to 110 ºC at 20 ºC/min then maintained at 110 ºC for 5 min to evaporate 

free water and 2) 110 ºC to 500 ºC at 15 ºC/min then maintained at 500 ºC for 30 min to burn off 

all the active materials (Figure 5.1a). Total mass loss of the second step were the total mass of 

PEDOT and PLA because both PEDOT and PLA were fully degraded before temperature 

reaches 500 ºC, while the mass loss of carbon paper was negligible (Figure 5.1b). Air was 

required to fully burn off all active materials on the carbon paper; if N2 was used, residual active 

materials would remain in the electrode resulting in inaccurate mass determination (Figure 5.1c-

f).  
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Figure 5.1 Thermogravimetric analysis of PEDOT particle electrode. a) A typical thermogravimetric analysis of 

PEDOT-PLA-coated carbon paper electrode. The ramping recipe consisted of four steps where the first two 

removed the mass of free water and the rest two steps removed the mass of PEDOT and PLA. The active PEDOT 

mass was 90% of this overall mass due to the electrode preparation formulation. b) Thermogravimetric analysis of 

pure carbon paper and PLA pellets using the same ramping recipe. Carbon Paper exhibits a negligible mass change 

because degrading temperature of carbon was higher than 700 °C in air and PLA were burnt off completely at 

temperature ~ 350 °C, similar to the PEDOT degradation temperature. Air was needed to conduct the 

thermogravimetric analysis otherwise there will be residue mass of PEDOT leading to error in mass determination. 

c) –f) were optical micrographs showing that when ramping the thermogravimetric analysis with only N2, PEDOT 

particles were incomplete leading to residues on the carbon paper while running the same recipe under air resulted in 

a cleaned-up carbon paper. 

Paint Formulations and Functionalized 3D-printed Objects 

Organic paint formulation for thermoplastics consisted of 33 wt% PEDOT particles, 67 wt% 

polycaprolactone and 1 mL trifluoroethanol (per 100 mg solids). All components were mixed 

using bath sonication for 1 h and were brush painted onto 3D prints to form the coating. Organic 

paint formulation for carbon paper electrode consisted of 90 wt% PEDOT particles, 10 wt% 
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polylactic acid and 1 mL chloroform. All components were thoroughly mixed using bath 

sonication for 1h, and a PEDOT particle electrode was fabricated by drop-casting 50 μL of the 

dispersion onto a piece of carbon paper (1.5 cm × 1 cm). 3D-printed objects were designed in 

Rhino or downloaded from the open-source website www.thinginverse.com and were sliced 

using the software Simplify 3D. Makergear M2 was used as the FDM based 3D printer.  

An 808 nm laser was used as the NIR source, and an IR camera (ICI 7320 USB camera) was 

used to monitor temperature. An aluminum foil was placed under the samples as background due 

to its low infrared light absorbance. 

5.3 Results and Discussion 
PEDOT Particles of High Electrical Conductivity 

PEDOT particles are synthesized when a stream of aerosolized aqueous FeCl3 droplets reacts 

with EDOT vapor inside a flow reactor (Figure 5.2a). The reactor is optimized from a previous 

publication to achieve continuous polymerization (details in materials and methods) within 1 min 

of residence time.20,21 Particles are collected in ethanol-filled scrubbing bottles, then purified and 

dried, resulting in a powder (Figure 5.2b) comprised of spherical particles (Figure 5.2c and 

Figure 5.3) readily dispersible in water (Figure 5.2c inset). Electrical resistance, measured by 

pressing particles over a 1 mm gap electrode (Figure 5.4), is the lowest reported among PEDOT 

particles (4.2 ± 0.5 Ω). A pressed pellet enhances probe contact facilitating I-V measurements 

that result in linear curves with ohmic window ranging between -2 V and 2 V. The slope 

increases upon exposure to HCl vapor (Figure 5.2d). 
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Figure 5.2 (a) Flow process diagram of aerosol vapor-phase polymerization reactor. (b) Purified and lyophilized 

particles are collected as a powder. (c) Scanning electron micrograph of spherical and discrete PEDOT particles 

(scale bar is 1 μm); inset shows particles dispersed in water. (d) Current-voltage curves demonstrate ohmic behavior 

and a steeper slope (blue curve) for HCl vapor doped particles. 

 

Figure 5.3 An optical micrograph of PEDOT particles (drop-casted on a glass slide) showing spherical shape. 
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Figure 5.4 Schematic diagram of a 3D-printed gap electrode for measuring electrical resistance. In each 

measurement, 10 mg PEDOT particles are weighed and casted into the bottom chamber, where the measuring head 

was pressed against using a certain weight. The electrodes were two copper tapes with a separation of 1 mm and a 

multimeter was used to measure the resistance. 

During synthesis, oxidative doping imparts electrical conductivity to the polymer chains by 

introducing mobile charge carriers (polarons, bipolarons).22 According to the Drude model (σ = 

qnμ),23 high electrical conductivity is achieved when charge carrier concentration (n) and 

mobility (μ) are maximized (q is a unit charge). In order to achieve high electrical conductivity, a  

polymer’s molecular structure must possess 1) long conjugation length to accommodate a high 

concentration of charge carriers (doping level)24,25 and 2) ordered chain packing (crystallinity) 

enabling high mobility of charge carriers.26 The oxidative radical polymerization of conducting 

polymers follows a step-growth mechanism,25,27 and concomitant oxidative doping takes place 

after each chain coupling.25 Therefore, synthetic conditions are of paramount importance for 

controlling a polymer’s molecular structure and its electrical properties. Our synthesis requires 1) 

aerosolization of oxidant (FeCl3 solution) and 2) vaporization of liquid monomer (EDOT), the 

former is achieved using an ultrasonic transducer and the latter by heating a nitrogen pushed 

bubbler.20 The product that flows out of the aerosol reactor is comprised of a mixture of PEDOT 

particles, unreacted liquid oxidant droplets, monomer vapor and byproducts (reduced oxidant or 

EDOT oligomers).  
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Particles collected in the ethanol dispersion show a blue color, characteristic of doped PEDOT. 

The color of ethanol also changes due to excess oxidant (yellow) or excess monomer (purple) 

(Figure 5.5). The morphology of washed particles also varies as the ratio between EDOT and 

Fe3+ changes. The synthesized particles are perforated spheres when the reactor contains a much 

higher concentration of EDOT than Fe3+. Shriveled/walnut-shape particles form when excess 

Fe3+ is present in the reactor (Figure 5.6). The crystallinity, doping levels and electrical 

resistance of PEDOT particles is studied as a function of stoichiometry by varying the EDOT to 

Fe3+ ratio (0.25, 1, 5, 9, 20) using samples labeled PEDOT (1:4), PEDOT (1:1), PEDOT (5:1), 

PEDOT (9:1) and PEDOT (20:1), respectively. Polymer crystallinity is examined via powder X-

ray diffraction (XRD), a fast and nondestructive technique.28,29 All XRD patterns exhibit three 

peaks (characteristic of PEDOT)30 where the first two (2θ = 6.5° and 2θ = 12.8°) represent edge-

on packing for (100) and (200) planes, respectively (interplanar distance = 1.32 nm). The third 

peak (2θ = 25.9°), due to face-on π-π stacking of (020) plane, exhibits a d-spacing (0.41 nm) 

smaller than that of a single crystalline PEDOT nanowire.26 This short π-π distance facilitates 

high charge mobility23 leading to high electrical conductivity in the particles. The packing of 

polymer chains is independent of stoichiometry as demonstrated by negligible difference in the 

number and position of XRD peaks (Figure 5.7a). PEDOT particles possess higher crystallinity 

than those synthesized from solution phase21,31,32 due to size-constrained polymerization at the 

micron-sized aerosol droplet’s surface facilitating π-π stacking.26 
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Figure 5.5 Photos of collected liquid dispersion from various EDOT: Fe3+ ratios during synthesis. A light blue color 

indicated the optimized synthesis with an equal concentration of both reactants. Greenish or yellowish color 

indicated excess oxidant while purplish color indicated excess monomer. 

 

Figure 5.6 Morphology evolution of PEDOT particles with different EDOT to Fe3+ ratios. a) iron(III) chloride 

microdroplets, when react with different concentration of EDOT vapor, undergo different routes of morphology 

evolution, resulting in different morphologies. A TEM image is present in accordance with each route. All scale bars 

are 1 μm. (b-f), representative scanning electron micrographs of PEDOT with different EDOT to Fe3+ ratio 

synthesis. All scale bars are 1 μm. 
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Figure 5.7 (a) Powder X-ray diffraction patterns for PEDOT particles synthesized under varying EDOT to Fe3+ 

ratios. (b) UV-Vis-NIR spectra for PEDOT particles synthesized under varying EDOT to Fe3+ ratios and EDOT 

monomer. (c) Plot shows electrical resistance is inversely proportional to the UV-Vis-NIR integrated area under the 

curve (450 nm – 1370 nm). 

The doping level of PEDOT particles is quantitatively probed via UV-Vis-NIR absorption 

spectroscopy. Particles are doped in a 1 M HCl solution (0.1 mg/mL) to eliminate variations in 

the spectra due to unleveled protonic doping.20 Results show that EDOT to Fe3+ ratio controls the 

area-under-the-curve in the free charge carrier region (450 nm – 1370 nm) (Figure 5.7b). This 

region is chosen because it maximizes the signal-to-noise ratio. The integrated area-under-the-

curve (baseline against lowest point on a spectrum) exhibits an inverse and proportional 

relationship with PEDOT’s electrical resistance (measured using a 1 mm gap-electrode) (Figure 

5.7c) due to polaronic and bipolaronic charge carriers. A larger area corresponds to a greater 
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charge carrier concentration based on Beer-Lambert law33 resulting in lower electrical resistance. 

Neutral π-π* is not considered a charge carrier in PEDOT chains,22 but it aids in determining the 

extent of conjugation because the spectrum for EDOT lacks π-π* transitions, as well as polarons 

and bipolarons (Figure 5.7b bottom curve). Therefore, a magnitude of 500 for the integrated 

area-under-the-curve in the free charge carrier region serves as an indicative test for selecting 

PEDOT batches of high conductivity. 

PEDOT Particle-based Coatings on Carbon Fiber Paper 

Carbon fiber paper is an ideal substrate for electrochemical applications and PEDOT particles 

produce robust coatings on carbon substrates when formulated using chloroform (solvent) and 

polylactic acid (ion-permeable binder).50 An electroactive and mechanically robust particle-based 

coating on carbon fiber paper is comprised of 10 wt% particle loading, and the working electrode 

is fabricated via drop-casting. A three-electrode configuration is employed for measuring the 

gravimetric capacitance (details in materials and methods), and a quasi-rectangular cyclic 

voltammogram (25 mV/s) reveals the capacitive behavior of PEDOT particles with negligible 

contribution from carbon paper (Figure 5.8a).51,52 Redox peaks at 0.4V (vs. Ag/AgCl) likely 

stemming from residual iron species diminish as the scan rate increases to 1000 mV/s because 

faradaic processes occur faster in PEDOT than in iron species.52 PEDOT (1:1) sample possesses 

the highest gravimetric capacitance (80 F/g at 25 mV/s) and the lowest electrical resistance 

among all samples (Figure 5.8b) and represents the state-of-the-art among reported PEDOT 

particle-based electrodes.53,54  
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Figure 5.8 (a) Cyclic voltammograms of carbon paper and PEDOT particle-coated carbon paper produced via drop-

casting (electrode). (b) Specific capacitance plot for electrodes produced using particles synthesized from various 

EDOT to Fe3+ ratios (calculated from cyclic voltammograms at 25 mV/s). (c) Cross-sectional scanning electron 

micrograph for an electrode fabricated via drop-casting (blue arrows indicate particles, scale bar = 10 μm). (d) 

Illustration of electrophoretic deposition. (e) Cross-sectional scanning electron micrograph for an electrode 

fabricated via electrophoretic deposition shows particles integrated within carbon fibers (blue arrows indicate 

particles, scale bar = 10 μm). (f) Capacitance retention plot compares electrodes fabricated via electrophoretic 

deposition versus drop-casting. 

Fabricating electrodes via drop-casting presents two drawbacks: 1) particles aggregate on the 

carbon paper surface (Figure 5.8c) and 2) an insulating binder is required for immobilizing 

particles. Both stifling features are detrimental to charge transport between the polymer and 

current collector,55 causing the cyclic voltammogram to shrink to a fusiform shape with a 55% 

capacitance loss when the cycling rate increases to 1000 mV/s (Figure 5.9a and b). 

Electrophoresis is a deposition technique that overcomes the challenges in drop-casting by 

obviating the need for insulating binders. In electrophoretic deposition, an electrical field is 

applied across a colloidal dispersion allowing positively charged particles to migrate to the 
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negative substrate. As a result, a stable coating is formed and able to undergo repeated 

electrochemical cycling.55 Electrophoretic deposition at 40 V/cm is utilized to deposit positively 

charged particles to fabricate a working electrode, and a porous carbon paper serves as current 

collector (PEDOT (1:1) sample, dispersed in acetonitrile, 1 mg/mL) (Figure 5.8d). A 

homogeneous particle coating is deposited throughout the porous carbon current collector 

(Figure 5.8e) facilitating facile charge transport at the interface. Moreover, small capacitance 

loss (<20%) (Figure 5.8f), with a quasi-rectangular cyclic voltammogram (collected from 25 

mV/s to 1000 mV/s) (Figure 5.9c), indicates a high rate performing electrode. 

 

Figure 5.9 Electrochemical performance comparison between a drop-casted electrode and an electrophoretic 

deposited electrode. a) Representative cyclic voltammogram of electrodes fabricated by drop-casting at different 

scan rate. b) Specific capacitance with respect to scan rate of different EDOT to Fe3+ ratio. c) Representative cyclic 

voltammogram of electrodes fabricated by EPD at different scan rate. 

Challenges in Fabricating Electrically Conductive 3D-printed Objects 

Expanding the functionalities of 3D-printed objects beyond their basic structural functions gains 

importance as 3D printing becomes a popular method of manufacturing.34 A common form of 3D 

printing,  fused deposition modeling (FDM), is inexpensive and works with varying levels of 

resources, as it can be implemented at the household level.35 FDM’s accessibility means it has 
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the capacity to make societal impacts across disciplines, especially with the production of 3D-

printed objects with high electrical conductivity. The exploration of electronic and thermal 

capabilities in 3D-printed materials is of paramount importance for developing applications 

ranging from energy storage to biotechnologies. Notably, 3D printing is used to create custom, 

patient-specific medical constructs, such as hearing aids and prosthetics, and to fabricate 

electrochemical energy storage devices such as batteries and capacitors.36,37 However, 3D 

printing objects from commercially conductive filaments has limitations. Conductive filaments 

typically consist of carbon, which can be tough on the typically soft nozzles used in FDM 

printers.38 Aside from FDM, other methods for 3D printing electronics have their own 

limitations. For example, the use of surface direct write techniques to print with conductive 

filaments can require expensive equipment, the printers can get clogged, and the 3D printing 

capacity of the technology that tries to circumvent those clogging issues is often limited.39 

Freeform 3D printing techniques using conductive metal filaments and inks necessitate high-

temperature sintering; or exist in a liquid form which limits their practicality in application.39 

Conformally coating untreated 3D-printed thermoplastics with functional and robust film or 

paint is needed to impart electrically conductivity and provide a viable alternative to conductive 

commercial filaments. 

PEDOT Particle-based Coatings on Untreated Thermoplastics 

To produce a homogeneous conductive coating on untreated 3D-printed thermoplastics (Figure 

5.10a), such as polylactic acid (PLA), polyethylene terephthalate glycol (PETG) and 

thermoplastic polyurethane (TPU), a paint formulation comprised of PEDOT particles, 

trifluoroethanol (solvent) and polycaprolactone (thickener) is developed. The formulation 
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obviates the need for a primer because trifluoroethanol partially dissolves the thermoplastic 

resulting in strong particle adhesion to a 3D-printed object.40 Trifluoroethanol’s moderate 

evaporation rate (vapor pressure of 7 kPa at 20 °C)41 facilitates deposition of PEDOT and 

prevents particles from agglomerating during drying (Figure 5.10b).42 PEDOT coating is 

conformal (Figure 5.10c), and particles remain adhered after repeated scotch tape tests (Figure 

5.10d) whereas a PEDOT:PSS produces a non-conformal coating that readily delaminates from 

the surface of a 3D-printed object after drying (Figure 5.11). At 20 wt% particle loading a 

percolation network is achieved and the coating becomes conductive,43 while a 30 wt% particle 

loading (PEDOT:polycaprolactone volume ratio of 1:2), produces a 1 kΩ electrical resistance 

(measured via two-point technique with a 1 cm gap) (Figure 5.10e). Increasing the loading 

beyond 30 wt% induces cracks during drying and results in a partially insulating coating. The 

electrical resistance measured is lower than that of a 3D-printed object produced from a 

commercial conductive 3D printing filament (1.8 kΩ). Moreover, applying an organic particle 

paint obviates the issues of nozzle cracking and low printing fidelity that often accompany 3D 

printing with a conductive filament laden with carbon particles.44,45 
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Figure 5.10 (a) Photo of a PEDOT particle-based dispersion and illustration of its composition. (b) Diagram shows 

dissolution of polylactic acid surface and formation of a coating. (c) Conformal coating on a 3D-printed object is (d) 

impervious to delamination after repeated Scotch tape tests. (e) Plot of a coating’s two-point electrical resistance 

versus particle mass loading. (f) Particle-coated thermoplastic polylactic acid block (inset) exhibits linear I-V curves 

after exposure to vapors of different pH. (g) Resistance versus strain plot for a particle-coated thermoplastic 

polyurethane film (top inset) serving as a strain sensor (bottom inset). (h) Strain sensor is stable over 200 cycles 

(inset shows hysteresis profile). 

 

Figure 5.11 Photos of PEDOT:PSS paint on 3D-printed thermoplastics. a) A droplet of PEDOT:PSS beaded up on 

the hydrophobic surfaces. b) The PEDOT:PSS coating delaminated after drying. 
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Coating a 3D-printed object with PEDOT particle paint enables engineering of a chemically 

resistive pH sensor. PEDOT particles are sensitive to pH changes, acidic pH lower PEDOT’s 

resistance due to protonic doping46 while bases increase its resistance due to dedoping.47 

Changes in electrical resistance are measured using a two-point current-voltage technique after 

exposure to acid (HCl) or base (NH4OH) vapors (Figure 5.10f inset); a linear correlation with the 

steepest slope corresponding to the lowest electrical resistance is obtained from exposure to HCl 

vapor (pH = 1) (Figure 5.10f). 

A particle-based formulation also enables engineering of a strain sensor when applied as a 

coating to an untreated 3D-printed stretchable polyurethane substrate (Figure 5.10g top left 

inset). Electrical resistance is measured during repeated stretch-release cycles using a multimeter 

(Figure 5.10g bottom right inset). The relative resistance change (∆R/R0) is highly reproducible 

within a wide strain range (0%-80%) and comparable to that of a strain sensor fabricated from 

silver nanowires, reduced graphene oxide and polyurethane.48 ∆R/R0 follows an approximately 

linear trend that increases with greater strain (Figure 5.10g). A sharp jump in slope is observed 

when strain rises from 33% to 50% due to the formation of cracks (Figure 5.12) that disrupt the 

conductive percolation network. The measurement is reproducible because PEDOT particles 

strongly adhere to polyurethane surfaces and the conductive percolation network is restored once 

the polyurethane returns to its original shape.49 The strain sensor is stable for up to 200 cycles (at 

80% strain) (Figure 5.10h). Interestingly, the coating also enables monitoring of strain sensor 

hysteresis exhibiting a ~20 second delay when returning to its original shape after experiencing 

33% strain (Figure 5.10h inset). 
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Figure 5.12 Optical micrographs of PEDOT particle coated TPU strain sensor. a) PEDOT particles were 

homogenous on TPU film before stretch-releasing test. b) After stretch-release tests, a lot of cracks (pointed by red 

arrows) were observed on the film. Note that measurements were still reproducible because particles were well 

adhered to base TPU. 

Particle Coatings with High Photothermal Activity 

A PEDOT particle-based coating is photothermally active in the near-infrared region. After a 5-

second laser exposure (808 nm laser, 0.8 W/cm2 power density) (Figure 5.13a), a free-standing 

PEDOT particle-polycaprolactone composite film (24 °C) heats up to 218.5 °C. This temperature 

rise (194.5 °C) is higher than that of a Norit carbon/polycaprolactone composite film (124 °C) or 

PEDOT:PSS film (9.7 °C). PEDOT particles are the major contributor to the temperature rise,  

and a pure polycaprolactone film shows < 5 °C increase after the same exposure(Figure 5.13b). 

Our coating’s temperature rise is also higher than other reported PEDOT films17,18 because 

particle boundaries lower the heat dissipation rate, creating a heat confinement effect.56 We also 

observed that the light from a camera flash ignites a cotton ball impregnated with PEDOT 

particles. 
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Figure 5.13 (a) Illustration of photothermal experiment (808 nm laser). (b) Temperature distribution for films 

comprised of PEDOT-polycaprolactone, Norit carbon-polycaprolactone, PEDOT:PSS on glass, and pristine 

polycaprolactone after a 5 second laser exposure (power density 0.8 W/cm2). (c) Temperature profile for a PEDOT-

coated 3D-printed polyethylene terephthalate glycol mask during and after laser exposure (inset shows a photograph 

of the mask). 

The spread of COVID-19 since 2020 affects human life profoundly and masks are an effective 

prevention against the spreading of the virus. Unfortunately, increased use of disposable masks 

also generates large amount of plastic waste and is forcing us to look for alternatives. 3D printing 

is a promising technique for fast prototyping of reusable masks. However, masks are reusable 

only if the surface is effectively disinfected after each use. Utilizing the photothermal property of 

PEDOT coatings as a fast, non-destructive microbial ablation method, a proof-of-concept 

reusable mask is proposed.57 Brushing the PEDOT particle-based formulation on the air filter cap 

of a 3D-printed polyethylene terephthalate glycol mask (Figure 5.13c inset) and exposing it to a 

laser for 100 s (808 nm, 0.8 W/cm2) increases the surface temperature to 150 °C, a temperature 

demonstrated sufficient for inactivating COVID-19.58 The temperature rise is lower than that of a 

freestanding PEDOT particle-polycaprolactone composite film because the 3D-printed 

polyethylene terephthalate glycol mask absorbs heat. The surface temperature drops after the 

laser is turned off (Figure 5.13c) and the mask structure and particle coating remain intact. 
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5.4 Conclusions 
This chapter introduces a continuous aerosol synthesis of PEDOT particles with an optimized 

low resistance of 4.2 ± 0.5 Ω measured by 1 mm-gap electrodes. Tuning EDOT to Fe3+ ratio 

reveals that stoichiometry affects PEDOT’s crystallinity, doping level, electrical and 

electrochemical properties. Results show that a balanced EDOT to Fe3+ ratio (1:1) results in 

PEDOT particles with the highest charge carrier concentration and the lowest electrical 

resistance among all samples. A highly stable electrode is fabricated via electrophoretic 

deposition of PEDOT particles on carbon fiber paper. The electrode is characterized by cyclic 

voltammetry and possesses state-of-the-art gravimetric capacitance for PEDOT particles. 

Particles are readily processable as a colloidal dispersion, and an organic paint is formulated to 

conformally coat 3D-printed thermoplastic objects resulting in a low electrical resistance (1 

kΩ/cm), comparable to prints produced from commercial conductive filaments. The particle-

based paint enables the fabrication of 3D-printed pH sensors, strain sensors, and affords a light-

induced method for triggering rapid heating of a PEDOT-coated surface. Future work of aerosol 

synthesis may include optimizing the synthesis condition for scaling up of polymer particle 

production and controlling of particle sizes. This include altering the frequency of the ultrasonic 

nebulizer to control the sizes FeCl3 droplets that template PEDOT particle synthesis and 

establishing a continuous feed for the reactants. Additionally, the formulation of PEDOT particle 

paint require optimization for coating large surfaces without delamination of particles or defect 

in the coating. Potential experiments include quantitative rheological characterization to study 

the shearing of paint during deposition and adopting other coating techniques, such as spin-

coating or spray-coating. 
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Chapter 6: One Eye on the Past, the Other on 

the Future 
In this chapter, I will present some ideas for future projects, both based on interesting 

phenomena observed during my experiments and inspirations from the literature. 

6.1 Effect of Relative Humidity and Additional Organic 

Solvents in Rust-based Vapor-phase Polymerization 
The reaction mechanisms discussed in Chapter 4 involves potential reaction between organic 

solvents (ethanol, isopropanol, and t-butanol) and chlorobenzene catalyzed by PEDOT. 

Chlorobenzene is often used as a solvent for monomer solution because it increases the vapor 

pressure of the less volatile EDOT and enhances mass transport during polymer synthesis. The 

mechanism I presented in Chapter 4 propose that a side reaction between chlorobenzene and 

ethanol changes the relative humidity in the reactor, resulting in the increase in electrical 

conductivity of PEDOT. The results also suggest an optimal relative humidity exists, and the 

electrical conductivity of PEDOT decreases when relative humidity is out of the optimal range. 

Water molecules are proton scavengers that deprotonate oligomer cations and facilitates the 

formation of highly conjugated polymer backbone. Various studies demonstrate an optimal 

relative humidity exists in vapor-phase synthesis but varies based on the synthetic technique.1–3 

Obtaining an optimal humidity for RVPP is crucial for enhancing the electrical conductivity of a 

polymer product. 

One of the previous works from D’Arcy lab discussed the effect of solvent polarity on 

nanostructure formation in a hydrolysis-assisted vapor-phase polymerization technique (HVPP). 
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A 2D nanoflower structure is obtained by using a ferric chloride/ethanol solution as oxidant 

(Figure 6.1). This work also demonstrate that the 2D morphology only forms under high ethanol 

concentration.4 The synthetic protocol in RVPP exclusively produces 1D nanofibrillar due to 

hydrolysis mechanism between ferric ions and water (from concentrated hydrochloric acid) in 

the reactor. Substituting the solvent water in concentrated HCl with other solvents alters the 

hydrolysis of ferric ions to solvolysis and generates 2D nanoflowers or other nanostructures. 

Additionally, substituting HCl with other acids introduces different spectator ions and 

coordinating ions that influence the crystal structure of hydrolysis/solvolysis product. These 

experiments enhance the versatility of the synthetic technique and create an opportunity to study 

the structural-property relationship in conducting polymers synthesized from the vapor phase. 

 

Figure 6.1 2D PEDOT nanoflower synthesized under high concentration of ethanol. Adapted with permission from 

Reference 4. Copyright 2018, American Chemical Society.  
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6.2 Spectroelectrochemical Characterization of Reaction 

Intermediates 
The mechanism of rust-based vapor-phase polymerization (RVPP) and the mechanisms proposed 

in Chapters 2 and 3 consist of a variety of organic and inorganic intermediate species. The 

mechanisms are proposed based on indirect evidence from spectroscopy, microscopy, and 

electrochemical characterizations. Capturing and characterizing these reaction intermediates 

directly validates the proposed mechanisms in the mixed-mechanistic pathways of RVPP. 

Developing fundamental understanding of this synthetic technique unlocks new chemical 

handles to control the electrochemical properties of the conducting polymer product. 

Additionally, in situ spectroelectrochemical technique is useful for calculating and controlling 

degree of polymerization.5,6 A 3D-printed spectroelectrochemical cell was previously designed 

by Dr. Santino in the appendix of his dissertation, and concomitant spectroscopic and 

electrochemical characterization is achievable via a portable UV-Vis spectrometer and the 

Biologic potentiostat. 

6.3 Conducting Polymer-filled 3D Printing Filaments 
Fabrication of conductive filaments is challenging for 3D printing, especially fused deposition 

model (FDM) printing. Formation of an electrically conductive percolation network requires the 

concentration of the conductive filler above a certain threshold. However, high filler 

concentration often results in poor mechanical strength of the filament.7,8  In Chapter 5, I 

presented a solution that involves coating a 3D-printed object with a conducting polymer 

particle-based paint. This method circumvent the trade-off between mechanical strength and 

electrical conductivity, but it also limits the coating to the surface of a 3D-printed object. A 
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conducting polymer-filled filament is required to generate electrically conductive pathways 

throughout a 3D-printed object. 

Recent reports from the literature demonstrate methods that combines polymerization or other 

chemical reactions with extrusion during 3D printing.9,10 The extrusion temperature for printing 

polylactic acid and polycaprolactone commonly used in our group is between 170 and 210 °C, 

sufficient for polymerizing both EDOT and pyrrole. A modified extruder in the 3D printer that 

possesses inlet for monomer, oxidant, and filament combines the function of a traditional 3D 

printing extruder and a polymerization reactor (Figure 6.2). The filament extrusion speed is 

programmable, providing sufficient reaction time between monomer and the oxidant. 

Pretreatment by impregnating a filament with either monomer or oxidant enhances the mixing 

between reactants. This method demonstrates potential for controlling the isotropy of a 

functional 3D-printed object. 

 

Figure 6.2 Schematic diagram of a modified 3D printing extruder that combines extrusion and polymerization. 
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6.4 Enhancing the Energy Density of Conducting Polymer-

based Supercapacitors 
Many groups have utilized metal oxide/conducing polymer core/shell composites as electrode 

materials for energy storage devices and showed promising results. This type of composite takes 

advantage of the electrical conductivity of the polymer shells and the large pseudocapacitance of 

metal oxide cores, such as V2O5, MnO2, NiO, and CoO.11–13 Ions such as V5+ and Mn4+ possesses 

similar oxidative properties to Fe3+ for initiating polymerization of pyrrole and EDOT. 

Incorporating these ions into vapor-phase synthesis of conducting polymer produce chemical 

bonding between polymer and metal oxides, which potentially generates synergy between the 

two components in a composite material. The dissolution of metal oxides and the hydrolysis of 

ions need to be examined in detail prior to combining metal oxides (V2O5, MnO2, NiO, and 

CoO) with PEDOT and PPy as polymer composites. Additionally, the selection of electrolyte is 

crucial for taking advantage of the strength of both polymer and metal oxide. Polymer-based 

electrodes typically exhibit high capacitance in acidic or neutral electrolytes, whereas metal 

oxide-based electrodes prefer basic or neutral electrolytes. 
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Appendix 
 

 

Figure A1 Graphical abstract of publication, “Nanostructured Poly(3,4-Ethylenedioxythiophene) (PEDOT) Coatings 

on Functionalized Glass for Energy Storage.” 

 

Figure A2 Graphical abstract of publication, “Solution Processable Poly(3,4-Ethylenedioxythiophene) 

Nanoparticles.” 

 

Figure A3 Model of a 3D-printed pellet press for measuring electrical conductivity of powders. The dimensions are 

measured in millimeters.
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