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ABSTRACT 

The urgent need for the development of efficient and environmentally-friendly 

energy storage devices has led to the exploration of new materials with chemically tailored 

properties. More specifically, the field of super- and ultracapacitors is currently moving 

forward to incorporate carefully modified carbon allotropes in the modern capacitor design. 

The main goal for previous research in designing capacitive materials has been to maximize 

their efficiency, without sacrificing environmental safety. This thesis presents a preparation 

of highly stretchable and heavy-metal-free electrodes based on  

polyacrylamide/ poly (N, N’- methylenebis(acrylamide)) hydrogels, which contained 

nanostructured carbons (e.g., graphene, multi-walled carbon nanotubes; MWCNTs, single-

walled carbon nanohorns; SWCNHs) covalently bonded to conjugated polymer  

(polypyrrole; PPy). Carbon cores provided a large electrochemical double layer  

capacitance, whereas a conjugated polymer was the source of pseudocapacitance. The 

approach of joining two capacitance mechanisms within one molecule was completed by 

utilizing nanostructured carbons as polymerization initiators, while the pyrrole or  

2-(1H-pyrrol-1-yl) ethyl methacrylate were used as monomers. Polymers were uniformly 

distributed around the carbon cores via oxidative radical polymerization, electrochemically 

aided atom transfer polymerization (e-ATRP), and reversible addition-fragmentation chain 

transfer polymerization (RAFT). The highest specific gravimetric capacitance of active 

nanocomposite was 456.86 F g-1, and was found to be highly dependent on the nature of 

the operating electrolyte. The detailed mechanistic computations, electrochemical quartz 

microbalance, and electrochemical studies have revealed that potassium chloride is the 

most suitable electrolyte for maximizing the electrochemical output of obtained 
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nanocomposites. A series of stretchable (up to 1475 %) electrodes were prepared with 

emphasis on their conductivity, elasticity, and translucent properties. The task of dispersion 

of nanocomposites within the solid-state electrolyte, based on pAAm/pMBAA hydrogels 

containing KCl, was addressed by enhancing the zeta potential of active materials through 

the incorporation of perfluorated long aliphatic molecules (i.e., Nafion 117®). 

Electrochemical analysis by alternating the current electrochemical admittance 

spectroscopy, cyclic voltammetry, and the theoretical modeling of an equivalent circuit 

based on impedance spectroscopy have revealed a large interfacial specific gravimetric 

capacitance of the stretchable electrodes (up to 516.86 F g-1). Prepared materials are stable 

up to 7500 charge/discharge cycles in liquid electrolytes and up to 717 cycles in hydrogels. 

Obtained products are market-grade materials for modern supercapacitors. 
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CHAPTER ONE 

Introduction 

1.1. Topic introduction and the premise 

Topic: Carbon-based polymeric materials for stretchable supercapacitors.  

Premise: The preparation of a stretchable and heavy-metal-free solid-state electrode with 

the potential application for manufacturing supercapacitors. 

The following introduction briefly summarizes the research that was conducted throughout 

the course of this PhD program, while the following subchapters describe the utilized 

methodologies in detail, and set the presented work in a broader spectrum of current 

literature. Fig.1.1., Fig.1.2. and Fig.1.3. represent a schematic chart that illustrate the steps 

that were followed in order to prepare stretchable and heavy-metal-free electrodes. The 

obtained electrodes, when applied properly, have the potential to act as a building block 

for manufacturing supercapacitors. The particular emphasis of screening the structures 

obtained in this work was placed on the high charge/discharge stability and large specific 

gravimetric capacitance. The design of a supercapacitive electrode was based on unifying 

two distinct energy storage mechanisms: EDLC (electrochemical double-layer 

capacitance) and pseudocapacitance. Fig.1.1. (left) displays the porous nanostructured 

carbons responsible for EDLC (i.e., graphene, multi-walled carbon nanotubes (MWCNTs), 

and single-walled carbon nanotubes (SWCNHs)), while Fig.1.1. (right) demonstrates the 

pseudocapacitive polypyrrole. The electrochemical double-layer capacitance that arises 
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from the porous nanostructured carbons (i.e., graphene, MWCNTs, and SWCNHs) was 

enhanced by the presence of pseudocapacitive polypyrrole. 

 

Fig.1.1. Preparation of active materials used in this work by application of carbon 

initiating technique.  

Large carbon surfaces of MWCNT, Graphene or SWCNHs are modified by various linkers 

(aryl amide, bromoisobutyrate, ethyl dithioate) and used as polymerization reagents with 

pyrrole or pyrrole-bearing methacrylate monomers. Carbons provide double-layer 

capacitance (EDLC) and conjugated polymers pseudocapacitance. Stable covalent bond 

between the carbon and polymer enhances the stability and specific gravimetric 

capacitance of a material.The newly created structure was labeled nanocomposite. The 



 

 

3 

 

novel approach of covalently binding polypyrrole, as a conjugated polymer with the 

nanostructured carbons, was employed. This was conducted with an emphasis on uniformly 

distributing the polymer around the carbon core. The presence of a covalent bond between 

EDLC and pseudocapacitive parts is believed to enhance the electrochemical stability of 

pseudocapacitive polypyrrole [1]. These carefully designed chemical transformations 

allowed for control of the nanocomposite’s morphology. The methodology used to achieve 

the uniform distribution of polymer around the carbon core was based on using carbons as 

polymerization initiators, and pyrrole or pyrrole-bearing methacrylate as a monomer (Fig. 

1.1., middle). 

The initiator was inherently connected to the monomer, which permitted a uniform 

polymerization. Carbon-based initiators were prepared for oxidative radical and living 

radical polymerizations (e.g., electrochemically aided atom transfer radical polymerization 

(e-ATRP), reversible addition-chain transfer polymerization (RAFT)). The first step for 

generating the initiators involved covalent modification of carbonaceous surfaces of 

graphene, MWCNTs, and SWCNHs, with an aryl bearing the carboxylic acid functionality. 

This task was commenced through the reduction of in-situ generated diazonium salt from 

3-amino benzoic acid. The reduction took place in a 3-electrode system, on the working 

electrode that was covered with carbons of interest. Cyclic voltammetry and galvanostatic 

discharge were utilized to generate the respective covalent anchorage, with an aryl bearing 

the carboxylic acid functionality. The detailed kinetic studies on this reaction are presented 

in the second chapter of this thesis, which was published in Wiley’s Electroanalysis 
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Journal. The carbon-bearing carboxylic acid moiety were subsequently modified for 

further constructions of initiators for: 

1) Oxidative radical polymerization: Fig.1.1. (middle). The initiator was based on the aryl 

amide that was modified with p-amino aniline. The amino group was crucial for starting 

the polymerization reaction with pyrrole in the presence of ammonium persulfate. The 

generation of this initiator and subsequent analysis of the synthesized nanocomposites is 

presented in the third chapter of this thesis, which was published in Elsevier’s Journal for 

Renewable and Sustainable Energy. This work represents the enhanced electrochemical 

stability obtained by introducing a covalent bond between EDLC and pseudocapacitive 

part, as well as the first instance of using stable aryl amide linkers in this type of synthesis. 

2) RAFT and e-ATRP. Fig.1.1. shows the carbon-based initiators that were modified with 

thiocarbonylthio and alkyl halide. These initiators were used for the living RAFT and e-

ATRP polymerizations and were comprised of specially prepared  

pyrrole-bearing methacrylate monomer- 2-(1H-pyrrol-1-yl) ethyl methacrylate. The 

information behind the preparation of these initiators, and the synthesis of nanocomposites, 

is accessible in the fourth chapter of this thesis, which was published in the Royal Society 

of Chemistry Journal, RSC Advances. This work represents the first use of single-walled 

carbon nanohorns as polymerization initiators for RAFT and e-ATRP living 

polymerizations. This work summarizes preparation of active materials that may be used 

in supercapacitive electrodes. The morphology of polymer distribution around a carbon 

core was well-controlled, and the large specific gravimetric capacitances of 

nanocomposites were obtained. 
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Fig.1.2. represents the functioning principle of the obtained nanocomposites. Both EDLC 

and pseudocapacitance are reversible processes that store energy, in the form of a static 

field, by adsorbing electrolytes from the operating solution. Pseudocapacitance and the 

EDLC were investigated as a Faradaic process and a physical phenomenon, respectively. 

The results of this analysis are displayed in the fifth chapter of this thesis, which was 

submitted to Journal of Physical Chemistry C (American Chemical Society). 

This work summarizes the detailed mechanisms of pseudocapacitance and electrochemical 

double-layer capacitance that occurred within the synthesized nanocomposites. The results 

demonstrated the first investigation of these processes in covalently bonded 

nanocomposites using electrochemical quartz microbalance (EQCM), electrochemical 

impedance spectroscopy (EIS), and equivalent circuit modeling. This work revealed the 

dependence of the obtained specific gravimetric capacitance of the synthesized 

nanocomposites on the electrolyte. The detailed analysis revealed that the aqueous solution 

of potassium chloride (KClaq) is the most suitable supporting electrolyte for the obtained 

nanocomposites. KClaq permitted the highest electrochemical stabilities and specific 

gravimetric capacitances to be achieved. This portion of the thesis introduces the concept 

of aqueous operating and hydrogel-based solid-state electrolytes. 
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Fig.1.2. Functional principle of molecular systems synthesized in this work on 

example of multi-walled carbon nanotubes grafted with polypyrrole by oxidative 

radical polymerization technique using Initiator approach. Conjugated polypyrrole 

bears a lone pair on the pyrrole nitrogen atom, which can oxidized upon anodic scan. 

The generated radical cation will accommodate chloride on its structure, whereby 

potassium will be deposited on the nanotube surface. Cathodic reduction reverses this 

process. Black line represents cyclic voltammogram. 
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Fig.1.3. Preparation of final product- stretchable and supercapacitive electrode. 

Insert on the right shows a snapshot from the stress-strain measurement upon 

elongation of the hydrogel-based electrode, and inserts in the middle and left show 

the schematic structure of hydrogel. Hydrogel electrode was based on the active 

materials (Fig.1.1.) embedded in poly (N, N’-methylenebis(acrylamide)) 

(pMBAA)/polyacrylamide (pAAm) mixture. The water phase of hydrogel contains 

potassium chloride and Nafion 117® as additives, which enhance the conductivity of 

the electrode. 

Fig.1.3. shows a method of generating elastic solid-state electrolytes for the active material. 

The hydrogels were chosen as the operating medium due to their resemblance with the 

aqueous environment. The hydrogel matrix was synthesized by in-situ frontal 

photopolymerization of acrylamide and N, N’- methylenebis(acrylamide) in the presence 

of Nafion 117®, potassium chloride, and nanocomposite as additives. Perfluorated 

surfactant Nafion 117® was used to achieve a uniform distribution of the hydrophobic 

nanocomposite within the hydrophilic hydrogel. The obtained laminates were stretchable, 

ionically and electronically conductive, capacitive, and exhibited a shape memory effect. 
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The detailed preparations of the laminates and the mechanism of conductivity are 

explicated in chapter six and seven of this thesis. Chapter six and seven are manuscripts 

that are currently under preparation, with the plan of publishing them in the journal Carbon 

and the Journal of Power Sources, respectively. 

The final chapter of this thesis indicates future work. It contains the conclusions and plans 

for further developments of the obtained laminates. The following introduction section 

situates this research within a broader spectrum of previous literature, which refers to the 

methodologies applied in this work and highlights the most important merits.  

Furthermore, each subchapter explains how the cited literature assisted in investigating the 

research objectives. 

The major objectives of this thesis are to: 

I) Synthesize the supercapacitive and heavy-metal-free building blocks for the electrodes 

used within supercapacitors. 

II) Conjoin the two distinct mechanisms (i.e., EDLC and pseudocapacitance) in the active 

materials. 

III) Use graphene, MWCNTs, and SWCNHs as the source of EDLC, and polypyrrole as 

the source of pseudocapacitance. 

IV) Connect the EDLC and pseudocapacitive parts by constructing a stable covalent bond, 

and investigate the electrochemical stability of the obtained nanocomposites. 

V) Uniformly distribute polypyrrole around graphene, MWCNTs, and SWCNHs cores 

through utilizing nanostructured carbons as polymerization initiators. Oxidative radical 

polymerization, e-ATRP, and RAFT are utilized to fulfill this task. 
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VI) Screen the active nanocomposites for the highest specific gravimetric capacitance and 

cycling stability in function of the operating electrolyte. Choice of the electrolyte stems 

from its influence on the electrochemical performance of the active materials and 

environmentally benign character. 

VII) Prepare a solid-state hydrogel electrolyte, based on the best aqueous electrolyte, and 

investigate the conductivity mechanism. 

VIII) Generate stretchable, conductive, and capacitive electrodes from the solid-state 

hydrogel medium and previously synthesized nanocomposites.  

1.2. Motivation 

The ever-growing necessity for energy is currently one of the most recognized problems 

around the world that must be faced immediately. Consequently, one of the leading trends 

in research is to fulfil this demand for energy.  

The question of effective energy relocation within environmentally benign devices needs 

to be answered, as the production of energy from clean resources is becoming readily 

available at a low cost. According to previous research, the vast majority of investigations 

conducted in the last five years surrounds two types of energy storage systems: batteries 

and capacitors [1-12]. This is not a surprise, however, as the number of users of portable 

electronics is rapidly increasing [2]. Devices based on renewable energy storage resources, 

like most ubiquitous smartphone or unique high-end products (e.g., self-charging shoulder-

bags, ankle/foot-worn heat soles), are becoming widely available. These devices are 

produced in high quantities, therefore generating a demand for portable batteries or other 

energy storage systems. Furthermore, household products are being automatized and will 
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require a source of energy to maintain their functions. Therefore, the need for clean and 

sustainable energy storage is inherently connected to the demand for energy production. 

In the foreseeable future, there will be a significant number of issues regarding current 

technologies. The most remarkable will be the appropriate disposal and recycling of waste 

generated by used and depleted energy storage devices [3]. Waste generated by batteries 

and capacitors, that cannot be charged anymore after reaching their critical life-cycle point, 

will consequently generate a need for effective recycling or utilization. The majority of 

batteries and capacitors available today contain heavy or toxic metals (e.g., cadmium, 

lithium, lead) [4].  

The main components of batteries and capacitors are frequently a part of non-renewable 

resources (e.g., metal ores that are used for manufacturing electrodes in capacitors or 

cathodes in batteries) [5]. Some of the current state of the art supercapacitors are based on 

ruthenium oxide (RuO2). Ruthenium belongs to the minerals rarely in nature. The 

collection of ruthenium is not only difficult, but also expensive. The same principle applies 

to iridium oxide-based capacitors. 

The existing technologies for effective energy storage may be replaced by similarly 

effective green chemical alternatives that are based on the carbon/conjugated polymer 

hybrids [6]. Implementation of alternative building blocks for the electrodes, such as 

nanostructured carbons or pseudocapacitive conjugated polymers, is one of the main trends 

in current energy storage developments [7]. 
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1.3. Historical perspective of energy storage: Capacitors and batteries 

The history of the development of capacitors can be dated back to Ancient Greece. When 

Thales of Miletus (624-546 B.C.) rubbed an amber stone with a piece of cloth, he created 

an accumulation of static charge that could be used to pick up small objects. Thus, his 

discovery could be perceived as the first occurrence of the static charge effect [8]. Today, 

the charge accumulation that was discovered on the surface of an amber stone is identified 

as the first example of a capacitor. A capacitor is a device that can store energy in the form 

of an electric field. The amount of the energy stored can be balanced to the volume (i.e., 

volumetric capacitance) or mass (i.e., gravimetric capacitance) of the capacitor. The SI unit 

for capacitance is farad, and gravimetric capacitance is designated by F g-1. The amber 

rubbed by Thales of Miletus would have stored energy within the range of tenths of pF, 

whereas modern supercapacitors and ultracapacitors can store energy within the range of 

hundreds and thousands F g-1, respectively [9]. Via the creation of a Baghdad battery, the 

concept of energy storage was also established in Ancient Mesopotamia (250 B.C.). The 

Baghdad battery was simply a jar with a copper bottom and bitumen sealing cap (Fig.1.4.) 

The copper bottom and sealing cap were connected by an iron rod and the jar was filled 

with an acidic solution (e.g., vinegar) [10]. The Baghdad battery was the first example of 

a galvanic cell that was probably used for electroplating utensils with silver [11]. As 

indicated in previous literature, there are many speculations about these findings as no 

research has been able to positively prove who invented the first battery [11]. However, 

the beginnings of research on energy generation and storage can be dated to the publication 

De Magnete by William Gilbert of Colchester [12]. In 1600, William Gilbert of Colchester 
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was serving Queen Elizabeth I as a physician when, upon discovering static electrical 

forces during his research with magnets, he coined the term “electric”. The word “electric” 

was derived from the Greek word for “amber” - elektron (Gr. ἤλεκτρον) [12]. A few years 

later, the effect of phosphorescence was observed by Vincenzo Cascariolo when he covered 

an iron rod with a mixture of barium sulphate (known during that time as Bologna Stone) 

and coal. Upon exposure to sunlight, the rod glowed in the dark; this was the first 

unsophisticated method of solar energy storage. The first successful and intentional form 

of energy storage is attributed to Pieter van Musschenbroek’s Leyden Jar. The Leyden Jar 

was the first capacitor that could store static electricity between two metal electrodes 

(Fig.1.4.) [13]. Modern capacitors are also comprised of two electrodes that are well-

separated by a dielectric material (e.g., vacuum, paper, a layer of glass). The energy stored 

in a Leyden jar was measured in “jars”, which can be translated to a capacitance of 1 nF 

today [13]. Further developments of the Leyden jar led Henry Cavendish to introduce the 

concept of electric potential. Cavendish discovered that the amount of energy stored 

between the two ceramic plates depends on the nature of the electrolyte between them [14], 

and that the potential difference between the electrodes (voltage) was proportional to the 

current flowing between the electrodes [14]. Cavendish used Leyden Jars in his 

experiments to estimate the amount of potential difference exhibited; this was measured 

qualitatively by a direct electrical shock to his body (usually his hands). 
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Fig.1.4. Evolution of early batteries types on examples of Baghdad battery, Leyden 

jar, Voltaic pile and Daniell cell. Adapted from [12, 13, 156]. 

Cavendish was also the first person to coin the term “charge” and distinguish it from 

“intensity”. The research conducted by Cavendish inspired notable scientists such as 

Coulomb, Ohm, Faraday, and Nollet [14]. The concepts of positive and negative charges 

and their accumulation, along with the vocabulary (e.g., battery, capacitor, conductor) used 

until today, were outlined in Benjamin Franklin’s fluid theory of electricity [15]. The first 
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mathematical principle underlying the theory of electricity, magnetism, and capacitors was 

described by Franz Maria Ulrich Theodosius Äpinus in his book Tentamen Theoriae 

Electricitatis et Magnetismi [16]. Further important research in the field of capacitors was 

conducted by Charles-Augustin de Coulomb. He indicated that, through using the Inverse 

Square Law, the charge is stored on the surface of the material [17]. The SI unit of charge 

(C) was named after Coulomb. Moreover, the work of Luigi Galvani (1786) laid the 

foundation for galvanic cells that are widely known today, whereas the pioneering research 

conducted by Alessandro Volta (1800) resulted in the first electrochemical battery (cell) 

(Fig.1.4.). Volta created a “Volta pile” - a series of piled zinc and silver plates that were 

immersed in brine (Fig.1.4.). Volta pile was the first device that could provide energy on 

demand. The first rechargeable battery was introduced by Nicholas Gautherot, which was 

significantly improved by Plante and Ritter, and later gave rise to the Lead Acid battery 

[18]. An Ampere multiplied by a second gives rise to 1 Coulomb, the unit of charge. 

Coulomb divided by a Volt (the potential difference between two electrodes, like in 

capacitor) results in a Farad, the unit of capacitance. These findings have led to the 

discovery by Robert Hare that the high levels of current are directly connected to the 

surface area of the electrode. Michael Faraday contributed to the invention of a variable 

capacitor - a device of high importance in developing modern energy storage devices [20]. 

Faraday introduced terminology that is still used within battery and capacitor research 

today (i.e., anode, cathode, electrode, and electrolyte), and was the first to observe 

reduction-oxidation (redox) reactions and their potential for generating electrical energy in 

galvanic cells. Therefore, redox reactions are known as Faradaic processes, which are 



 

 

15 

 

crucial for the effect of pseudocapacitance [21]. The potential at which the oxidation or 

reduction reaction occurs due to the influence of electrical anodic or cathodic current are 

known as Faradaic regions. The concept of capacitance that was introduced by Faraday in 

1867 was mathematically reinforced by Gauss’s Law of Magnetic and Electric Fields [22]. 

The drawback of a short timescale of usage of Volta’s voltaic cell was overcome by the 

Daniell cell, which eliminated the undesired polarization effect that was consequently 

reducing the flow of electrons. It was a form of galvanic cell, with two separate containers 

of electrolytes that were separated by a porous frit or an external salt bridge (Fig.1.4.). Due 

to the spontaneous and thermodynamically favored redox reactions, the connected metal 

plates produced a voltage. All of the first industrially used galvanic cells used an acidic 

electrolyte, which was the cause of the undesired polarization effect. An alternative to the 

Daniell cell was the Leclanche cell, which used manganese dioxide (MnO2) as a 

depolarizer; this prolonged the timescale of the continuous energy supply [23]. The 

important merits in battery and capacitor research arise from the voltage-current 

relationship. The concept of electrical potential was introduced by Lord Kelvin, who also 

introduced the voltage-current relationship in capacitors [24]. The voltage-current 

relationship laid the foundation for further electrochemical measurements in linear voltage 

sweep techniques (e.g., cyclic voltammetry). In 1905, internal potentials and the current 

flow located inside the battery were summarized by the Tafel equation. [25]. The full 

description of electrochemical processes within the battery and their kinetics were provided 

first in 1930 by Butler and Volmer [26, 27]. Due to the ion dynamics within the cell, the 

influence of an electrolyte within capacitors and batteries was initially explained by Johann 
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Wilhelm Hittorf. In 1869, he connected the charged ions with the electric current and 

calculated the dependence of the capacitance from the ion dynamics [28]. This was further 

reinforced by the work that was conducted by Wilhelm Eduard Weber; he described the 

flow of positively and negatively charged particles and developed a theory of current 

generation [29]. This was deeply investigated in the PhD thesis of Svante Augustus 

Arrhenius, Galvanic Conductivity of Electrolytes (1884) [29]. Although Alfred Niaudet 

had already described in Traite elementaire de la pile electrique more than hundred 

different battery types, the first carbon battery was introduced by William Jacques in 1896, 

which used coal and an alkaline electrolyte [30]. The discharge rate of a battery was first 

connected to its capacitance by Wilhelm Peukert in 1897. He was the founder of the Peukert 

equation used to describe the dependence of the capacity of a battery (in Ah) to the 

discharge rate; the faster the discharge rate, the smaller the capacity [31]. Peukert’s 

equation described serious restrictions pertaining to the application of batteries in areas 

where high power output in the shortest possible time was needed (this was fulfilled much 

later by supercapacitors). The fundamental turning point in energy storage was the 

publication of Lilienfeld in 1930, where the concept of electrolytic capacitors was carefully 

outlined [32]. Unlike batteries that possess high energy density, their application in high 

current circuits is largely restricted by their low power density. Electrolytic capacitors, on 

the other hand, possess high power density, but their energy density is limited. A typical 

construction of an electrolytic capacitor is composed of a metal electrode covered with an 

insulating dielectric oxide layer (e.g. Al2O3), and a conductive electrode separated by an 

electrolyte or paper/polymer soaked in an electrolyte (with typical capacitance in the range 
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of 20 μF - 2 F g-1). This value is considerably larger in electrochemical double-layer 

capacitors and supercapacitors, which reach the capacitance values in the range of hundreds 

of Farads per gram. The first low voltage capacitor based on carbon was introduced by 

Howard Becker in 1957 [33]. The energy storage mechanisms differ between batteries and 

capacitors. Double-layer capacitors require no chemical reaction for charging, as is the case 

in a battery. The charging process occurs due to the polarization of the electrodes and the 

accumulation of ions from the electrolyte on the electrode surface (Fig.1.7.). The larger the 

surface of an electrode, the more ions it can accumulate. The lack of a chemical reaction 

in this process makes it highly reversible. The use of highly porous carbons led researchers 

from General Electric (USA) to the development of low voltage electrolytic capacitors with 

carbon electrodes. The first patent of electrochemical capacitor that utilized a double-layer 

mechanism is dated in 1970 [34]. On the other hand, it was discovered that the static charge 

can be stored at the surface of metal oxides.  

Various metal oxides that are immersed in electrolytes can undergo changes in their 

oxidation states, which can be induced by the direct application of a current. These changes 

are potential dependent and may be directly observed by electrochemical techniques that 

involve current-potential scanning. Once the positively or negatively charged metal oxide 

is generated by the current, an attraction of electrolyte ions occurs from the operating 

solution. This process is known as pseudocapacitance. Research conducted by Brian 

Conway on ruthenium dioxide in 1975 provided a background for the effect of 

pseudocapacitance [35]. However, the discovery of electricity-conducting doped 

conjugated polymers by Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa in 1977 
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introduced a possibility of their implementation to the energy storage area [36]. Conjugated 

polymers may undergo similar redox processes to the metal oxides, but the capacitances 

resulting from them are considerably lower. The extensive research was conducted on 

trans-polyacetylene, polythiophene, and polypyrrole. Due to the very high capacitances 

observed in polyaniline, this conjugated polymer was most widely investigated. On the 

other hand, the large use of variously structured carbon allotropes in battery research was 

initiated by the discovery of carbon nanotubes by Sumio Iijima in 1991, 34 years after 

Howard Beckert introduced the first low voltage carbon-based capacitor in 1957. Carbon 

nanotubes possess a large surface area (e.g., 40-300 m2 g-1) compared to coal (e.g., 1 m2 g-

1) [37]. This discovery has led to the application of nanotechnology in energy storage 

research, further influencing new developments of batteries and supercapacitors. For 

example, in 2003 the first nanobattery was introduced [38]. Mixing double-layer 

capacitance from carbon allotropes and pseudocapacitance from metal oxides or 

conjugated polymers tend to generate large specific gravimetric capacitances in the range 

of supercapacitance (exceeding 100 F g-1). The new research field of organic radical 

batteries was started by Massaharu Satoh (who used a graphite anode combined with the 

stable radical of (2, 2, 6, 6-Tetramethylpiperidin-1-yl) oxyl (TEMPO) embedded on 

methacrylate backbone) [39]. Similar research from Brown University was conducted on 

graphite/polypyrrole systems [40].  

As electrolytes are of utmost importance to both battery and capacitor research, their 

development attracts a plethora of researchers. The use of solid-state electrolytes in energy 

storage was initiated by Sonnenschein Battery in 1957, where gel was used to prolong the 
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lifetime of a battery. The latest and largest development in the field of batteries was made 

by John Goodenough, who introduced LiCoO2 cathodes in batteries in 1979, patented one 

of the most stable cathodes (LiFePO4) in 1997, and made glass solid-state electrodes with 

alkali metal anodes in 2017 [41, 42].  

The major developments within the field of supercapacitors are nevertheless based on 

metal oxides. Maxwell Laboratories developed the tantalum electrolytic capacitor in 1994, 

and the last cost-effective commercialized supercapacitor was based on Li-ion capacitors 

(2007). David Evans established one of the first hybrid electrochemical capacitors that 

combined large pseudocapacitance from RuO2 and double-layer capacitance from carbons 

in 2004 [43]. The large cost of this ultracapacitor (with an operating range exceeding 1000 

F g-1) triggered a large amount of research in developing more cost-effective materials for 

super- and ultracapacitors. Polymer-based electrolytic capacitors are widely available on 

the market. An example of modern highly capacitive (80 F g-1) double-layer 

supercapacitors, based on activated carbon electrodes, can be seen in Fig. 1.5., Gold 

Capacitor by Panasonic [44]. By comparing the schemes of this capacitor, embedding 

solid-state hydrogel-containing supercapacitive active materials, that are composed of 

carbons grafted with polypyrrole, in the place of polymers seems easy to implement. The 

detailed functioning principle of a double-layer capacitor is outlined in Chapter 1.5. 
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Fig.1.5. Build scheme of double-layer Gold Capacitor by the Panasonic Corporation 

[44].  

1.4. Predictions for future developments in energy storage: lithium ion batteries, 

pseudocapacitors, and supercapacitors 

The need for the implementation of new chemistry for energy storage mechanisms pushes 

the research community to explore possibilities that negotiate cost, effectiveness, and the 

ability to mass produce [45]. 

Lithium ion batteries, pseudocapacitors, and supercapacitors are commercially available 

from leading manufactures (e.g., Maxwell, Nippon Chemicon, Samsung, Flexel, Jenax, 

Kinetic Laboratories Ltd.) across the world. 

This energy profile forecast predicts that the LIBs will achieve their maturity in terms of 

life-cycles and energy density. Batteries can provide energy in the long-term due to their 

large energy density. 
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Fig.1.6. Energy storage devices in mass production. Adapted from IDTechEx 

Research: Manned Electric Aircraft webinar 2016 [48]. 

The commercially available batteries found in portable electronics lack the high-power 

density needed for bigger devices. As the LIBs reach their maximum potential output, 

supercapacitors should simultaneously reach the goal of one million life-cycles, based on 

their charge/discharge abilities. 

On the other hand, there is no plateau expected for the mass production of 

pseudocapacitors, which makes the research in this area exciting and enticing. For example, 

in 2016, Kinetic Laboratories Ltd. claimed that one of their pseudocapacitors had 50 
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thousand life-cycles, while Nippon Chemicon promised that the energy density of their 

products will reach 60 Wh kg-1 in 2018 [46, 47]. As per large scale applications, markets 

consisting of wind turbines, grid energy storage, and rail industry are the major contributors 

to and the interest in those types of energy storage devices. Currently, available 

supercapacitors can reach a performance level of 3V [48].  

Recently, aqueous electrolyte-based supercapacitors have reached an output that is 

comparable to supercapacitors which operate within organic electrolytes [49]. 

The constantly growing interest from companies like General Motors (USA) or Toyota 

(Japan) for devices that are able to store and provide large amounts of energy in the shortest 

possible time makes supercapacitors a technology of the future [50]. 

Supercapacitors are believed to offer a sustainable and renewable system that provides 

electric vehicles with energy. It means that the current needs for energy can be answered 

without compromising the access to the resources of the future generations. In contrast to 

batteries, supercapacitors possess a larger power density, which can be referred to in the 

following equation (1): 

 𝑃𝑜𝑤𝑒𝑟 =
𝐸𝑛𝑒𝑟𝑔𝑦

𝑇𝑖𝑚𝑒
 (1) 

This equation distinguishes both energy and power density concepts. Batteries can provide 

energy over long periods of time, while supercapacitors can provide this energy at a much 

faster rate. Having a short delivery time for energy makes the power density of 

supercapacitors larger. 

Particularly interesting among the many applications of energy storage devices is the field 

of flexible electronics. Energy storage devices implemented as a part of printed electronics 
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are of special interest due to their wide range of applications, spanning from micro batteries 

in CMOS (medically implantable complementary metal oxide semiconductor) and MEMS- 

or smart textile devices (wearable skin, RFIDs-radio frequency identification devices) to 

large scale energy storage devices like solar cells [53-55]. The next generation of energy 

storage devices could possess many features including safety of use, flexibility, and 

transparency to printability in the solid-state form [53-58]. For example, on July 31st, 2015, 

as a result of a partnership between the Canadian government and the Canadian Printable 

Electronics Industry Association (CPEIA), Xerox Research Center of Canada (XRCC), and 

the National Research Council of Canada (NRC), $25 million was invested in order to build 

an advanced material research facility in Mississauga, Ontario. The facility was designed 

to develop printed electronics and smart materials. Recently, flexible polymer batteries and 

thin film capacitors have started to attract market and business attention. It requires 

research companies to constantly look for new possibilities of high grade products that are 

able to store energy in large quantities. 

 

Table 1.1. Comparison of specific power (power density) and specific energy (energy 

density) for four major types of energy storage device. Adapted from Ragone plots 

found in [51] and [52]. 
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1.5. Principles of energy storage within supercapacitors-utilizing synergy of double-

layer capacitance and pseudocapacitance 

Capacitors and batteries are ultimately similar devices. However, although both devices 

are able to store and deliver energy on demand, there are major differences between them. 

Before making an attempt to implement new green chemical alternatives for current 

batteries and capacitors, it is necessary to define the principles underlying their 

functionalities. Fig.1.7. shows three major types of energy storage devices that are utilized 

commercially. 

The main properties that are expected to be sought after from future energy storage devices 

are high capacity, large specific gravimetric capacitance, and high power and energy 

density [59]. Capacity (Ah) is the amount of charge that can be delivered, at a given 

voltage, to a device from the energy storage source. Specific gravimetric capacitance is 

referred to as the ability of a system to store electric charge. The unit of capacitance is 

Farad (1𝐹 =
𝐴∙𝑠

𝑉
). The unit of specific gravimetric capacitance is F g-1. This is the major 

unit used to describe the electrochemical output of capacitors, whereas capacity mainly 

refers to batteries [60]. 

Among the many energy storage systems utilized in capacitors, the most recognized are 

pseudocapacitors and electrochemical double-layer capacitors (Fig.1.7.C, Fig.1.7.B).  

The most widely used type of battery is lithium-ion battery (Fig.1.7.A), while there also 

exists a large number of lead-acid batteries found in cars. A battery is composed of ionic 

conductive electrolyte and two electrodes: a negative anode and a positive cathode.  
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The electrodes are separated by polymeric materials such as Nafion, polyvinylene 

difluoride, or polypropylene. These materials work to separate the electrodes, allow 

diffusion of charge carrier particles, and hinder the generation of any short-circuit 

discharges between the cathode and anode. They are an important part that influences the 

performance of the main types of batteries available on the market today, such as LIBs that 

contain mainly lithium cobalt oxide as the Li-ion source and positive material, and their 

derivatives (e.g., lithium cadmium batteries). The major characteristic of batteries is their 

exceptionally high energy density. It allows the device to be supplied with energy over a 

long period of time. 

LIBs have found a broad variety of applications in various fields, spanning from portable 

electronics to the military (e.g., powering data radios, wearable computers, riffle sights) 

[61, 62]. Fig.1.7.A represents the typical charge and discharge process of LIBs. During the 

discharge process, the anode (i.e., the negative electrode consisting of graphite or lithium 

titanate) is electrochemically oxidized (i.e., the stripping of an electron), which results in 

the release of intercalated Li-ions. Lithium ions move from the anode (graphite) towards 

the cathode. Both cathode and anode are connected by an external circuit where, during the 

discharge, the electrons flow from the anode towards the cathode. The resulting build-up 

of electrons at the cathode causes the negative polarization of the electrode. It forces the 

positively charged Li-ions to travel through the permeable polymeric membrane, which is 

within the electrolyte, to the cathode so that the negative charge can be compensated [66]. 

The charging of a battery consists of the reverse process due to the chemical character of 

LiCoO2, and the forcing of the flow of electrons from cathode to anode (LiCoO2 is one of 
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the most ubiquitous Li-ion sources in LIBs). This process is not thermodynamically 

favored, and requires the supply of an external source of energy [67]. Concurrently, the 

discharging process is thermodynamically favored and occurs spontaneously after the 

battery circuit is closed during a connection to an energy-receiving device [68]. 

Therefore, it can be concluded that LIBs store and release energy as the result of a chemical 

reaction. The LIBs have high energy density, but the delivered power density upon rapid 

discharge is low as it is affected by the lethargy of reactions occurring at the electrodes. 

On the other hand, electrochemical capacitors (EC) can store energy in the form of a static 

field that is generated at the electrode/electrolyte interface, which is located between the 

two electrodes (Fig.1.7.) [65, 70]. Upon the polarization of the electrodes, the cations or 

anions that originate from the electrolyte are attracted to negatively and positively 

polarized electrodes, respectively. The nature of the electrolyte is therefore crucial for the 

capacitor performance [70]. The operating electrolytes may consist of an aqueous solution 

of potassium chloride, or more advanced organic solutions consisting of propylene 

carbonate and tetrakis (alkane) tetrafluoroborate ammonium salts [71-73]. 

The portions of electrolytes bearing a charge form an ordered double-layer on the electrode 

surface, which is the main mechanism for the charge storage [74]. There are many theories 

regarding the buildup of an electrical double-layer. The first principles were laid by 

Helmholtz, followed by Gouy-Chapman, the Stern-Grahame model, and the 

Bockris/Devanthan/Müller (BDM) model. The core principle is the attraction of the 

opposite charges, and the generation of several layers at the electrode/electrolyte interface. 

The more pores electrode materials have, the more possibilities for build-up of 
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electrode/electrolyte interfaces. Therefore, carbon nanostructures are favored for these 

types of applications.  

 

Fig.1.7. The functioning principle of three major types of energy storage devices 

available on the market today: (A) Lithium ion battery, (B) EDLC, and (C) 

pseudocapacitor. Partially adapted from [63-65]. 

The unit of charge is coulomb (C). The smaller the voltage drop (V) observed upon 

charging the capacitor, the higher the resulting capacitance (F, F = C V-1). The main 
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advantage of this process over LIBs is the small time-scale of the charging process, which 

may already occur within milliseconds [75]. The charge release also occurs at fast rate. 

This makes ECs ideal for applications where high power density output is needed. LIBs 

and other types of batteries provide energy to light-duty vehicles, whereas capacitors 

provide high power output to heavy-duty mass transport and construction machines. 

As the charge that can be stored in an EDLC is directly proportional to the electrode surface 

area, the materials with higher porosity are preferred for the capacitors  

(e.g. graphite, carbon black). EDLC is a term that can be used as a more accurate 

description of ECs (Fig.1.7.). Fig. 1.7.C shows another distinct type of capacitor known as 

pseudocapacitor. As it is the case with batteries, pseudocapacitors utilize redox activity of 

electrode materials in the Faradaic region (where the reduction oxidation processes occur) 

[76]. The major difference is that fast and reversible reduction/oxidation occurs directly at 

the electrode interface, resulting in the simultaneous attraction of ions from an operating 

electrolyte [77]. Supercapacitors employ principles that underlie both double-layer 

capacitance and pseudocapacitance. The active mixing of both types provided high specific 

gravimetric capacitance; however. maintaining high values over excessive amounts of 

cycles is challenging in supercapacitors that utilize conjugated polymers or metal oxides 

[77]. 
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1.6. An overview of the materials used for supercapacitive electrodes. Metals, carbons 

and polymers. 

 

Fig.1.8. The various types of capacitors and active materials responsible for their 

characteristics. The type of capacitor investigated in this work is marked in red. 

Partially adapted from [81]. 

The charge in a pseudocapacitor is stored within the bulk of an electrode [78]. 

Pseudocapacitors may store very large amounts of energy. For example, record values have 

been observed within ruthenium (IV) oxide (RuO2), reaching 1358 F g-1 [79]. Farad per 

gram is the unit for the specific gravimetric capacitance and, more importantly, it describes 
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the energy storage potential of capacitors [80]. Many redox active materials can be used as 

the building blocks for pseudocapacitive electrodes. The most important are displayed in 

Fig.1.9 and Fig.1.10. 

The biggest advantage of pseudocapacitive materials is their high specific gravimetric 

capacitance and short time of reversible charge/discharge processes. Their main drawbacks 

include the high cost of their most active materials (e.g., RuO2), toxicity, and low life-cycle 

stability, which limit their practical use in commercial capacitor devices. 

On the other hand, there are other redox materials that can be manufactured at a much 

cheaper price and are also safer to use. The conjugated redox active polymers, such as 

pyrrole or aniline, undergo faradaic processes (i.e., oxidation or reduction), and store 

energy due to the doping that occurs via the accommodation of counter-ion electrolyte [82]. 

The principle of conjugated polymers is similar to that of metal oxides. In the case of MnO2 

that is immobilized at the electrode and immersed in an aqueous solution of sodium sulfate 

(Fig.1.7.B), the polarization of the electrode and electrochemical reduction generates a 

negative charge that is compensated by the sodium cation obtained from the electrolyte. In 

the case of conjugated polymers, the ion accumulation in the electrode bulk occurs in a 

similar fashion (by n- or p-doping) [87]. There are two mechanisms discussed for the 

energy storage that happens within the conjugated polymers (Fig.1.9.). First is the 

electrochemical and electron stripping of the lone pair that is present on the pyrrole. This 

generates a radical cation on the lone pair of the pyrrole unit, which causes the attraction 

of a counter anion from the operating electrolyte. The second mechanism is based on the 

generation of polaron. This mechanism is also based on the principle of electrochemical 
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oxidation; however, the electron is stripped from the double bond that is a part of the 

conjugated polymer unit.  

 

Fig.1.9. Pseudocapacitance principle of conjugated polymers on example of 

electrochemical anodic doping and cathodic de-doping 

The biggest advantages of pseudocapacitive materials is their high specific gravimetric 

capacitance and the short time of reversible charge/discharge processes. Their main 

drawback is the high cost of their most active examples (RuO2) or toxicity and a low life-

cycle stability. It limits their practical use in commercial capacitor devices. 
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On the other hand, there are other redox materials that can be manufactured much cheaper 

and are safer in use. The conjugated redox active polymers like a polypyrrole or polyaniline 

undergo faradaic processes (oxidation or reduction) and store energy due to doping by the 

counter-ion electrolyte (Fig.1.9.)[82]. The principle of conjugated polymers is similar to 

the metal oxides. In case of e.g. MnO2 immobilized at the electrode and immersed in an 

aqueous solution of sodium sulfate (Fig.1.7.B), upon polarization of the electrode and 

electrochemical reduction, the generated negative charge will be compensated by the 

sodium cation from the electrolyte. In case of conjugated polymers the ion accumulation 

in the electrode bulk occurs in similar fashion by n- or p-doping [87]. There are two 

mechanisms discussed for the energy storage within the conjugated polymers. First is the 

electrochemical and electron stripping from the lone pair present on the pyrrole. This 

generates of radical cation on the lone pair of pyrrole unit, which will cause the attraction 

of counter anion from the operating electrolyte. The second mechanism is based on the 

generation of polaron. This mechanism is also based on the principle of electrochemical 

oxidation, nevertheless the electron is stripped from the double bond in the conjugated 

polymer unit. Fig.1.10. shows a comparison of capacitances obtained from metal oxides, 

conjugated polymers and double-layer capacitive carbons. The advantage of the conjugated 

polymers over their metallic peers is their high conductivity in the doped state [88].  

Conjugated polymers are also less toxic metals [88]. Nevertheless, they cannot store a high 

amount of energy as metal oxides, and are not stable over repetitive charge/discharge 

cycles (conjugated polymers are prone to overoxidation) [90]. The drawback of low 

specific gravimetric capacitance can be resolved by mixing both types of capacitors: EDLC 
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and pseudocapacitors. Such “hybrid capacitors” (supercapacitors) may reach very high 

values of specific gravimetric capacitance.  

 

Fig.1.10. Comparison of different materials with potential to be applied as super- or 

ultracapacitors. Adapted and partially reproduced from [83-86].  

1.7. Replacing metals with carbons and polymers. Modifications of carbons and 

methods of covalently connecting them to the polymers 

The substitution of metal oxides with carbonaceous materials and their hybrids is 

considered to be a very promising approach [96]. The carbon-based polymeric materials 

for supercapacitors possess many sought-after features. Carbon-based polymeric materials 

can store reasonable amounts of energy, and the values observed for the specific 

gravimetric capacitance (obtained from carbons/conjugated polymer hybrids) are reported 
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to exceed 200 F g-1 [97]. It places them within a similar range of that of supercapacitors, 

but the carbon/polymer-based ultracapacitive materials are still difficult to synthesize. 

An approach for reaching or exceeding the specific gravimetric capacitance of 1000 F g-1 

(which places materials in range of ultracapacitors) may be based on the introduction of a 

covalent linkage between double-layer capacitive carbon and pseudocapacitive polymer. 

Such a nanocomposite will therefore provide a double-layer capacitance due to the 

presence of carbon and pseudocapacitance due to the presence of conjugated polymer. The 

vast amount of current literature is concerned with investigation of physical mixtures of 

both components (carbons and polymers) and there are only few examples in the literature 

trying to utilize synergistic effects of double-layer capacitance and pseudocapacitance 

within one molecule. For example, research performed by Li et al has shown that the amide 

covalent anchorage of polyaniline (PANI) with graphene oxide (GO) resulted in enhanced 

electrochemical stability and larger specific gravimetric capacitance comparing to the 

physical mixture of GO and PANI [91,121]. Chemical transformations allow for the 

modification of the properties of materials used for these nanocomposites on a molecular 

level. As the major carbonaceous materials, with their potential application as a 

supercapacitive electrode, are the single-walled carbon nanotubes (SWCNT), multi-walled 

carbon nanotubes (MWCNTs), graphene, C60 fullerenes and single walled carbon 

nanohorns (SWCNHs) (Fig.1.11.). The modification of their structures could result in 

features that are interesting from the synthetic point of view. However, this may be 

destructive for the nanotube’s electronic properties [98]. The chemistries of graphene and 

MWCNTs are well understood, and their derivatization by chemical methods is easy to 
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implement [99]. Fig.1.12. represents the approaches of modifying carbon structures by 

point defects functionalization, covalent and exohedral (outer surface)/endohedral (inner 

surface) non-covalent surface transformations. Both graphene and MWCNTs contain large 

π-extended aromatic systems with many surface defects that easily undergo multiple 

chemical transformations, such as the coupling of dendrimers, amines, and esters to the 

carboxylic defects, cycloadditions with other conjugated rings, or azidoformiates via Diels-

Alder or Prato reactions [106]. Based on the literature, surface modifications of nanotubes 

can be divided into two major trends. First is the non-covalent functionalization with 

foreign molecules such as porphyrin complexes, nanoparticles, or aliphatic hydrophobic 

polymers [100-104]. This trend relies mostly on the van-der Waals or π-π* interactions 

between the large aromatic systems and the foreign molecules or particles [105]. The 

second trend encompasses the chemical modification of carbon surfaces, which occurs by 

covalently attaching various functional groups or molecules that have diverse 

functionalities (e.g., carboxylic groups, amino groups) [106]. 
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Fig.1.11. Visualization of selected carbons in an example of multi-walled carbon 

nanotubes (MWCNT), graphene, single-walled carbon nanotubes (SWCNT), single-

walled carbon nanohorns (SWCNH), and fullerenes (C60).  

Derivation of nanotubes, graphene, and other carbon allotropes, and the investigation of 

electronic properties that have risen from the presence of fused rings and extended π-

aromatic systems has resulted in characteristic names for these molecular reactions. An 



 

 

37 

 

example is the Prato reaction on C60 buckyballs (a variation of a 1, 3- dipolar 

cycloaddition) [107]. Buckyballs (Buckminster fullerenes) and C60 and C70 fullerenes are 

carbon allotropes that are soluble in many organic solvents. It makes the investigation of 

their chemistries possible to follow through the use of standard characterization techniques 

such as proton or carbon 13 nuclear magnetic resonance [86]. The reactions that are worth 

mentioning for the scope of this work are covalent transformations which allow for the 

connection of carbons with conjugated polymers. 

 

Fig.1.12. Trends in modifications of carbon structures. Main approaches are based 

on point defects (present or induced) functionalization, covalent sidewall 

functionalization, non-covalent exohedral functionalization on the carbon surface 

and lesser utilized methodology of non-covalent endohedral functionalization (e.g. 

within the cavity of carbon nanotube) [105].  
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The methods span from the metal-free Friedel-Crafts reaction and anchorage of a poly (N-

isopropylacrylamide), to the nanotubes created through CuAAC click reactions [108, 109, 

111].  

Recently, a novel method was introduced for the derivatization of carbons; this was 

conducted through the electrochemical reduction of diazonium salts that were directly on 

the surface of a carbon-coated working electrode [110]. This type of reaction was used in 

this thesis to introduce a stable anchorage linking pseudocapacitive polypyrrole with 

graphene, MWCNTs, and SWCNHs. 

The chemistry of multi-walled carbon nanotubes and graphene modified structures is of 

special interest for supercapacitors. This is due to the large surface area  

(i.e., Brunauer–Emmett–Teller surface area; BET) of graphene and MWCNTs [112]. Less 

widely applied single-walled carbon nanohorns have very large BET surface  

area; therefore, they could be a promising candidate for energy storage applications [113]. 

The chemistry of SWCNHs has not yet been widely investigated. Due to the structural 

similarities between graphene and nanotubes, their reactivity is predicted to be similar 

[114]. An introduction of different functional groups to the carbon structure can 

dramatically influence its performance in terms of specific capacitance (Table 1.2). It is 

believed that, through the incorporation of pseudocapacitive functionality to the carbon 

core, the observed specific gravimetric capacitance could improve [115]. 
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1.8. Differences between physically mixed and covalently connected 

carbons/polymers. Supercapacitance within a single molecule 

The chemical modification of a carbon surface allows for the attachment of conjugated 

polymers and the creation of additional effects of pseudocapacitance within one molecule. 

According to the previous literature, the nanocomposites of conjugated polymers with 

carbon allotropes perform better than their individual parts [116-118]. Within physical 

mixtures of composites, effective energy storage is often restricted by ion diffusion, 

resulting in low conductivity on the polarized double-layer electrodes [119]. The specific 

gravimetric capacitance in physical mixtures of conjugated polymers and carbon allotropes 

is often below 100 F g-1, indicating that their life-cycle is not adequate to compete with 

commercial supercapacitor electrodes [120]. This drawback can be resolved by creating a 

covalent bond between the conjugated polymer (as a pseudocapacitive fragment) and the 

carbon allotrope (as an electrochemical double-layer capacitive component). The character 

of active polymer distribution around carbon cores is important; therefore, an appropriate 

design of the linker is needed. A molecular structure composed of covalently bonded large 

carbon allotropes with conjugated polymer could allow the nanocomposite to exhibit 

unique effects not observable in random physical mixtures of both parts. Recently, an 

interesting approach was reported, where the pre-polymerized polyaniline PANI was 

directly covalently attached to the graphene oxide [121].  The enhanced specific 

gravimetric capacitance and electrochemical qualities resulting from the covalent 

anchorage to the graphene were shown to be higher than in the random physical mixture 

of graphene and PANI. The covalent anchorage resulted in materials that had an improved 
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electrochemical performance. Nevertheless, it is challenging to find examples about this 

phenomenon in the literature. Thus, more detailed and systematic studies are needed in 

order to justify the mechanism underlying this improvement in composites [131, 132]. 

There are many studies that investigate the dependence of the electrochemical 

characteristics of nanocomposites on the length of carbon nanotubes in MWCNTs/PPy 

films [133, 134]. One of the positions in the literature contains an interesting example of 

graphene functionalization and the attachment of 4-(2,4,6-trimethylphenyloxy) benzamide 

[137]. 

Researchers that connected polyaniline to graphene oxide established that the synergy that 

was exhibited between the carbon and the polymer was caused by the improvement in 

conductivity [121]. This has enabled faster ion diffusion from the electrolyte solution to 

the electrode surface, and an improved conductivity connection due to the increased 

porosity/surface area [145]. The enhancement of diffusion is more obvious when a strong 

bond is provided between the carbon core and the conductive polymer [121]. Due to the 

constant reduction and oxidation processes occurring within conductive polymers in 

charge/discharge processes, a considerable volume change takes place [146]. This causes 

the instability of the polymers and irreversible overoxidation [147]. This makes the 

presence of a rigid connection between the carbon core and the conductive polymer a 

possible explanation for the improvement of life-cycle stability and the enhanced 

mechanical stability of the nanocomposite (Fig.1.13.) [121].  
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Fig.1.13. Covalent connection of double-layer graphene to the pseudocapacitive 

polyaniline. Authors in the publications [121, 131, 132, and 137] claimed 

outperformance of physical mixtures of carbon allotropes and conjugated polymers 

after connecting them by a covalent linker.  

Rigid covalent anchorage between the conjugated polymer and the carbon core introduces 

additional mechanical and electrochemical stability of the first. The appropriate 

distribution of a conjugated polymer around a carbon core via covalent bonds generates a 

unified structure, which is necessary for increasing the efficiency for investigating the 

effect that is enhancing the electrochemical performance. 

Conjugated polymers, such as polypyrrole, undergo constant oxidation/reduction reactions 

upon charge/discharge. This process causes a continuous breaking of the heterocycle 
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aromaticity, doping with electrolyte salt, and consecutive large volumetric changes of the 

polymer. This destructive effect is the main cause for the instability of pseudocapacitive 

conjugated polymers. 

The resulting specific gravimetric capacitance and life-cycle stability benefit from the 

presence of a covalent attachment between carbon and the conjugated polymer. The major 

challenge, however, pertains to the appropriate and uniform distribution of the conjugated 

polymer part around the carbon core. Therefore, an appropriate synthetic methodology is 

needed for the creation of a uniform nanocomposite with controlled morphology. This 

obstacle may be resolved by “initiator approach”. In the synthetic pathway, specially 

modified carbon structures are implemented as polymerization initiators, whereby the 

chain of conjugated polymer is obtained by the respective polymerizations of their 

monomers with carbonaceous initiators. This modest approach for the appropriate covalent 

attachment of a pseudocapacitive (i.e., conjugated polymer) to the double-layer capacitive 

part (i.e., carbon allotrope) generates a supercapacitive effect within a single molecule 

instead of a physical mixture. This approach allows for control over the growth of the 

pseudocapacitive part and ensures that there is a simultaneous covalent connection of both 

parts. This is ultimately due to the initiator, as it is always inherently bounded to the 

growing polymeric chain. Several techniques, such as free radical polymerization, may be 

used for this purpose (Fig.1.14.).  
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Fig.1.14. Connecting the polymers to carbons via initiator approach (I or Pn) on 

example of free radical polymerization, electrochemically aided atom transfer 

radical polymerization and reversible addition fragmentation chain transfer 

polymerization.  

As the living polymerization techniques, reversible addition−fragmentation chain-transfer 

polymerization (RAFT), or electrochemically aided atom transfer radical polymerization 

(e-ATRP) allow sufficient control over the growth of polymeric chains, they may be 
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utilized for connecting large carbon allotropes to the conjugated polymers (Fig.1.9.). RAFT 

(Fig.1.14.) uses dithioesters as the polymerization initiators, whereas e-ATRP utilizes the 

redox activity of unstable copper complexes with metal in the first oxidation state. Copper 

complexes undergo a reaction with a 2-bromobutyrate capped initiator, resulting in the 

generation of a free radical that promotes further polymerization. The activation and 

deactivation of the growing chain may be additionally controlled by means of anodic 

current activation and cathodic current deactivation. It allows the simultaneous use of 

electrochemical potentiostat as a tool for controlling the reaction. RAFT polymerization, 

on the other hand, is a purely chemical-based polymerization technique with a low 

activation/deactivation constant ratio. Low activation constants allow for the growth of 

uniform polymer chains, whereas high activation constants introduce obstacles that hinder 

the control of the reaction. At the same time, free radical polymerization (Fig.1.14.) is the 

simplest technique to apply in polymerization. Carbon allotropes, that are coated with 

conjugated polymers, may be spectroscopically (e.g., infrared and Raman spectroscopy, 

solid state nuclear magnetic resonance, X-ray photoelectron spectroscopy), 

electrochemically (e.g., potential sweep techniques showing current-voltage relationship, 

time dependent impedance, or admittance measurements), thermogravimetrically (e.g., 

differential scanning calorimetry DSC, thermogravimetric analysis TGA), and/or 

microscopically (e.g., transmission electron microscopy-TEM) investigated. Carbon 

materials are often insoluble in common solvents, which makes the investigation of their 

chemistries a challenging task. There are only few examples in the literature that employ 

the “initiator approach” for synthesizing supercapacitive active materials. For example, 
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Baek et. al used amine functionalized multi-walled carbon nanotubes for free radical 

polymerization in the presence of ammonium persulfate for the polymerization of pyrrole 

[1]. However, the underlying principle of the synergy between the carbon and conjugated 

polymer is still not well understood. Table 1.3 summarizes examples of specific 

capacitances that were obtained from various carbon-polymeric material-based systems. 

Many researchers using non-covalent functionalization have demonstrated an issue of poor 

life cycle stability [153-155]. The most common reason for this observation was a lack of 

synergy between the carbon and the polymer. Nevertheless, the capacity enhancement in 

the carbon-polymer nanocomposites is believed to originate from the charge accumulation 

at pseudocapacitive and EDLC parts. Simultaneously, the strong covalent attachment of 

the polymeric and carbon parts ensures that there is a mechanical stability during the 

consequential volume changes, which occurs as a result of pseudocapacitance processes. 

The function of a molecular anchorage, linking both pseudocapacitive and EDLC, is crucial 

for the final features of the composite as the character of the molecular linker dictates the 

morphological structure of the nanocomposite.  
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Table 1.2. Comparison of different methods for electrode preparation based on 

Single Walled/Multi Walled Carbon Nanotubes or Graphene with their specific 

capacitances. Adapted from [130]. 
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a F cm-2 

Table 1.3. Summary of specific capacitances obtained for various systems of carbon 

allotropes and the conducting polymers. Partially adapted from references listed in 

the right column.   
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1.9. Electrolyte influence on capacitance within carbons and polymers. Energy 

storage within stretchable solid state medium-hydrogels 

The nature of operating electrolytes, especially the atomic radius of cations and anions in 

the solution, can significantly influence the specific capacitance of nanocomposite [156, 

157].  

The trend for replacing toxic metal oxides with more environmentally benign alternatives 

sets many requirements and limits for potential materials that can be used in the 

manufacturing of flexible supercapacitive electrodes. Future materials that are utilized as 

electrodes should retain their properties over excessive charge/discharge cycles, and the 

buildup of charge should occur within the shortest time possible. The mobility within the 

operating electrolyte is the most important merit influencing the performance of the 

electrode [94]. The ion dynamics between the electrolyte and electrode is a crucial factor 

influencing the performance of supercapacitors [95]. The working electrolyte should 

facilitate a higher charge rate within electrode materials, which would ultimately allow for 

the electrode to operate at maximum efficiency over large amounts of charge/discharge 

cycles. However, it is challenging to generate a laminate that will retain a high specific 

gravimetric capacitance, mechanical and electrochemical stability, and low toxicity. 

Active materials based on the carbon/polymer hybrids require the operating electrolyte to 

facilitate the maximum level of electrochemical performance possible. The nature of the 

electrolyte influences the functioning potential of the supercapacitive material. The 

interactions at the electrode/liquid electrolyte interfaces are well understood, however, the 

solid-state and semi-solid state electrolytes, such as hydrogels, generate new challenges. 
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The solid state operating electrolyte is desired by stretchable and leakage-free capacitors 

employed in wearable and portable electronics [168]. The ion dynamics and 

electrochemical merits that define the performance of a potential solid-state 

supercapacitive material require deep insight into the three-dimensionally-ordered 

morphology of both active materials and the solid-state operating matrix. 

 

Fig.1.15. Chemical hydrogel structure with ordered arrangement of polymer chains 

achieved through chemical polymerization of monomers (e.g. acrylamide AAm) in 

aqueous environment (left) and physical hydrogel achieved by hydration of e.g. 

natural polymers like starch.  

Applications of hydrogels in energy storage fields is a new trend [172]. There are many 

hydrogel systems that were utilized as potential solid or semi-solid state mediums for these 

devices. The most investigated preparation techniques for hydrogels are based on the 

solvation of readily synthesized polymers such as polyvinyl alcohol, carbohydrates, or 
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polyacrylamide (Fig.1.15). However, the uniform distribution of hydrophobic 

carbon/polymer is difficult within hydrophilic hydrogels [173, 174].  

There are many approaches for resolving this problem, which can be divided into three 

major trends: (A) the modification of carbon/polymer nanocomposites with hydrophilic 

groups, (B) the surface modification and lowering of zeta potential of carbon/polymer 

nanocomposites with surfactants, and (C) the incorporation of carbon/polymer 

nanocomposites into the polymeric structure of the hydrogel [175-177]. Various 

polymerization techniques of acrylamide monomer polymerization by UV frontal 

polymerization, riboflavin induced photopolymerization, or by sonochemical methods are 

present in the literature [182-184]. By alternating the number and weight average of the 

molecular weight, it is possible to generate materials with tailored properties (e.g., shape 

memory) [185]. The biggest advantage of hydrogels utilized as an external medium for the 

active materials is the easy synthesis of a matrix [178]. Polyacrylamide-based hydrogels 

are well investigated, and have already served in applications spanning from portable 

electronics, to wound dressings and biosensors [179-181]. The biggest advantage of 

polyacrylamide/poly (N, N’-methylenebis(acrylamide)) hydrogels are their malleability, 

shape-memory, and well-unified three-dimensional architecture. For the energy reposition 

area, the most important characteristic of the pAAm/pMBAA hydrogels is the introduction 

of various types of electrolytes to the structure. 
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1.10. Optimization of the architecture of the hydrogels bearing active supercapacitive 

elements for energy storage: applications of stretchable electrodes 

Hydrogels have a hydrophilic character; hence, the distribution of hydrophobic 

carbonaceous materials like MWCNTs, graphene, and SWCNHs remains challenging. The 

presence of agglomerated hydrophobic structures within a hydrogel medium leads to 

altered properties within the synthesized laminates. The obtained hydrogel structures are 

often fragile and have little or no potential for wide applications [190]. The same obstacle 

occurs in the case of conjugated hydrophobic polymers such as polypyrrole. Thus, 

manufacturing conductive laminates, with good mechanical and electrical properties, is 

problematic [186, 187]. Due to the variation of number and average molecular weight of 

polymers present in the matrix structure of the hydrogel, a shape memory effect of elastic 

electrodes in portable electronics may be achieved [191]. The implementation of 

carbonaceous active materials within hydrogels results in a synergistic combination of 

conductivity and capacity that is needed in current flexible and portable electronic devices 

[188].  

Normally, the active materials within the pAAm/pMBAA hydrogels are responsible for the 

electrochemical properties. There is a need for a detailed study that will allow researchers 

to address plausible interactions between the pAAm/pMBAA medium and active materials 

(e.g., carbon/polymer nanocomposites). Nanodispersion of active materials within the 

hydrogels is required for this detailed study, as agglomerated phases of active materials do 

not contribute to the synergistic interactions between the elements within the hydrogel.  
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1.11. Summary and premises 

The main objective of the presented study was to generate a translucent and stretchable 

material for a supercapacitive electrode with high conductivity, electrochemical stability, 

and large specific gravimetric capacitance. This task was addressed by separately 

synthesizing the active materials and their subsequent distribution within the hydrogel 

medium. A series of the covalently connected carbon/polypyrrole nanocomposites were 

synthesized, screened for the highest electrochemical activity, and distributed within the 

pAAm/pMBAA hydrogel. From this research, the synthesized laminates should be able to 

store large amounts of energy and be directly applicable as potential building blocks for 

heavy-metal-free electrochemical supercapacitive electrodes. 

The work that is presented within this thesis provides a framework to generate heavy-

metal-free supercapacitive electrodes from nanostructured carbons (e.g., graphene, multi-

walled carbon nanotubes, single-walled carbon nanohorns) with polypyrrole. A method of 

acquiring a synergistic effect from combined EDLC and pseudocapacitance will be 

introduced. The nature of the energy storage will be investigated in detail as a function of 

the type of covalent anchorage between the carbon core and the polymer. The function of 

the operating electrolyte will be discussed with respect to the effect that it will induce to 

the active materials. A series of aqueous and solid-state electrolytes will be investigated. 

The main goal of this thesis will be to inform others of how to uniformly distribute the 

polymeric part around the carbon core, and further the implementation of active materials 

into the stretchable, translucent, and electronically and ionic conductive hydrogel. The 
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obtained hydrogels will be tested as potential building blocks for the supercapacitive 

electrodes.  

The experimental work, data analysis and hypotheses presented in the published articles in 

chapters two to seven were done by Mariusz Radtke. In chapters two to five Dr. Anna 

Ignaszak helped with processing of the drafts of the manuscripts, language correction and 

scientific consultations. 
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Abstract: In this work three different carbon allotropes: multi-walled carbon nanotubes 

(MWCNT), graphene and carbon nanohorns (CNH) were covalently bound with in situ 

generated 3-diazonium aryl chlorides. These species were attached to the carbon surface 

using an electrochemically- initiated radical coupling, similar to the Gomberg- Bachman 

type reaction. An electrochemical grafting of the extended π-systems at the carbon surface 

was performed in aqueous media in a simple 3-electrode system and its kinetics were 

investigated by a modified Butler- Volmer approach. The analysis of Hammett constants 

demonstrated a strong influence of the type of electron donating-/withdrawing substituents 

on the reduction potential peak position and the peak current. Moderately or strong electron 

withdrawing groups like -carboxylic or –nitro tend to shift reduction potential towards 

more positive values, which facilitates electron uptake. The deposition time varies for 

different carbon allotropes and depends on the carbon graphitization and the surface area. 
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The best surface coverage was obtained at 90–150 s of the deposition. Although, the 

surface functionalities are less conductive than the carbon, the electrodes showed a low 

internal resistance and thus a high rate of electron transfer (high exchange current density 

and the electron transfer rate constant), with the most promising observed for carbon 

nanohorns. The best performing carbon revealed also superior mass transport of the redox 

active species toward the electrode surface, owing to their unique particle shapes and its 

very porous structure. The Tafel analysis complemented by an impedance spectroscopy 

allowed selecting the best carbon substrate for the functionalization with a 3-aminobenzoic 

acid. 

2.1. Introduction 

The new trend of replacing poisonous, but highly effective materials with non-toxic “green 

chemical” analogues is a challenging task for today’s research [1]. Taking as an  

example, one of the most promising is the substitution of metallic capacitors with 

carbonaceous materials that are abundant and safe for the environment [2]. A chemical 

derivatization permits to precisely tailor electrical, mechanical and morphological 

functions of such materials, which often leads to a new nano-scale design. This is also 

accompanied by unconventional synthesis methods. Overall, the goal is to generate new 

functional molecules that can outperform or replace hazardous components [3]. Chemistry 

of multi-walled carbon nanotubes (MWCNT), Graphene and Carbon Nanohorns is widely 

investigated by many groups [4,5,6] and, in most cases, the first step towards generating 

structures that will resemble sought properties is to introduce the functional groups to the 

extended π-systems of the carbon. This modification enables appropriate sub- sequential 
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transformation such as the attachment of additional functional materials that can 

significantly tune/modify the carbon functions [7,8]. Since the CNTs, Graphene and CNHs 

conducting properties are critical for many applications in electronics, energy 

storage/conversion and catalysis, much effort has been made towards improving/modifying 

electrochemical features by combining them with a synergistic molecule like porphyrin 

complexes [9], metal nanoparticles [10], or conductive polymers [11,12]. The latest 

combination is particularly exciting since it can be applied as the lightweight, stretchable 

electrode – laminate, that are easy to craft for various shapes and geometries. Such 

materials are the next generation power sources for various portable electronics and 

electrical vehicles. 

The conducting polymers that are often combined with carbons are quasi-infinite 

conjugated π-systems, extending over a large number of repeating monomer units, and 

result in a band-like electronic structure. The conduction mechanism relies on the transfer 

of charged defects within the conjugated framework, and strongly depends on the level of 

doping [13]. Regarding the composites and taking MWCNTs-polytyrosine as an example, 

the electronic structure of conducting polymer is modified by the presence of CNTs, 

indicating a strong coupling between the MWCNTs and the polymer π systems [14]. The 

CNTs can also promote the solution-protonation of the polymer, resulting in the 

modification of polymers’ electrical properties [15]. Another important aspect in the 

fabrication of the composite with improved functions is the molecular-scale particle design 

and the geometry control. For example, in CNT-polymer systems it can be the helical 

wrapping of the tubes in an ultra-thin polymer film [16]. The polymer-reinforced CNTs 
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form the long-lived stable dispersions in different media, with better mechanical and 

electrical properties in comparison to their individual components [17]. 

Furthermore, the crucial step in designing of such compounds is to create an additional 

covalent linker, which function is to connect the respective motes [18]. Buckyballs C60 are 

often derivatized according to the Prato reaction that is a modified 1,3- dipolar 

cycloaddition [19], or MWCNT by a metal-free Friedel-Crafts reaction [20,21]. Another 

way will be the CuAAC (Copper catalyzed Azide Alkyne Cycloaddition) click reaction 

allowing to attach the conductive polymers such as a polypyrrole or 

polyethylenedioxanthiophene to the carbon surface [22,23]. The carbon functionalization 

via Cu(I)-catalyzed cycloaddition reaction is a very effective variant to connect these 

particular organic motes with carbon. This method results in a high yield with an 

enormously high tolerance of functional groups and solvents under moderate reaction 

conditions [22]. 

Nevertheless the step of creating a linker in the way that both carbon and the attached 

functions are sustained (or improved) can be carried out in many different ways. Recently, 

several research groups have demonstrated a new approach for the functionalization of 

glassy carbon, silica or gold electrodes via an electrochemical reduction of diazonium aryl 

compounds bearing different substituents with simple cyclic voltammetry [24-26]. Other 

scientists followed up with this method to modify graphene or single walled carbon 

nanotubes [27,28]. The electrochemical diazonium coupling to carbon is versatile, scalable 

and provides high degrees of functionalization, while sustaining good conjugation 

characteristics [24]. This reaction can be carried out using an aniline derivative and an alkyl 
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nitrite or with a pre-formed diazonium salt in organic or aqueous solvents. The coupling 

reaction follows the Gomberg- Bachmann mechanism, in which the reaction occurs via 

electron transfer from the carbon into the diazonium species. As the  

product nitrogen gas is released, the reactive aryl radical is formed, which further reacts 

with carbon to form arene bonds [29]. Up to date, the electrochemical functionalization of 

carbon nanohorns with the diazonium moiety has not been reported. Although the 

electrochemical activity of diazonium aryl salts has been proven [30], the systematic 

kinetic analysis in respect to the carbon surface derivatization is still unexplored.  

This work demonstrates comprehensive studies on the modification of the model carbon 

allotropes using the voltammetry and a sub-sequential bulk electrolysis method. Our goal 

is to apply electrochemistry in tuning the electronic properties of the carbonaceous surfaces 

by attaching various aromatic aryl rings, which will be electro-generated from the 

diazonium aryl moiety. The voltammetry and impedance analysis will allow us to improve 

the kinetics and the mass transport of the electrochemical reduction, leading to the 

optimization of reaction conditions, and thus resulting in the maximum yield for the 

functionalization of carbon surface. The electrochemical analysis of the cathodic peak 

position and the reduction potential will be the foundation to generate an extended 

Hammett plot. This analysis will deliver important information on the direct relationships 

between the reaction rate and the electrochemical response for several reactants, allowing 

us to achieve the highest control of the surface modification for several diazonium salts 

[31]. The combination of a modified Butler- Volmer model, Tafel analysis and 
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electrochemical impedance spectroscopy will verify significant differences in the kinetics 

of the electrochemical derivatization for the selected carbon allotropes. 

2.2. Experimental 

2.2.1. Materials and methods 

3-aminobenzoic acid (98%, Sigma- Aldrich Canada) was recrystallized twice from 

absolute ethanol prior the use, all other chemicals have been used as received.  

3-methylaniline (Sigma- Aldrich Canada, 99%), 3-nitroaniline (Sigma- Aldrich Canada, 

98%) and 3-aminophenol (Sigma- Aldrich Canada, 98%) were used without further 

purification. XPS studies were performed at Dalhousie University (Canada) on VG 

Microtech MultiLab ESCA 2000 System with 100 µm analyzer spatial resolution, 10 meV 

energy resolution and Mg Kα linewidth. The electrochemical studies were carried out on 

CH Instruments Potentiostat/ Galvanostat in a 3- electrode system with 25 mL Gamry 

electrochemical cell. A glassy carbon rotating disk electrode (RDE) was used as working 

electrode, Ag/AgCl (1M KCl, 0.222 V) as a reference and a platinum as the counter 

electrode. For the electrochemical reduction of 3-diazonium aryl salts, a glassy carbon disk 

of a size 10 mm × 10 mm was coated with the carbon allotrope. An aqueous suspension of 

a known carbon concentration was drop-casted on the surface of working electrode.  

Cyclic voltammetry (CV) was recorded in the potential range from 0.978 V to -1.022 V 

(according to literature for a 4-carboxybenzenediaznium chloride[32]). RDE electrode and 

glassy carbon plates were cleaned (mirror polish) using a 0.05 µm Al2O3 slurry (CH 

instruments) and rinsed thorough with distilled water and i-PrOH (Sigma Aldrich). 

Potassium hexacyanoferrate, multiwall carbon nanotubes (O. D. x L 6- 9 nm x 5 µm, > 95 
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% carbon), carbon nanohorns were purchased from Sigma Aldrich Canada. A single layer 

graphene was obtained from Graphene Supermarket (Calverton, NY, US). 

2.2.2. An electrochemical derivation of in-situ generated 3-diazonium aryl chlorides. 

4 mmol of a 3-substitued aniline was dissolved in 12.5 mL of 1M HCl and 7.5 mL of 

distilled water, and the solution was brought to 0 °C in a 3-neck electrochemical cell 

(Gamry). 6 mmol of sodium nitrite in 5 mL cold distilled water was added dropwise 

through the pressure regulated funnel to the solution, and stirred in an ice bath for 5 

minutes. The funnel was removed and the cell was equipped with a coated RDE glassy 

carbon or the glassy carbon (GC) plate, an Ag/AgCl reference electrode and Pt wire 

(counter electrode). Afterwards a cyclic voltammetry scan was carried out in the potential 

range from + 0.978 to -1.022 V at the scan rate of 100 mV s-1. In order to observe 

irreversibility of the reduction process (based on the position and intensity of cathodic 

peaks), two voltammograms were recorded. The reactant concentration was evaluated in 

the range of 5- 45 mmol and the best derivatization conditions (concentration of  

reactant, scan speed) were assessed experimentally (CV cathodic peak area for each 

concentration was correlated with a XPS surface elemental analysis, quantification details 

are provided in the supporting information, Fig.2.S1). The FTIR analysis of all carbons 

identified the –C-OOC signal at about 1630 cm-1 for all carbons (the spectra is provided in 

supporting information, Fig.2.S7.). 

2.2.3. Reduction of a 3-carboxybenzendediazonium chloride: kinetic studies 

The glassy carbon plates were polished and cleaned prior using. 0.5 mL of 0.0085  

g mL-1 suspension of the carbon allotrope in isopropanol (sonicated for 30 min) was casted 
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onto the glassy carbon and dried under a soft stream of nitrogen and a 60 W lamp for 5 

minutes. After the solvent evaporation, the GC plate was connected to the potentiostat 

(working electrode) and immersed in the electrochemical cell containing 25 mL of the 30 

mM solution of a freshly prepared a 3-carboxybenzenediazonium chloride at 3.2 °C (the 

reaction is exothermic and requires the temperature below 5 °C). The electrochemical setup 

demonstrated in section 3.1 was also employed in this synthesis step. Electrodes were 

positioned in necessary distance to avoid an additional internal resistance. Prior to 

electrochemical tests the solution was stirred for 5 minutes at 80 rpm at a constant 

temperature (ice bath), and the CV scans (two) were recorded from +0.978 to -1.022 V at 

the potential scan rate of 100 mV s-1 with 10-3 (A V-1) sensitivity. After estimating the 

reduction potential (Table 2.2, Fig.2.2.), a bulk electrolysis was carried out at different 

times from 30 to 180 seconds, with a 30 s increment. A Tafel plot (E = f(log i)) was 

generated in the potential range between 0.978 – 0.492 V at the scan rate of 100 mV s-1. 

AC impedance spectroscopy measurements for the functionalized carbon electrode were 

performed in 0.1 M KCl solution in the frequency range of 100 kHz-0.05 Hz with a 20 mV 

sine-wave amplitude. After the bulk electrolysis, the GC plate was dried under the nitrogen 

stream and the CV spectrum was acquired at the same conditions in a 5 mM of K3Fe(CN)6 

aqueous solution. The GC electrode was then cleaned and the procedure was repeated for 

longer time of the deposition (60 seconds and higher). 
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2.3. Results and discussion 

2.3.1. Derivatization of the carbon allotropes 

Fig.2.1. demonstrates the electrochemical modification of respective carbon allotropes, 

MWCNT, CNH and Graphene, according to the modified Gomberg-Bachmann type 

reaction. A classical Gomberg-Bachmann approach for the reduction of 3-

carboxybenzenediazonium chloride is carried out in basic solution (sodium hydroxide) 

[32]. For the electrochemical reduction of an in-situ generated chloride, the reaction has 

been conducted in aqueous 1 M hydrochloric acid. Fig.2.2. demonstrates the 

voltammogram with two well-separated peaks associated with the reduction process. The 

first peak with the maximum at 0.255 V represents the formation of aryl radicals at the 

electrode surface. This highly reactive unstable species generates a 3-benzenecarboxylic 

acid group via C sp2- C sp3 bond formation [33], and are represented by the second cathode 

peak at 0.0812 V. In the proposed mechanism (Fig.2.2.), the electrochemically-generated 

radical cation with a diazonium group has a positive charge compensated by the chloride 

counteranion. This positively charged species will first attain electron, resulting in the 

heterolytic splitting of the sigma bond between C sp2 atom and N sp hybridized atom. The 

nitrogen gas is released as a neutral molecule and the aryl cation radical is created (release 

of nitrogen gas was observed during the experiment). The process can be summarized 

according to [33]: 

𝑅 − 𝐴𝑟 − 𝑁+ ≡ 𝑁 + 𝑒− ⇀ 𝑅 − 𝐴𝑟 ∙ + 𝑁2 (1) 

𝑐𝑎𝑟𝑏𝑜𝑛 +  𝑅 − 𝐴𝑟 ∙ ⇀ 𝑐𝑎𝑟𝑏𝑜𝑛 − 𝐴𝑟 − 𝑅       (2) 

(𝑅 = 𝐶𝑂𝑂𝐻,𝑁𝑂2, 𝑒𝑡𝑐. ) 
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Fig.2.1. The electrochemical reduction of various aryl diazonium salts. 

Electrochemical carbon functionalization can be a good alternative to the conventionally 

used oxidative processes [34,35]. Regarding the functionalized  

material, we predict that the carbon-to-diazonium benzene carboxylic acid interactions are 

much stronger (since the reduction peaks are sharper with higher current maxima), due to 

the expanded surface of the carbon substrate (CNTs, CNH or even graphene), as compared 

to the electrochemical surface modification carried onto the glassy carbon, gold and silica 

[24-26]. This moiety is expected to have a high affinity towards the extended delocalized 
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π system of graphitized carbons, which was already proven by the theoretical calculations 

based on the molecular orbital (MO) theory [34]. 

For the quantification of the surface functionalities, several methods can be  

employed, including an in-situ electrochemical gas chromatography to scavenge the 

gaseous nitrogen product, X-ray photoelectron spectroscopy (XPS) elemental surface 

analysis or, simpler, the electrochemical method based on a Faraday’s 1st law of 

electrolysis. In this study we correlate both the electrochemical and XPS methods. The 

reaction yield calculated according to the Faraday’s law relies on the reduction peak at 

0.0812 V (Fig.2.2.), which was integrated in order to obtain the charge associated with the 

reduction process [36]. The calibration curve for the concentration of functionalities was 

generated based on the analysis of reduction peak that increases linearly with an increasing 

concentration of the reactant (Fig.2.S2.). The highest degree of functionalization was 

obtained for the initial concentration of 30 mM of a 3-carboxybenzenediazonium at the 

electrolysis time of 90 s. This results in the highest surface concentration of functionalities, 

which is 14.99, 39.54 and 16.87% for the MWCNT, graphene and nanohorn, respectively 

(Table 2.1). The complementary XPS analysis of O 1s and C 1s signals was used for the 

quantification of the oxygen containing functionalities and the relevant spectra are included 

in the supporting information. O 1s and C 1s peaks correspond to the carboxyl linker 

attached to the carbon surface (these signals were deconvoluted and the intensity of –C-O- 

signal was used for the quantification). The XPS survey analysis shows the concentration 

of 16.90 % (Table 2S1). This is in good agreement with the calculated yield based on the 

Faraday’s 1st law (14.99 %). The representative voltammograms used for these calculations 
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can be found in the Fig.2.S4. in the supporting information. Table 2.1 summarizes the 

surface concentration of oxygen moieties onto the various carbons. 

 

[a] XPS surface analysis of O 1s peak revealed the 16.90% of the carboxyl 

functionalization (calculation provided in supporting information). 

Table 2.1. Yields based on Faraday’s 1st law of electrolysis. 

2.3.2. Effect of the functionalization of a linker moiety 

The effect of the electronic character of the substituent attached in the meta (3) position in 

the organic linker on the reduction potentials was studied for the 3-methylaniline, 3-

nitroaniline, and 3-aminophenol. Electron withdrawing and electron donating effects 

correlated to electrochemical reduction potential have been reported only for few 3-

substituted anilines [36,37].  
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Fig.2.2. CV recognition scans of multi-walled carbon nanotubes with an in-situ 

generated a 3-carboxybenzenediazonium chloride. 

The best representation of this phenomenon is the Hammett plot, demonstrating the 

dependence of the reduction peak potential as a function of the Hammett constant for 

particular type of the substituent. This constant is defined as the capacity of the substituent 

towards modification of the electronic structure of the molecule, and is shown in Fig.2.3. 



 

 

81 

 

 

[a] Adapted from ref [38]. [b] estimated in a 3-electrode system (Ag/AgCl 222 mV). [c] 

Estimated at the fixed concentration of 0.3 mM for each compound; scan rate 200 mV s-1. 

[d] Salts were synthesized in-situ according to the protocol described in experimental 

section. 

Table 2.2. Hammett constants, reduction potentials and the peak current for various 

substituted diazonium compounds. 

The strong electron withdrawing groups such as -nitro tend to shift the reduction potential 

towards more positive values, which facilitates an electron uptake. This is in good 

agreement with the peak intensity for the cathodic process that is stronger (higher peak 

current) upon incorporation of aryl diazonium salts with the strong electron withdrawing 

groups (Table 2.2., Fig.2.3.). For the weakly donating or withdrawing substituents  

(e.g., methyl or carboxylic) the aryl diazonium salt is reduced at more negative potentials. 

Also, depending on the type of substituent, the peak intensity varies as the electron-affinity 

changes. The anodic peak seen at 0.384 V is weakly resolved when compared to the intense 
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reduction peaks in the initial cathodic scan (Fig.2.2.), which corresponds to the oxidation 

of the chloride counter-anion from the in-situ generated diazonium salt [39]. 

 

Fig.2.3. An evaluation of Hammett constant and the reduction potential for various 

substituted diazonium salts. The functionalities on the insert (upper left) represent 

the 3-aminobenzoic acid and on lower right side of the graph corresponds to the  

3-nitroaniline. 

2.3.3. Surface coverage 

Cyclic voltammetry was further employed for the estimation of surface saturation 

(coverage) with the electrochemically generated functionalities onto the carbon surface. In 



 

 

83 

 

the following experiment the intensity of peaks corresponding to the reversible redox 

transition of Fe2+/Fe3+ in the 5 mM K4Fe(CN)6 standard probe was analyzed as the function 

of functionalization time. MWCNTs were used as the test substrate and the deposition was 

carried out at the constant concentration of the 3-carboxybenzenediazonium chloride 

(optimized experimentally in this work). Since the benzoic acid linker is less conductive 

than the carbon, we expect the decrease in the intensity of the Fe2+/Fe3+ peak until the 

electrode surface is fully covered by the reacting deposited molecule. As demonstrated in  

Fig.2.4., the peak intensities decrease for 30s and 60 s of the deposition and remain stable 

at 90 s, regardless of the increasing time of the coating. The stability of peak current 

indicates on the saturation of the carbon surface with a less conductive benzoic acid linker. 

For the graphene and carbon nanohorns the maximum surface coverage was observed after 

90 and 120 seconds, respectively. 

2.3.4. Kinetic studies 

Kinetic studies were carried out for the 3-carboxybenzdiazonium chloride as the model 

compound, since this carboxyl anchor can generate several transformations that can benefit 

in further functionalization of the carbon surface [21]. For the reduction of the  

3-carboxybenzdiazonium chloride (e.g., reduction of the carboxyphenyl cation radical), the 

process can be written as an irreversible reaction of a first order [40]: 

𝑂𝑥 + 𝑛𝑒−
𝑘𝑓
→  𝑅𝑒𝑑 (3) 

The reaction rate for the forward reaction is derived from the Arrhenius equation: 

𝑘𝑓 = 𝑘0exp [ (−
𝛼𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸0)]   (4) 
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Fig.2.4. Derivatization effect with K4Fe(CN)6 used as a redox probe. Blue scan 

corresponds to 30, red to 60 and navy to 90 s of the deposition time. 

where E0 is the standard potential for the reduction reaction, E is the applied potential, R 

corresponds to the gas constant (8.314 J mol-1 K-1), F is the Faraday constant  

(96845 C mol-1), T is the temperature (295.45 K), n is the number of the electrons 

transferred (n=1), k0 is the standard heterogeneous rate constant (in M s-1), and α is the 

electron transfer coefficient calculated from the Tafel plot (Fig.2.3.) [39]. 

The measures taken from this linear function are further applied for the calculation of the 

limiting current and the mass transport resistance. The net current at the electrode for a 

reduction reaction is defined by the Butler-Volmer equation: 
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𝑖 = 𝑛 𝐹 𝐴 (𝑘𝑓([𝑂𝑥])  (5) 

𝑖 = 𝑛 𝐹 𝐴 𝑘0([𝑂𝑥]𝑒𝑥 𝑝 (−
(1 − 𝛼)𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸0)) (6) 

where [Ox] represents the concentration of the 3-carboxybenzenediazonium chloride (that 

is 0.03 [M]). The selected applied potential E is 0.978 V and the E0 is 0.256 V (estimated 

experimentally in this work from the maximum of cathode peak). The logarithmic function 

applied to formula (6) leads to equation (7) [39]: 

𝑙𝑜𝑔10(−𝑖) = 𝑙𝑜𝑔10(𝑛𝐹𝐴𝑘0𝑐𝑅) + (1 − 𝛼
𝑛𝐹

𝑅𝑇
𝑙𝑜𝑔10(exp[𝐸 − 𝐸0])  (7) 

𝛼 = 1 −
𝑖𝑜𝑅𝑇

𝑛𝐹
 (8) 

The electron transfer coefficient α is calculated from the slope 
(1−𝛼)𝑛𝐹

𝑅𝑇
 of the linear function 

defined in equation (7). The Tafel parameters for the electrochemical functionalization of 

all allotropes are demonstrated in Table 2.3.  
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Fig.2.5. Tafel plot for the electrochemical derivatization of graphene. The slope of 

the cathodic and anodic branches were used to calculate an exchange current 

density. The linear plot of the log i = f(E) has the intercept at the value of io 

(exchange current density). 

Furthermore, the limiting current (iL) can be estimated after an extrapolation of the linear 

region of the Tafel plot to η=0 (Fig.2.6.). The heterogeneous rate constant in the following 

step is calculated from the equation (9), taking the following measures: A = 0.785 cm2 

(geometric area of the electrode) and the standardized concentration, C = 1.5 ∙10 -7 mol cm-

3[39]: 
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𝑘0 =
𝑖0
𝐹𝐴𝐶

    (9) 

Similar, a charge transfer resistance can be calculated according to equation (10) [39]: 

𝑅𝐶𝑇 =
𝑅𝑇

𝐹𝑖0
    (10) 

The corresponding mass transfer resistance for the derivatized carbon is defined by 

equation (11): 

𝑅𝑚𝑡 =
𝑅𝑇

𝐹𝑖𝑙
    (11) 

Table 2.3 and the relevant Fig.2.7. summarize the important kinetic parameters that are 

discussed as the function of the type of carbon (statistics made for the deposition time of 

90 s for all carbons) and the time of deposition. 

2.3.4.1. Effect of carbon type 

The general trend for the rate of electron transfer in the reduction process is that the reaction 

rate constant (ko), the electron transfer coefficient (α) and the exchange current density (io) 

show the highest values, and the corresponding charge transfer resistance of the electron 

process (Rct) is the lowest, for carbon nanohorn, followed by MWCNT and graphene. This 

demonstrates that the reduction reaction is predominant on CNHs and can be discussed 

taking into account the following. Firstly, CNHs have very high electrochemically active 

surface, composed of several branches of carbon with a high graphitization level 

(Fig.2.S6.). These electronically conductive “nano-cables” offer a fast and direct electron 

transfer, which influences the kinetic parameters. The second important benefit of CNH is 

their high electrochemically active area (also correlates well with the BET specific surface 
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that is 400 m2 g-1 (provided by carbon supplier) that ranks the nanohorns as the best 

performing among tested carbons. 

 

Fig.2.6. Linear range of Tafel plot as a function of overpotential for the 

electrochemically derivatized carbon nanohorns (as an example). 
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[a] Heterogeneous rate constant. [b] Charge Transfer Resistance. [c] Mass Transfer 

Resistance. [d] Exchange current density (from Tafel analysis). [e] Electron transfer 

coefficient. [f] Limiting current (from Tafel analysis). [g] The numbers from 30 to 180 

indicate the reduction time. 

Table 2.3. Kinetic parameters calculated according to Eq. 3-11 and based on the 

analysis of Fig.2.7. for the functionalization of MWCNTs, graphene and carbon 

nanohorns with a 3-carboxybenzenediazonium chloride, and as a function of 

deposition time. 

The morphology features also affect the mass transport parameters, giving the smallest 

value of the resistance to the flow of reactant (RMT) and the highest diffusion-controlled 

current (iL).  
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The mass transfer criteria indicate that the branched structure of CNHs facilitates the access 

(open porosity) and the transport of redox active species towards the carbon surface. The 

MWCNTs and graphene are both similar in respect to the electrochemical  

performance, and the observed discrepancies can be primarily caused by the morphology 

difference. Both the MWCNTs and graphene are highly graphitized, thus very good 

electronic conductors, however as shown in TEM scans (Fig.2.S3.nand Fig.2.S5.), the 

graphene tends to agglomerate resulting in the limited access to the active surface. This 

will significantly affect both the electron transfer and the mass transfer of the redox process 

at the carbon surface. The Tafel plots for the deposition on all carbons carried out for 90 s 

are presented in Fig.2.7.A. An interesting observation is that for the CNHs and graphene, 

the deposition potential is shifted negatively of about 200 mV, as compared to the 

MWCNTs. As shown in Fig.2.7.D, for MWCNTs the deposition potential is stable 

regardless the time of reduction. This indicates on a very stable graphitized carbon surface 

composed of the well-oriented aromatic rings and a strong electronic interaction 

(stabilization) from underlying graphene layers in MWCNTs (Fig.2.S3.). For the graphene 

and CNHs, the shift is presumably related to the catalytic effect of the growing 3-

carboxybenzenediazonium chloride moiety on the deposition potential (activation 

polarization). Both allotropes demonstrated a strong correlation of the kinetic and mass 

transport as the function of the reduction time. 

2.3.4.2. Effect of the reduction time 

The MWCNTs showed similar kinetic and mass transport parameters measured at the 

different deposition time. This is related to their crystallographic features. The MWCNTs 
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are well-ordered as compared to CNHs. Even though graphene is crystalline, it has very 

high tendency for the agglomeration – this presumably will affect both the kinetic and mass 

transport values. For the graphene, the fastest electron transport (ko, Rct, io) and the best 

mass transport conditions were obtained for the deposit generated at 150 s. Although, the 

layer of the 3-carboxybenzenediazonium chloride is less conductive as compared to the 

pure carbon, this indicates that the electrode kinetics are not obstructed by the surface 

saturation (full coverage). Similar parameters were obtained for CNHs, better redox kinetic 

and the mass transfer features are observed at the higher deposition time (with maximum 

at 90 s). This indicates on the catalytic effect of the 3-carboxybenzenediazonium chloride 

moiety on the reduction process. The mass transfer resistance associated with a growing 

film at the electrode surface demonstrates similar trend for all carbons [41], regardless the 

time of electrochemical reduction. The analysis of kinetic and mass transfer in the 

conjunction with the surface coverage analysis (Fig.2.4.) lead to the conclusion that the 

functionalization process should be optimized for the individual carbon taking onto account 

its graphitization, morphology and the specific surface area. 
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Fig.2.7. The effect of reduction time on the Tafel shift for carbons analyzed after 90 

s of deposition (A), graphene (B), nanohorns (C) and MWCNTs (D). Arrows 

indicate the increase in the deposition time. 

The electrochemical impedance measurements were conducted as the complementary 

technique to calculate Rct of the derivatization process. This will verify the Tafel analysis 

in the estimation of the electrode kinetic and the mass transfer. Fig.2.8. represents the 

exemplary Nyquist plots with the corresponding equivalent circuits used to fit experimental 

data for the carbon nanohorns before and after functionalization. For the pure CNH-based 

electrode, the mass transfer is predominant process and is defined by the Warburg element 
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(W), which at a low-frequency is represented by the straight line with a slope near 45 

degrees. This equivalent circuit consists of a solution resistance (Rs), which often stands 

for the equivalent series resistance of the combined electrolyte and the internal electrode 

resistances. Both resistors are very small since the liquid and the electrode materials are 

highly conductive, and they are not well distinguished in Fig.2.8. (as they are close to zero 

ohms). The charge transfer resistance (Rct) describes the rate of redox reaction at the 

electrode/electrolyte junction. Due to the heterogeneous character of the electrochemical 

process, a resistance generated by the separate ionic and electronic charges between solids 

is represented by a double layer constant phase element (CPEdl). The leakage resistance 

(RL) in parallel with CPEL (representing pseudocapacitance) and is usually neglected due 

to the high values. As demonstrated in Fig.2.8. (left), the impedance of the pure CNHs is 

governed by an infinite mass-transport of redox active species from the electrolyte towards 

the electrode (Warburg) resistance. This is expected for the very porous and highly 

conductive substrates. After carbon derivatization, the resistivity is affected by the growing 

insulating layer of the 3-carboxybenzenediazonium chloride. For the grafted electrode, a 

depressed semicircle corresponding to the resistivity of 3-carboxybenzenediazonium 

chloride. The value of charge transfer resistance (Rct) determined by an extrapolation of 

the semicircle to Z’ axis is similar to the same parameter calculated based on the Tafel 

analysis (Rct in the same range of magnitude and the lowest among all tested electrodes, 

data not shown). The complementary impedance test proves the accuracy of the Tafel 

study. 



 

 

94 

 

 

Fig.2.8. Impedance spectra with an electrical equivalent circuit before (left) and 

after (right) derivatization for CNHs as an example. 

2.4. Conclusions 

In this study we demonstrate the electrochemically-initiated coupling of various carbon 

allotropes with the 3-diazonium aryl salts in aqueous media. 3-substitued anilines, such as 

3-amino benzoic acid, 3-amino toluene, 3-nitroaniline and 3-amino phenol, that contain 

different electron donating or withdrawing groups were employed as sources of diazonium 

compounds, and were successfully reduced electrochemically. This new method of 

initiation follows the mechanism, which is similar to the Gomberg-Bachman type chemical 

reduction. The analysis of Hammett constant demonstrated a strong influence of the type 

of electron donating-/withdrawing substituents on the reduction potential peak position and 
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the peak current. The strong electron withdrawing groups like -carboxylic acid or -nitro 

tend to shift the reduction potential towards more positive, which facilitates an electron 

uptake. This is in good agreement with the peak intensity for the cathodic process that is 

stronger (higher peak current) upon incorporation of aryl diazonium salts, and the presence 

of the strong electron withdrawing groups. For the weakly donating or withdrawing 

substituents (e.g., carboxyl or methyl) the aryl diazonium salt is reduced at more negative 

potentials. The functionalization time varies for different carbon allotropes and depends on 

the carbon graphitization and the surface area. The best surface coverage was obtained at 

90-150 s of the deposition. Although, the organic linkers are less conductive than the 

carbon, the electrode internal resistance is low, facilitating a high rate of electron transfer 

(high exchange current density and electron transfer reaction rate constant), with the best 

observed for the carbon nanohorns. The best performing carbon revealed also superior 

mass transport of the redox active species toward the carbon surface, owing to its unique 

morphology. The Tafel analysis complemented by the impedance spectroscopy allows 

selecting the best carbon substrate for the functionalization with organic linker. The 

electrochemical grafting is fast, less toxic, can be precisely controlled, and is easy to scale 

up, as compared to the conventional chemical derivatization. The functionalized carbons 

synthetized in this work will be further derivatized with a conducting polymer. This 

composite will be used to construct a stretchable and lightweight capacitor electrode with 

an improved electrochemical stability.  
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Fig.2.S1. XPS narrow scan of C1s.  
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Fig.2.S2. TEM picture of MWCNT. 
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Relative abundance (%)      

C   83.10      

O   16.90      

              100.00  

Table 2.S1.XPS survey data for MWCNT derivatized with a 3-

carboxybenzenediazonium chloride. 

According to the Faraday’s 1st law of electrolysis, the mass deposited during a cathodic 

process at the electrode is proportional to the charge passed through the electrode. The 

charge necessary for this calculations is defined as: 

𝑄(𝐶) = ∫ 𝐼(𝑡)𝑑𝑡
𝑡

0

      (𝑆1) 

The CV scan, which is a plot of the current (A) against the potential (V), can be easily 

transposed to the time domain using the scan rate (100 mV s-1). From the plot I vs t, an 

integral of the first scan corresponding to the cathodic peak for the deposition of the aryl 

is analyzed. The quantification based on the Faraday’s law of electrolysis is correlated with 

the XPS method. For example, the derivatization of the MWCNT with the 3-

carboxybenzenediazonium chloride, gives a yield of 14.99 %. It corresponds to the –C-O 
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signal in O 1s and C 1s signals that contributes with a 16.90 % of the total XPS oxygen 

and carbon signals (Table 2S1). The carboxyl peak from the deconvoluted O 1s and C 1s 

signals is assigned to the electro-generated linker onto the carbon surface. 

 

Fig.2.S3. Electrochemical quantification of the electro-deposited linker. 
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Fig.2.S4. TEM picture of non-derivatized graphene used in this work. 
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Fig.2.S5. TEM picture of non-derivatized carbon nanohorns used in this work. 
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CHAPTER THREE 

Grafting of the carbon allotropes and polypyrrole via a Kevlar type organic linker: 

the correlation of carbon structure/morphology with electrochemistry of the 

composite electrode 
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Abstract: This study validates three carbon allotropes: multi-walled carbon nanotubes, 

graphene and carbon nanohorns that are covalently bound via a Kevlar type linker (amide 

bound aryl) with polypyrrole. In the proposed synthesis, the linker moiety is formed onto 

the carbon surface via combined electrochemical and chemical reactions and the polymer 

is attached during the final phase. Overall, the highest specific capacitance (~ 350 F g-1) 

and the thermal and electrochemical stability were observed for the MWCNT-based 

system, followed by the Nanohorn-g-PPy (-g- stands for grafted) and at least stable with 

the smallest capacitance in the Graphene-based composite. The MWCNT-grafted material 

demonstrated a non-continuous and very thin polypyrrole coating onto the carbon surface. 

This structures are rigid, stable and reveal good accessibility of ions towards both the 

carbon and polymer. This system showed also the highest diffusion coefficient for the ion 

mailto:Anna.Ignaszak@unb.ca
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doping owing to the polymer effective diffusion length. The fast degradation of  

Graphene-g-PPy is associated with the carbon morphology and its high activity towards 

electrochemical oxygen reduction due to the presence of catalytic sp2 carbon atoms at the 

edges of the graphene. The presented work highlights an effect of carbon morphology in 

designing of the chemically grafted components for ultra-capacitor electrodes. 

3.1. Introduction 

The important requirement that needs to be fulfilled for an effective capacitor is fast energy 

uptake and release [1-2]. Other sought features are a long lasting cycle life, stability and 

high specific capacitance, and all listed can be controlled by chemical, structural and 

morphological modifications of the electrode material [3]. Current trends in energy 

storage/conversion electronics deal with the replacement/decrease the usage of toxic heavy 

metals by carbonaceous materials that operate with relatively mild electrolytes [4]. Carbon 

allotropes such as carbon nanotubes and graphene are the most promising, and thus became 

essential components that could reach characteristics similar or greater than metallic 

electrodes [5]. This is however very challenging since carbons have lower energy  

density, and consequently, smaller specific capacitance [6]. On the other hand, carbon-

based supercapacitor can store energy and can be charged very fast during reversible 

adsorption/ desorption process of ions in double layer capacitors, or by the counter-ion 

doping in pseudo-capacitors [7-8]. Both pseudo- and electrical double-layer capacitors 

(EDLCs) have possibilities to improve their specific capacitance by expanding the specific 

surface and increasing the number of redox active centers (for pseudo-capacitors) [9-10]. 

Many studies have shown that combination of both types results in a synergistic 
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improvement of the total capacitance, especially when pseudo-capacitors from the group 

of conjugated polymers (e. g., polypyrrole or polyaniline) are used. These carbon-polymer 

hybrid materials or composites outperform their individual components [11-13]. The 

synergistic improvement is generated by two effects. First is the increase in conductivity 

for the pseudo-capacitors resulting in faster ion diffusion that governs the capacitance [14]. 

This process is particularly effective when a strong covalent bond (e.g. amide-type linker) 

between the polymer and carbon is created. The covalently grafted polymer benefits from 

improved mechanical stability provided by the carbon support. This combination also 

demonstrates more dynamic (flexible) structure that can accommodate volumetric changes 

taking place upon the ion uptake/release in the polymer pseudo-capacitor. The high surface 

area carbon facilitates uniform distribution of the polymer particles, which is critical during 

the extensive charge-discharge (shrinking-stretching). Such volumetric changes for a thick 

and uneven polymer electrode accelerate its degradation due to the local heterogeneity of 

the charge distribution (surface with less conductive fractions). All these phenomena 

shorten the electrode cycle life [15]. Another important factor is the electronic interaction 

at the carbon-linker-polymer junction. In the reverse donor-acceptor system, the covalently 

bound conductive polymer acts as an electron acceptor and the carbon allotrope as the 

electron donor, resulting in more electrochemically stable system [16].  

Regarding the carbon type, combinations of conjugated polymers with the carbon 

nanotubes and graphene have been broadly studied in respect to the synergistic 

improvement of capacitance [17-19]. Also, the type of bonding between molecular 

components (electronic interaction via orbital stacking or hydrogen-bridge bonding [20] or 
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via additional covalent bonding [21]) has been investigated in details. In respect to the 

electrode stability, the recommendation is to apply chemical grafting of the polymer and 

carbon, i.e., with a molecular linker such as 3-aminobenzoic acid [22-23].  

This work demonstrates studies on the novel covalent anchorage with aryl amide grafted 

onto the commercial EDLC carbon materials such as the multi-walled carbon nanotubes 

(MWCNT), graphene and a new form of carbon, which are carbon nanohorns (CNH). The 

grafted carbons are further functionalized with the polypyrrole pseudo-capacitor material 

(the choice of polymer is based on its electrochemical stability [24-25]). The carefully 

tailored morphology with a new organic linker is expected to generate synergistic 

improvement of the capacitance. Also, the strong carbon-polymer bonding will improve 

the rigidness of the structure for the grafted materials, while sustaining a good 

electrochemical stability. The new carbon nanohorns are particularly interesting in this 

study as they show branched porous structure that should significantly influence the 

morphology of combined systems. 

3.2. Experimental 

3.2.1. Materials and methods 

Unless otherwise stated, all chemicals have been used as received without further 

purification. 3-Aminobenzoic acid (98 %, Sigma Aldrich Canada, 127671 ALDRICH) was 

recrystallized twice from 95 % ethanol (Commercial Alcohols Inc. Canada).  

2-Propanol (for molecular biology, BioReagent, ≥ 99.5%, I9516 SIGMA), ammonium 

persulfate (ACS reagent, ≥98%, 248614 SIGMA-ALDRICH), carbon nanohorns  

(as-grown, 804118 ALDRICH, BET  400 m2 g-1), DCM (ACS reagent, ≥ 99.5%, contains 
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50 ppm amylene as stabilizer, 443484 SIGMA-ALDRICH), dimethylformamide 

(anhydrous, 99,8 %, 227056 SIGMA-ALDRICH), Multi-walled Carbon Nanotubes  

(O. D. x L 6- 9 nm x 5 µm, > 95 % (carbon),  724769 ALDRICH, BET ~ 220 m2 g-1), 

polyvinylidene difluoride with average Mw ~180.000 by GPC, 427152 ALDRICH), 

potassium bromide (For IR spectroscopy, 34919 FLUKA), potassium chloride (analytical 

grade, p.a., ≥ 99.5% (AT) 60130 SIGMA-ALDRICH), p-phenylenediamine (P6001 

Sigma), sodium nitrite (ACS reagent, ≥ 97.8 %, 237213 SIGMA-ALDRICH), pyrrole 

(reagent grade, 98 %, 131709 ALDRICH), sodium hydroxide (reagent grade, ≥ 98%, 

pellets (anhydrous), S5881 SIGMA-ALDRICH), THF (anhydrous, anhydrous, ≥ 99.9%, 

inhibitor-free, 401757 SIGMA-ALDRICH) and thionyl chloride (reagent grade, 97%, 

320536 SIGMA-ALDRICH) were purchased from Sigma Aldrich Canada. Single layer 

graphene flakes were obtained from Graphene Supermarket (grade AO-3, 12 nm flakes, 

specific surface area ~80 m2 g-1, purity 99,2 %., Calverton, NY, US). Pyrrole was distilled 

over calcium chloride under reduced pressure and stored under dry nitrogen. Hydrochloric 

acid (37%) was supplied by VWR International, Canada. Carbon black (Super P 

Conductive, 99%, metal basis) was purchased from Alfa Aesar, UK. TEM imaging was 

carried out using Jeol 2100 sTEM operating at 200 kV. XPS studies were performed at 

Dalhousie University on VG Microtech MultiLab ESCA 2000 System with 100 µm 

analyzer spatial resolution, 10 meV energy resolution and Mg Kα linewidth. FTIR spectra 

on a KBr pellet were recorded with the Nicolet™ iS™ 50 FT-IR, 4 cm-1 resolution, 100 

scan per sample (KBr was dried in oven at 80 °C prior the use). Raman spectra were 

recorded with a Renishaw inVia Raman spectrometer, 785 nm excitation source (Renishaw 
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Inc, UK). The spectral range was 1000-3000 cm-1, and 0.1 mW laser power using 50 times 

magnification on the microscope. Thermal analysis was carried out on the TGA Q500 

model TA Instruments from 25 to 650 oC at the heating rate of 5 oC min-1 in N2 in 100 mL 

alumina crucible. All electrochemical experiments were carried out using a CH Instruments 

electrochemical workstation model C760 and with an electrochemical cell containing a 

platinum wire counter electrode (CE), Ag/AgCl reference electrode (RE), and the ink 

deposited glassy carbon as a working electrode (WE), which was mounted to the Pine 

AFMSRCE rotating disk electrode station. All potentials are quoted vs. Ag/AgCl (222 mV 

vs. standard hydrogen electrode). All electrochemical measurements were carried out in 

0.1 M KCl purged with N2 for 30 min prior to experiments (N2 gas blanket was kept during 

the measurement). The glassy carbon working electrode disk of 0.5 cm diameter (PINE 

Instrument Company, U.S.A.) was mechanically polished with 0.05 μm Al2O3 slurry 

(Cypress Systems Inc., U.S.A.), rinsed in double distilled water, and sonicated for 5 min, 

finally rinsed in an ultrapure isopropanol and acetone and dried under the stream of air. 

The ink was prepared by dissolving PVDF (2 mg) in isopropanol (2 mL), sonicating for 

0.5 h together with a carbon black (2 mg) and 17 mg of an active material. The resulting 

ink was dropped (17 µL, 8.5 µL each cast) onto the polished glassy carbon working 

electrode and dried for 2 min under 60 W lamp. The electrochemical reduction of the 3-

diazonium aryl salts was performed onto the similar glassy carbon disk (working 

electrode). The CV scan was conducted in the potential range from 0.65 V to -0.65 V (vs. 

Ag/AgCl 0.222 V based on the reduction potentials for a 4-carboxybenzenediazonium 

chloride [26]). The charge-discharge (CD) test was carried out at the current load of 0.25 
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mA g-1 with time intervals of 30 s, and the data storage interval of 0.1 s. 50 scans were 

applied for each electrode and the CV was recorded afterwards and compared with the CV 

curve before CD test (stability test). Chronocoulometry was examined at 0.3 V at the onset 

potential of the polypyrrole oxidation wave. 

3.2.2. Synthesis 

The Fig.3.1.A demonstrates a multi-step synthesis procedure of the carbon allotrope-

grafted polypyrrole taking MWCNTs as an example. This synthesis route falls into four 

phases:  

3.2.2.1. The electrochemical derivation of an in-situ generated 3-diazonium aryl 

chlorides 

In this step, 4 mmol of a 3-substitued aniline was dissolved in 12.5 mL 1M HCl and 7.5 

mL distilled water and the solution was brought to 0 °C in the 3-neck electrochemical cell 

(Gamry, Fig.3.S1.). 6 mmol (1.5 eq.) of sodium nitrite in 5 mL cold distilled water was 

added dropwise through the dropping funnel to the solution and stirred in an ice bath for 5 

minutes (Fig.3.1.A, step I). In the next step the funnel was removed and the cell was 

equipped with the carbon coated RDE (rotating disk electrode) glassy carbon or the glassy 

carbon (GC) plate, Ag/AgCl reference electrode and Pt wire (counter electrode). 

Afterwards the cyclic voltammetry scan was carried out in the potential range from + 0.978 

to -1.022 V at the scan rate of 100 mV s-1. In order to observe irreversibility of the reduction 

process (position and intensity of cathodic peaks) two voltammograms were recorded 

(Fig.3.1.  

A, step II). The reactant concentration was evaluated in the range of 5- 45 mmol and the 
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optimum of derivatization was assessed experimentally based on the CV peak area and 

correlated with the XPS surface analysis. The reverse CV scan of the cathodic wave was 

validated for each concentration as demonstrated in the supporting information  

(Fig.3.S2.). 

3.2.2.2. Synthesis of the carbon -benzoyl chloride 

In this reaction, 100 mg of the functionalized carbon allotrope (MWCNTs, graphene or 

carbon nonohorns) and 25 ml of thionyl chloride (in excess) were placed in the 50 ml 

round-bottom flask equipped with a Liebig reflux condenser, a tube filled with a calcium 

chloride connected to the gas absorption trap and heated on a steam bath for 6 hours. 

Afterwards, the excess of thionyl chloride was removed by distillation (Fig.3.1.A, step III). 

The reaction product was collected by ultrafiltration (Millipore Ultrafiltration system) and 

washed with dry THF (3 x 10 mL), dried in vacuum and used as the reactant in the 

Schotten-Baumann reaction. 

3.2.2.3. Schotten-Baumann reaction with a p-amino aniline 

100 mg of a p-aminoaniline was mixed with the carbon allotrope-benzoyl chloride in 15 

mL CH2Cl2 and an equimolar amount of NaOH (dissolved in a very small volume of water). 

Thereafter the mixture was sonicated for 15 minutes and then refluxed for 24 h. The final 

product was collected by ultra-filtration, washed with dichloromethane and dried in oven 

at 40 °C. This reaction is shown as the step IV in Fig.3.1.A. 

3.2.2.4. Polymerization of pyrrole onto the functionalized carbon 

After the purification of functionalized carbon (MWCNTs, graphene, carbon nanohorns), 

the oxidative/free radical polymerization of the pyrrole was initiated using ammonium 
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persulfate (APS) in 1 M HCl [16, 27, 28]. The polymerization was conducted at 5 °C in 

order to slow the formation of oligomeric polypyrrole units that were not attached to the 

linker (organic functionality onto the carbon surface, generated in steps 1-3). Step V in 

Fig.3.1.A represents the polymerization of the pyrrole onto the functionalized carbon. 

3.3. Results and discussion 

3.3.1. Material characterization 

The electrochemical grafting of carbon with the respective anchorage (in this case benzoic 

acid) starts with an in situ diazotiazation of a 3-aminobenzoic acid in aqueous/acidic media 

and the subsequential electrochemical reduction followed by a  

sp2-sp3 carbon-carbon bond formation between the carbon allotrope and the reduced  

3-carboxybenzenediazonium chloride. This process can be controlled by cyclic 

voltammetry that demonstrates a characteristic cathodic peak corresponding to the 

reduction (first irreversible peak at 0.28 V shown in Fig.3.1.B). The covalent grafting 

results in the formation of C sp2 -C sp3 bond (second irreversible peak at 0.068 V). An 

irreversibility of the process indicates a successful derivatization [2]. The reduction peak 

was analyzed in order to estimate the amount of the deposited linker, by calculating the 

area under the peak (Fig.3.S2.). The obtained coulombic charge was further used to 

calculate the mass of deposit according to the Faraday’s 1st law of electrolysis (further 

details are provided in the supporting information). Furthermore, the concentration of an 

organic moiety synthetized in the step II was correlated with the XPS analysis, taking into 

consideration the C 1s and O 1s signals. The detailed kinetic studies of the step II 

derivatization including the optimization of the concentration precursor and the time of 
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deposition process for all carbon allotropes is discussed in our recent work [29]. This study 

includes also quantitative analysis of the electro-generated product of the step II phase. The 

surface concentration of the organic linker varies with a type of carbon allotrope. For 

example, surface functionalization of MWCNTs is ~15% according to the electrochemical 

estimation using Faraday’s law, and 16.90% based on the XPS analysis, while graphene 

showed 30.01% of the surface concentration quantified by both electrolysis and XPS 

(concentration of the product generated in phase II onto the carbon nanohorns is higher 

than for MWCNTs, but less than observed for the graphene). 

This difference is apparently correlated with the accessibility of the carbon surface towards 

the reactant, and is affected by the carbon particle shape (preferential deposition onto the 

graphene flakes as compared to the less accessible nanotube, or with some preference onto 

the nanohorn porous structure). The carboxylic acid was transformed to acid chloride using 

thionyl chloride to ensure the formation of the amide bond in proposed Schotten- Baumann 

reaction. In next phase, the carbon allotrope/acid chloride reacts with a  

p-phenylenediamine in Schotten- Baumann reaction as demonstrated in Fig.3.1.A (steps 

III-IV). The product of this reaction is further used for an oxidative/radical polymerization 

of pyrrole (step V). The carbon-polymer grafting with the amide linker demonstrates 

geometry similar to the Kevlar structure that is known from its chemical stability [27].  

X-ray photoelectron spectroscopy was employed in order to study the chemical 

composition of the final product. Fig.3.2. shows the XPS narrow scans for C1s, O1s, N1s 

and the survey analysis of MWCNTs-g-PPy as an example.  
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Fig.3.1. A multi-step synthesis pathway for the carbon-grafted-polypyrrole 

composite (A). Step II is presented in the CV scan (B). 
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C1s scan of the MWCNT-g-PPy (Fig.3.2.A) consists of two major components, one at 

286.74 eV corresponding to the carbonyl bond [30] and at 284.58 eV that represents both 

the graphitic C-C bonding and C=N bonds of the polymer backbone (signals are very close 

thus difficult to separate). 

 

Fig.3.2. XPS C1s (A), N1s (B), O1s (C) signals and a survey analysis (D) for 

MWCNT-g-PPy. 

The N1s peak (Fig.3.2.B) at 397.4 eV corresponds to the C-N and C=N pyrrole units [31]. 

The peak at 395.615 eV represents the amine bond between pyrrole and linker anchor [32] 

and the amide bond of the linker moiety is seen at 400.385 eV [33]. There are traces of 

nitrite [34] that might be leftover reactant of the step I reaction. The O1s peak at 532.428 

eV in Fig.3.2.C represents the carbonyl bond in the polymeric structure [35] and at 530.704 
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eV corresponds to amide in the linker. The XPS spectra of the Graphene-g-PPy and  

CNH-g-PPy did not show significant difference in the peak position and the area of the 

fitted signals (concentration of respective chemical bonds), leading to the conclusion that 

the chemical composition of the final product and the corresponding  

carbon-polymer-organic linker interactions are comparable for all allotropes. 

Fig.3.3. demonstrates FTIR (left) and Raman (right) analysis of the grafted carbon 

allotropes revealing some spectral differences. Regarding the chemical composition 

analyzed by FTIR, for the CNH-based composite (A), a weak C-H out of plane vibrational 

deformation corresponding to the cyclic aromatic rings is observed at 670.5 cm-1 [36]. 

Another vibrational out of plane deformation at 805.1 cm-1 arises from three neighboring 

H atoms in the aromatic ring attached to the carbon nanohorns [37]. N-H and C-H 

deformation vibrations associated with the polypyrrole ring are observed at  

1019.2 cm-1 [38]. Furthermore, a strong stretching vibration corresponding to the phenolic 

carbon in ketone (or amide) structure appears at 1098.7 cm-1 and refers to the attached 

linker [39]. 

The weak stretching vibration at 1159.8 cm-1 is associated with the C-N in aryl amide and 

polypyrrole [40]. A strong vibrational stretching signal at 1270.1 cm-1 corresponds to the 

urethane-like amide bond of the linker [41]. Also, a weak N-H deformation vibration of 

the aryl amide is observed at 1398.5 cm-1 [41]. The two bands at 1453.2 and 1520.8 cm-1 

represent the C-H vibrational deformation of the amide [41] together with a weak C-N 

deformation at 1569.7 cm-1 (also amide signal) [42]. A strong carbonyl stretching  
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signal - typical for the chemically modified carbonaceous materials appears at  

1649.25 cm-1 [43]. 

The C-H stretching vibration of the carbon nanohorn starts at 2841.3 and ends at 2669.1 

cm-1 [44]. Similar functionalities are identified for Graphene-g-PPy (B) and  

MWCNT-g- PPy (C). A residual CO2 absorption from the background subtraction is still 

present at 2358.1 cm-1.  

 

Fig.3.3. FTIR (left) and Raman spectra (right) of the CNH-g-PPy (A, D), Graphene-

g-PPy (B, E) and MWCNT-g-PPy (C, F). 
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This includes the presence of a medium C-H wagging vibration at 591.8 cm-1 [45] and a 

medium vibration deformation from the amide structure that appear at 616.2 cm-1 [46]. At 

658.3 cm-1 another medium vibration deformation is related to the –N-C=O bending [47]. 

In case of CNH-g-PPy, a similar vibration from -C-N-H is observed at 798.9 cm-1 [48]. 

Also, an aliphatic stretching vibration appears at 927.4 cm-1 and the medium C-N stretching 

vibration at 1043.6 cm-1. The neighboring H atoms in the polypyrrole ring can be seen at 

1104.8 cm-1 [48]. The coupled C-N and C-O vibrations are clearly visible at  

1263.8 cm-1 [47]. The amide structure vibration at 1366.7 and 1386.2 cm-1 [47], and the  

C-N stretching vibration from the polypyrrole appear at 1459.6 and 1469.3 cm-1 [48]. The 

conjugated C=C vibration in the extended π-system of graphene can be seen at  

1618.7 cm-1 [49], and at 1716.54 cm-1 a strong C=O stretch is identified [50]. A broad 

protonated nitrogen amide bond appears at 2364.2 cm-1 (last step of the synthesis was 

conducted in 1 M hydrochloric acid) [51]. C-H deformations from a large conjugated 

system of the graphene can be seen in the range from 2853.5-2962.9 cm-1 [49]. As the 

morphology (nano-flakes versus branched porous particles) and the structure (3- versus  

2-dimensional carbon) differ significantly for the CNH and Graphene, the corresponding 

spectral differences can be expected. The general observation is that for Graphene some 

signals are stronger as compared to the CNH (A) and MWCNT (B), which corresponds to 

the higher concentration of the organic linker (and thus higher percentage of 

functionalization) onto the Graphene, due to its large accessible surface (as confirmed by 

the electrochemical and XPS quantifications, Table 3S1). 
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FTIR spectrum of MWCNT-g-PPy (Fig.3.3.C) consists of all functionalities identified for 

the graphene-based composite. There are minor shifts such as the signal at 610.1 cm-1 

assigned to the aliphatic amide structure of the linker, at 939.6 cm-1 aliphatic stretching 

vibration, and at 1086.5 cm-1 there is a medium C-N stretching vibration. Also, C-N and 

C-O vibrations are identified at 1282.2 cm-1, and in the range from 1404.6 to 1453.5 cm-1 

the C-N stretching vibrations correspond to the pyrrole. The shifted (as compared to 

graphene-based sample) are (1) the peak at 1581.9 cm-1 associated with the conjugated 

C=C vibration from the extended π-system in MWCNT, and (2) the strong C=O signal at 

1637.1 cm-1. Due to the structure of MWCNT there are no clear C-H deformations, which 

were visible for the graphene and CNH composites.  

Raman spectroscopy was further applied to analyze the possible changes in the carbon 

topology and the presence of Stone-Wales defects upon its chemical modification [52]. A 

good indication for such changes is the correlation of the intensities between D and G bands 

(Fig.3.3.D-F). For the pure carbons, the D and G band signals occur at ~1300 cm-1 and 

~1600 cm-1, respectively. Almost 1:1 intensity ratio is observed for the Graphene-g-PPy 

(D:G = 1.15, Fig.3.3.E) and it significantly varies for the MWCNT-g-PPy  

(D:G = 1.88, Fig.3.3.F) and for the CNH-g-PPy (D:G = 2.12, Fig. 3.3.D), indicating the 

presence of crystalline defects. The G band signal is associated with the crystalline 

structure and a high frequency of the optical phonon (E2g), while the D band represents the 

A1g breathing mode in a Brillouin zone [53]. The general observation is that  
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Graphene-based composite showed very weak changes of D:G intensity ratio indicating on 

the highly crystalline interface. This shows that the carbon surface is significantly modified 

by the overlaying amorphous phase.  

TEM observations are further carried out in order to investigate the morphology of the 

grafted materials (Fig.3.4.). The general observation is that for chosen carbons the polymer 

coating looks completely different. This is also correlated with the distribution of the 

organic linker on the carbon surface that affects the monomer nucleation and a particle 

growth in the final step of the synthesis. For the graphene-based system (Fig.3.4.A), 

spherical particles of the polyryrrole are evenly distributed onto the carbon surface and the 

size of polymer is in the range 20-80 nm (this range of the polymer particle size favours 

ion doping and thus the charge storage process). The distribution of polypyrrole around  

multi-walled carbon nanotube is completely different. The polymer coils the carbon tube 

and this spiral-like polymer structure is expected to benefit in the capacitance improvement 

since, (i) the polypyrrole thickness is less than 80 nm and thus in the range of the effective 

diffusion length, and (ii) the carbon surface is not fully covered by the macromolecular 

chain, thus freely accessible for the ion (the important double-layer capacitance of the 

carbon is not obstructed). Such morphology favours the synergy of pseudo- and double 

layer capacitance. Another important observation for the MWCNTs-grafted polypyrrole is 

the separation of tubes. This considerably improves access of the electrolyte to the 

capacitive interface. Opposite, a significant agglomeration is observed for the graphene-

based material (Fig.3.4.A), and is confirmed by an in situ selected area electron diffraction 

(SAED, Fig.3.4.D). The characteristic hexagonal diffraction patterns of the aromatic 
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carbon rings are present in the single graphene layers and are well-resolved before 

functionalization. The additional diffraction spots are detected for the final product as a 

result of agglomeration (also observed in Fig.3.4.A). Most probably the organic 

functionalities generate the cross-linking between the adjacent graphene layers. These 

stacked, chemically bonded sheets are not accessible for the electrolyte and for the pyrrole, 

and have significant impact on the electrochemical features of the final product. The results 

of SAED test are shown in the Table 3.1 and demonstrate variations of the Miller’s hkl 

indices for unmodified and functionalized graphene. The changes in hkl are generated by 

both the π–π* interactions in graphene sheets due to the layer stacking, and by the chemical 

modification of the carbon surface and the formation of new bonds between carbon and the 

organic moiety. On the other hand the carbon nanohorn-grafted-PPy showed very uniform 

distribution of the polymer onto the carbon. The carbon nanohorns are porous (Fig.3.4.C) 

and relatively easy to access for both the organic linker and the monomer. However, since 

the individual “horns” are very small (thickness of 2 nm and the length about 10 nm), they 

are too fragile to host larger polymer beads. This results in the total coverage of the carbon 

structures (nanohorns are not separated, they exist as colonies in bare carbon, as shown in 

the Fig.3.4.C). For such morphology of the grafted material, the carbon double-layer 

capacitance is obstructed, which will considerably affect its electrochemical response. 

Only pure graphene and the modified graphene were compared by SAED, as CNH lacks 

of a well-defined crystallographic structure and did not show any significant 

crystallographic difference upon grafting (only diffused rings indicating amorphous 
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structure). Nevertheless modification of the graphene by attaching the polypyrrole 

demonstrates stacking of the graphene layers (more rings with multiple spot in the  

Fig.3.4.D).  

Fig.3.5, represents the TGA curves for all composites in the range from 25 to 650 oC. 

According to literature, grafted carbons decompose in this temperature regime (excluding 

water loss) starting from the detachment of the carbon- amide linker, followed by the 

degradation of polymer-linker, and the degradation of polypyrrole at higher temperatures 

[56-57]. The corresponding transitions are projected in Fig.3.5. (grey vertical lines). 

Overall, the MWCNT-g-PPy sample degrades at 290.52 °C (A), Graphene-g-PPy 

decomposes at 188.44 °C (B) and CNH-g-PPy at 200.00 °C (C). As the concentration of 

organic functionalities is the highest for CNH and Graphene, these degradation steps are 

more clearly observed. The MWCNT-based sample demonstrated the highest thermal 

stability. This effect is generated by the rigidness of the structure and the fact that roughly 

a half of the nanotubes are evenly covered by the polymer (Fig.3.4.B).  

This morphology stabilizes the structure of an individual coated-tube, resulting in the 

protection of soft organic linker from the thermal attack. The graphene-based composite 

demonstrates a completely different morphology, with the polymer nano-spheres scattered 

evenly and a large uncovered carbon surface.  
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Fig.3.4. Transmission Electron Microscope (TEM) image of the Graphene-g-PPy 

(A), MWCNT-g-PPy (B), Carbon nanohorn-g-PPy (C), and the Selected Area 

Electron Diffraction (SAED) patterns of a pure graphene (right, top) and the final 

product. 
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1a= 2.46 Å, c= 3.40 Å, are taken from [54, 55] in order to calculate hkl indices 

2 Hexagonal Bravais- Miller indices with redundant index i are employed for making 

permutation symmetries visible [55]. 

Table 3.1. Selected Area Electron Diffraction crystallographic data for Graphene 

and Graphene-g-PPy. 
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Fig.3.5. TGA/ 1st derivative of MWCNT-g-PPy (A), Graphene-g-PPy (B) and CNH-

g-PPy (C) at the heating rate of 10 °C/min. 
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This exposure generates faster degradation for both carbon and the organic fractions 

(polypyrrole particle size is also smaller as compared to PPy coating onto the MWCNTs). 

As the nanohorn-grafted composites showed the smallest particle size, and also due to the 

fact that whole carbon is completely covered by the organic components (Fig.3.4.C), its 

degradation is the fastest. These structures are at least thermally stable, probably due to the 

very small size of the carbon particles and a significantly lower degree of the carbon 

graphitization (amorphous carbons are less stable under the thermal, chemical or 

electrochemical oxidative treatment [58]). 

3.3.2. Electrochemical analysis 

Fig.3.6. represents the cyclic voltammogram of the grafted material with the MWCNTs as 

the carbon core. This spectrum shows a typical feature of the double layer capacitor of 

MWCNTs with a square-like CV and the oxidation wave at -0.48 V associated with the 

redox activity of polypyrrole. In this process, the positive charge generated during the 

oxidation of the polymer chain is compensated by chloride ions from the electrolyte. 

Consequentially, reverse cathodic scan introduces electrons into the polypyrrole and 

conveys it to the neutral state. The oxidation peak at -0.15 V is related to the redox activity 

of the amide linker [59]. Furthermore, the influence of carbon type or/and the morphology 

of the grafted material is studied using a differential voltammetry that allows to better 

resolve the corresponding peaks. DPV curves of the cathodic scan (the activity of polymer, 

carbon and the amide linker are reversible) in Fig.3.7. show three major redox processes. 

At -0.48 V reduction of polymer occurs on MWCNT-g-PPy  

(Fig.3.7.C), and is shifted towards positive potential (-0.23 V) for the Graphene-g-PPy 
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(Fig.3.7.B) and for the CNH-g-PPy (-0.22 V, Fig.3.7.A). Possibly, the positive shift of the 

onset potential of this redox is a catalytic effect of the sp2 edges in the graphene and CNHs. 

Another important observation is the catalytic activity towards oxygen reduction at 0.21 

V, taking place onto the oxygen-containing functionalities and the sp2 carbon active centers 

[59,61,62]  for the graphene (Fig.3.7.B), which occurs as a very weak signal at 0.12 V for 

the CNH-based capacitor (Fig.3.7.A). This peak is stronger and shifted towards higher 

potential for MWCNTs-g-PPy (Fig.3.7.C). Again, the shift in onset potential can be 

associated with the different surface concentration and the type of these catalytic 

functionalities onto various carbons. The intensity of corresponding signals is also affected 

by the morphology of a final product. For instance, in the MWCNTs-g-PPy and  

Graphene-g-PPy, the carbon itself is more exposed to the electrolyte and thus the response 

towards ORR is stronger (less polymer coating or uneven polymer coating allow the carbon 

surface to be in contact with the electrolyte), whereas for the CNH-based sample this redox 

peak is very weak as almost the whole carbon is covered by the polymer. The cathodic 

peaks at -0.84 V for the Graphene-g-PPy and at -1.01 V for the MWCNT-g-PPy correspond 

to the reduction of amino bond. This peak is nevertheless not visible for the CNH-g-PPy 

as the carbon surface is fully covered by the PPy and thus the ion mobility is hindered [63]. 

Specific capacitance of the grafted capacitors was estimated by integrating the area under 

CV curve (Fig.3.9., as prepared electrodes) and standardizing it to the mass of the active 

components (m in g) at the applied scan rate (ν in V s-1) and in the potential window  

(E2-E1 in V) according to Eq. 1 [64]: 
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𝐶 (
𝐹

𝑔
) =

∫ 𝐼(𝐸)𝑑𝐸
𝐸2

𝐸1

2𝑚𝑣(𝐸2 − 𝐸1)
      (1) 

and after subtraction of the background double-layer current (glassy carbon, carbon black 

and PVDF binder). The mass of deposited polymer (as the polymer and linker content 

varies significantly for these carbons) was further calculated from the integration of 

voltammograms to estimate the charge cumulated into the polymer fraction, and by 

applying Faraday 1st law of electrolysis (details and corresponding equations are provided 

in supporting information, and a similar approach was used for the quantification of amide 

aryl linker). The calculated quantities are presented in Table 3.2. For the specific 

capacitance the highest value of 350.49 F g-1 was obtained for MWCNT-g-PPy that is 

significant improvement as compared to the pure MWCNT (90 F g-1) [65] and indicates 

the synergistic effect of combined pseudo- and double-layer capacitances. This is also 

observed for the graphene-g-PPy (33.20 F g-1 versus 11.60 F g-1 for pure graphene in this 

work) and for the CNH-g-PPy (43.61 F g-1 versus 15 F g-1 for pure CNHs in this work).  
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Fig.3.6. Cyclic voltammogram of the MWCNT-g-polypyrrole in KCl; insert 

represents the redox activity of polypyrrole. 
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Fig.3.7. Cathodic DPV scans for CNH-g-PPy (A), Graphene-g-PPy (B) and 

MWCNT-g-PPy (C). 
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In case of graphene and CNH-based samples the calculated capacitance is close to that of 

pure PPy or carbons [20]. The unmodified CNH carbon is very porous, and its large BET 

surface is manly generated by needle-like structures (“horns”) of ~ 15 nm length and 2-5 

nm thickness, as shown on the insert to Fig.3.4.C. The grafting of these structures with the 

organic linker and further polypyrrole leads to the blocking of an active surface and the 

total coverage of the carbon with the pseudo-capacitive polymer (this is why the 

capacitance of grafted CNH is close to that of pure polypyrrole). Once the carbon is fully 

covered with organic components, it is no longer accessible for the KCl electrolyte and 

thus the double –layer capacitance is hindered. This is rather expected for the CNH-g-PPy, 

as the whole carbon is covered by the polymer, indicating that the carbon morphology and 

the carbon particle size (too small to host the macromolecule and organic linkers) is a 

discriminating factor in the fabrication of the well-performing capacitive composite. For 

the future work, this material will be investigated at much lower polymer and the organic 

linker concentrations. This needs to be adjusted in order to sustain the benefit from the high 

surface area and graphitized carbon nano-fingers (horns).   

As the BET surface area for all carbons is high (~ 220 m2 g-1 MWCNT, 400 m2 g-1 CNH and 

the ~ 80 m2 g-1 Graphene; as provided by the carbon supplier), the conclusion is that the carbon 

morphology plays a critical rule in electrochemical performance of the combined electrode 

materials. For Graphene-g-PPy, the prognosis is similar to CNHs-based sample as 

graphene flakes are too thin and fragile (3-12 nm) to support the macromolecules attached 

via organic linker, their concentration have to be adjusted. The specific capacitance of 

MWCNT-g-PPy is very high as compared to the state-of-the art capacitor materials. This 
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significant capacitance enhancement is generated by the synergy of the double layer- 

(MWCNT) and pseudo- (PPy) capacitances, and the presence of very effective charging 

interface at the carbon-polymer junctions [66]. In our study, this is further improved by 

expanding this interface (thin non-continuous polymer layer). The organic linker has two 

functions in this system, one is the stabilization and the chemical bonding between the 

capacitive components (carbon and the polymer), and the second is to improve the charge 

separation/distribution at the carbon and polymer interface, similar to the function of 

dielectric in the conventional electrolytic capacitor [67]. This can be particularly important 

for the development of the molecular-scale capacitor devices that are applied in the fields 

of memory storage, nano-electronic circuits and low-charge store-pump applications. 

Furthermore, the diffusion coefficient of chloride storage in composites was analysed 

according to Cottrell equation (Eq. 2) applied to the linear function of the charge (Q) and 

the square root of time (t1/2). This correlation is presented in Fig.3.8. (Anson plots) allowing 

the calculation of D (where n is a number of electron exchanged in the polymer unit, 1.58; 

F corresponds to the Faraday constant 96 485 C mol-1 K-1 and A is the geometric area of 

the electrode, 0.1963 cm2):  

 

𝑄(𝐶) = 2𝑛𝐹𝐴√𝐷𝜋 √𝑡      (2) 
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1Calculated from CV voltammogram according to Equation 2 [68] 

2 Calculated from Cottrell equation employed to Anson plot 

3 Calculated from Faraday 1st law of electrolysis (details in supporting information) 

Table 3.2. Electrochemical characteristics of carbon-grafted polypyrrole. 

The MWCNTs-g-PPy demonstrated significantly higher diffusion coefficient as compared 

to the competing samples, indicating on an effective mass transport in the MWCNT-based 

system. This is directly related to its superior capacitance and the improved rate of the ion 

exchange due to several reasons. First is the higher specific surface of MWCNTs and thus 

the higher polymer content, and this automatically gives a larger electrochemical interface. 

Second is the thickness of the polymer film (it has been already shown that the PPy layer 

thickness or its particle size that is less than 40 nm is optimal and generates so called an 

effective diffusion length for the doping ions). Another important factor is the PPy 

distribution over the carbon surface – the non-continuous coating also improves the ion 

exchange at the carbon and facilitates a fast anion doping due to the redox activity of the 

PPy.  
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Fig.3.8. Anson plots for MWCNT-g-PPy (A), Graphene-g-PPy (B) and CNH-g-PPy 

(C).  

This further reflects on the charge-discharge characteristics. As shown in Fig.3.S3., the 

chronopotentiograms recorded at 0.25 mA g-1 for all composites demonstrate that  
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MWCNT-g-PPy can reach the electrode potential plateau faster and the potential is 

significantly higher as compared to the competing composites (1.05 V for MWCNT-g-

PPy, 0.6 V for Graphene-g-PPy and 0.58 V for CNH-g-PPy). This indicates the fast mass 

transfer of the doping ions into the polymer facilitated by the morphology and the polymer 

distribution onto the MWCNT’s surface. Fig.3.9. demonstrates the CVs scans for the fresh 

electrode (black curves) and after charge-discharge test (red curves). Generally, MWCNT-

g-PPy and CNH-g-PPy both showed good stability with less than 3% of the capacitance 

lost. In contrary, Graphene-based electrode lost more than 50% of the initial capacitance. 

The degradation of the Graphene-g-PPy could be thus associated with its morphology and 

the chemical composition of the graphene surface. Firstly, the thickness of the single 

graphene flake is very small as compared with the size of the polymer particles – this may 

be cause detachment and the phase segregation. This can be also accelerated during the 

activity towards the electrochemical oxygen reduction reaction onto the sp2 catalytic 

centers around graphene edges (the sp2 C is identified at 284.8-283.0 eV in XPS spectra of  

Graphene-g-PPy, weak and broad signal are due to the presence of PPy and amide aryl, 

Fig.3.S4.). Since the ratios for edges and corners to the flat surface in graphene flake is 

high, possibly the simultaneous sideways processes accelerate the material degradation.  
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Fig.3.9. CV scans of MWCNT-g-PPy (A), CNH-g-PPy (B) and Graphene-g-PPy (C) 

as prepared (black curve) and after charge-discharge at 0.25 mA g-1 (red curve). 

3.4. Conclusions 

Carbon allotropes combined with various electronically conductive polymers or metal 

oxides are important components of lightweight capacitor devices. These type of hybrid 
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material demonstrates an improved total capacitance as compared to their individual 

constituents due to the synergy between the double-layer capacitance (carbon) and  

pseudocapacitance from redox active fractions (polymer or oxide). The critical aspect in 

achieving the capacitance improvement is to design a combined system on the molecular 

level, allowing to control precisely the morphology, and thus tailoring their electrochemical 

properties. In this work we validate three allotropes, Carbon Nanotubes, Graphene and 

carbon Nanohorns that are covalently bound via Kevlar type linker (amide bound aryl) with 

the polypyrrole. In the proposed synthesis the linker moiety is created on the carbon surface 

via combined electrochemical and chemical steps and the polymer is attached at the final 

phase. The following differences were observed for composites synthetized with various 

carbon allotropes: 

(i) the highest specific capacitance and the thermal and electrochemical stability among 

carbon-grafted materials was observed for the MWCNT based samples, followed by 

Nanohorn-g-PPy and at least stable with the smallest capacitance was observed for the 

Graphene-based composite;  

(ii) the fast degradation of Graphene-g-PPy is associated with the carbon morphology and 

its high activity towards electrochemical oxygen reduction due to the presence of catalytic 

sp2 at the edges of the carbon; also the small thickness of the graphene flakes as compared 

to the size of polymer particles and the simultaneous side processes are responsible for the 

detachment/deactivation of the capacitive electrode; 
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(iii) the highest diffusion coefficient if ion doping into the polymer and thus the best 

capacitance effect was observed for the MWCNT-g-PPy owing to its morphology with a 

non-continuous and thin (less than 40 nm) thickness PPy film coated onto the  

MWCNTs, facilitating good aces of electrolyte to the carbon and polymer (double layer- 

and pseudo capacitance synergy) and the effective junctions carbon-polymer with 

improved charge accumulation; 

(iv) the particle size of carbon nanohors is too small to host the polymer; the synthesis 

procedure proposed in this study should be modified to generate PPy of size less than 1 nm 

in order to manufacture useful electrode material. 
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3.6. Supporting Information 

 

Fig.3.S1. CV of step II (A) and its 1st derivatization (the data presented as the 

current = f(time) after the correction using the potential scan rate of 0.1 V s-1. The 

charge estimated from this derivatization (Eq. 1) is further used to estimate the 

effective mass of the deposit (Eq. 2 for the quantification of organic linker and Eq. 3 

for calculating the molecular mass of PPy). 

According to Faraday’s 1st law of electrolysis the mass deposited during a cathodic process 

at the electrode is proportional to the charge passed through that electrode: 

𝑄(𝐶) = ∫ 𝐼(𝑡)𝑑𝑡
𝑡

0

      (𝐸𝑞 1) 

After Q is calculated (lit. integrated value) the following equation is applied: 

𝑚 = (
𝑄

𝐹
) (
𝑀

𝑧
) (𝐸𝑞. 2) 

In order to calculate the molecular weight of macromolecule: 

𝑀 =
𝑚𝐹𝑧

𝑄
   (𝐸𝑞. 3) 
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As m the mass of electroactive material at the electrode is used, z is 1 for every segment 

(in the case of synthesis of organic linker and 1.58 for the estimation of polypyrrole 

molecular weight). M in g mol-1.  

Molar concentration is calculated by dividing bulk density (g cm-3) by M (g mol-1). Bulk 

density is obtained by each sample by measuring of each material in small centrifugal probe 

with scale and measuring the weight and dividing it by volume.  

For example in so calculated pathway, the derivatization of MWCNT with 3-

carboxybenzenediazonium chloride, the yield is 14.99 %. It corresponds to XPS surface 

relative abundance analysis of O1s peak (Table 3S1) 16.90 %. O1s peak arises from the 

carboxyl peak that arises from the attached linker and is therefore an indicator for its 

relative abundance on the carbon surface. 

 
Relative abundance (%)      

C   83.10      

O   16.90      

              100.00  

Table 3.S1. XPS survey data results for MWCNT derivatized with a 3-

carboxybenzenediazonium chloride. 



 

 

143 

 

 

Fig.3.S2. C1s narrow scan of Graphene-g-PPy. 
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Fig.3.S3. Charge-discharge curves at 0.25 mA g-1 of the MWCNT-g-PPy (A), 

Graphene-g-PPy (B) and CNH-g-PPy (C).  
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CHAPTER FOUR 

Carbon allotropes grafted with polypyrrole derivatives via living radical 

polymerizations: electrochemical analysis of nano-composites for energy 

storage   
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Abstract: Carbon-based nanomaterials are key components in energy storage devices. 

Their functions can be tailored by adjusting or developing new synthesis pathways. In this 

study two living radical polymerization techniques, an electrochemically-aided atom 

transfer radical polymerization (e-ATRP) and a reversible addition chain transfer 

polymerization (RAFT) were applied for grafting of carbon allotropes such as  

Multi-Walled Carbon Nanotubes (MWCNT), Graphene and Single-Walled Carbon 

Nanohorns (SWCNH) with a 2-(1H-pyrrol-1-yl)ethyl methacrylate. The functionalized 

carbons were examined as polymerization initiators in the RAFT and e-ATRP synthesis. 

The FTIR and Raman spectroscopies were used to identify the reaction products at each 

step of preparation and for final composites. TEM imaging demonstrated that the 

morphology of composites made via RAFT and e-ATRP using the same carbon were not 

significantly different. The electrochemical analysis of grafted materials showed an 
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improved gravimetric capacitance as compared to their individual components, revealing 

the synergy of a double-layer and pseudo-capacitance. 

4.1. Introduction 

As the world needs more energy than ever before, implementation of clean energy 

technologies in the forms of the energy storage (batteries, capacitors) and energy 

conversion (fuel cells) in everyday lives becomes a necessity that must be addressed 

promptly. The number of users of portable electronics is rapidly increasing, and utilization 

of energy storage components will grow accordingly. In the perspective of the next few 

decades, several issues have to be solved with regards to current technologies. One of the 

most serious is disposal of batteries/capacitors made from heavy or toxic metals (e.g. 

cadmium, lead, lithium). Another bottleneck is limited access to resources of ores and 

metals oxides used for cathodes [1]. The necessity for replacement (or decrease in usage) 

of conventional materials used in batteries, and ultra- and supercapacitors, is pushing 

research towards completely new alternatives [2]. This task is not easy - new electrode 

materials should fulfill many requirements, such as a long-life cycle stability, high specific 

gravimetric capacitance, and fast energy uptake and release [3-4]. In order to overcome the 

above challenges, these materials should be designed on a molecular level, resulting in a 

control/improvement of their morphological, structural and electrochemical 

characteristics.  

A strong position in the area of metal-free electrodes is given to nanostructured carbons, 

especially Multi-Walled Carbon Nanotubes (MWCNTs) and Graphene, due to their 



 

 

153 

 

remarkable high electrochemical double layer capacitance (EDLC) [5]. These carbons can 

be paired with other capacitive materials, such as redox-active polymers. In the capacitor  

field, this conjugation results in synergistic improvement of a total electrode  

capacitance, and more importantly, such composites usually outperform their metallic 

peers in terms of electrochemical and mechanical stability [6-8]. The carbons grafted with 

particular conducting polymers or two-dimensional oxides also show higher energy density 

than conventional electrochemical double layer capacitors (EDLCs) [4, 9]. Suitable 

carbons for grafting are MWCNTs, Graphene, and relatively recently, Single-Walled 

Carbon Nanohorns (SWCNHs), due to primarily high specific surface area and tailored 

pore size that facilitate fast adsorption/desorption of ions from operating electrolyte. This 

enables an ultra-fast recovery of the double-layer capacitance, leading to charge-discharge 

time counted in milliseconds [10]. 

The pseudo-capacitive function of conjugated polymers is a well-known process and relies 

on the reduction-oxidation of the polymer chain, and the corresponding doping of counter 

ions from the electrolyte [11]. These reversible redox reactions are the foundation for the 

fast charge-discharge processes [12]. The combined EDLC and pseudocapacitive materials 

are called hybrid capacitors. Usually, the carbon-polymer hybrids used in supercapacitors 

perform better than their individual components, however they suffer from poor 

electrochemical stability [13, 14]. The improvement of capacitance in such hybrids is 

generated from strong electronic interactions between the carbon graphitized surface and 

the π electrons of conjugated double-bonds in polymer chain, resulting in areas with 

enriched electron density, and thus stronger attraction of a counterion from the electrolyte 
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[15]. However, considerable loss of pseudocapacitance caused by the volumetric changes 

in the polymer upon cycling and its oxidation, lead to the short cycle stability of these 

combined capacitor electrodes [16].  

The stability is significantly improved via a grafting of carbon surface with the polymer 

through appropriate covalent bond, resulting in new, highly ordered molecular structures 

[13, 14]. A rigid and electrochemically stable covalent linker, connecting the double-layer 

(carbon) and pseudo-capacitor (polymer) is vital to the success of composite electrodes. 

Such a molecular bond provides the necessary electronic linkage between the carbon and 

polymer. Its function is even more important since it controls an extent of distribution and 

the coverage of polymer onto the carbon surface. The electrochemical function of the 

molecular linker is critical in overall performance of the composite electrode: (1) it should 

facilitate an ion diffusion to the redox active centers of the polymer without obstructing the 

double-layer interface (carbon); and (2) it should contribute to (or at least not hamper) good 

electron conductivity and associated electronic effects, leading to the improved  

chemical, mechanical and electrochemical stability [4, 14]. The concentration and 

distribution of a molecular bridge dictates the morphology of the polymer coating, and 

therefore plays critical role in sustaining electronic effects, leading to desired electrode 

response and the stability [17].  

A degree of number of successful carbon grafting methods with conjugated polymers via 

rigid chemical anchorage rely on chemical pathways (with a 3-aminobenzoic acid linker, 

amide derivative), or electrochemical functionalization, such as in situ reduction of 

diazonium salts on various carbon electrodes [14, 16, 18]. These synthesis methods begin 
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from functionalization of carbon in the first step, and the attachment of the conjugated 

polymer to molecular linker (bridge with carbon) in last phase of preparation [14, 16].  

Although, these methods deliver composites with high gravimetric capacitance and a long-

term life cycle, there is still room for improvement, as performance of carbon based 

polymeric composites strongly depends on the overall morphology in molecular and 

macroscopic scale.  

A degree of control over the polymer structure can be achieved via living radical 

polymerizations [19]. The living radical polymerizations allow to control of the rate of 

polymerization, and thus to generate more homogenous nano-structures. The propagation 

of polymer chains of same length causes the ratio of an average molecular weight and the 

number of average molecular weights to reach unity [20]. This means that the predicted 

molecular weight of the macromolecule will be evenly distributed within whole polymer 

particle. This feature can be analyzed by the size exclusion chromatography (SEC) or 

matrix assisted laser desorption ionization time of flight mass spectrometry (MALDI TOF 

MS). However, the SEC technique requires the polymer to be soluble. In the case of 

nanocomposites utilized in this study, both the polypyrrole and carbon allotrope are 

insoluble. This makes the estimation of PDI index and other characterizations of our 

composites very problematic [21]. In general, techniques such as a Reversible Addition 

Fragmentation Chain Transfer (RAFT) and the electrochemically aided Atom Transfer 

Radical Polymerization (e-ATRP) allow to control better the uniformity of polymeric chain 

as compared to the conventional chemical polymerizations (due to the significantly 

improved PDI, leading to values close to the unity) [20]. Another important benefit of these 
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methods, especially when carbon allotropes are used as polymerization initiators, is 

quenching/inhibiting of monomer homopolymerization [22]. This is particularly important 

for the carbon-grafted polymer composites, since the particle size of both functional 

components is in the range of nanometers.   

In this study, the modified carbon allotropes bearing respective dithioester or alkyl halides 

active groups are applied as initiators for the living radical polymerizations of a 

methacrylate-functionalized pyrrole monomer. The nanostructured carbons (source of 

double-layer capacitance) such as the MWCNTs, Graphene and relatively new carbon 

allotrope that is Single-Walled Carbon Nanohorns (SWCNHs), are used for the first time 

as initiators during the living radical polymerization. These carbons are grafted via the  

e-ATRP and RAFT techniques with a 2-(1H-pyrrol-1-yl) ethyl methacrylate monomer in 

order to attach a polymer (pseudo-capacitor). The material characterization using 

microscopic and spectroscopic methods is correlated with the electrochemical activity for 

all newly developed composites. In the proposed synthetic methodology, the derivatization 

of polymer with the molecular linker is carried out first, and its polymerization onto the 

carbon takes place after, which is in reverse order as compared to the synthesis methods 

reported in literature. Since the structure and the particle size of the Single-Walled Carbon 

Nanohorns are very different from other two carbons used in this work (MWCNTs and 

Graphene), its function as the e-ATRP and RAFT polymerization initiator provide new 

important insight regarding its processability and possible applications in electrochemical 

energy storage. 
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4.2. Experimental section 

4.2.1. Materials and Methods 

Unless otherwise stated all materials were used as received without further purification. 

All solvents were obtained in their anhydrous form from department-installed solvent 

purification system. 2-propanol (for molecular biology, BioReagent, C99.5%, I9516 

Sigma-Aldrich), Single-Walled Carbon Nanohorns (as-grown, 804118 Sigma-Aldrich, 

BET 400 m2 g-1), DCM (ACS reagent, C99.5%, containing 50 ppm amylene as a stabilizer, 

443484 Sigma-Aldrich), dimethylformamide (anhydrous, 99.8%, 227056 Sigma-Aldrich), 

Multi-Walled Carbon Nanotubes (O. D. 9 L 6-9 nm, 95% (carbon), 724769 Sigma-Aldrich, 

BET 220 m2 g-1), polyvinylidene difluoride with an average Mw = 180.000, potassium 

bromide (FTIR grade), potassium chloride (analytical grade, p.a., C99.5%), THF 

(anhydrous, C99.9%, inhibitor-free), 1-(2-bromoethyl)-1H-pyrrole (98%), 2-

bromoisobutyryl bromide (99%), chloroethylmagnesium (99%), carbon disulfide (> 99%), 

copper(I) bromide, p-toluenesulfonic acid, sodium nitrite; a  

2,2′-Azobis(2-methylpropionitrile) (AIBN, purity > 99%), and 4-Dimethylaminopyridine 

(DMAP) were purchased from Sigma-Aldrich Canada. Single-layer graphene flakes (grade 

AO-3, 12 nm flakes, specific surface area 80 m2 g-1, and purity 99.2%) were obtained from 

Calverton, NY, USA. 3-Aminobenzoic acid (Sigma-Aldrich Canada) was recrystallized 

three times from absolute ethanol prior use. PMDETA (Sigma-Aldrich Canada) was 

deoxygenated and stored under inert atmosphere, hydrochloric acid (37%) was supplied by 

VWR Canada, and triethylamine (Sigma Aldrich) was distilled under inert atmosphere and 

stored in a Schlenk flask over 4Å molecular sieves. Carbon black (Super P Conductive, 
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99%, metal basis) was purchased from Alfa Aesar, UK. TEM imaging was carried out 

using a Jeol 2100 sTEM operating at 200 kV. FTIR spectra on a KBr pellet were recorded 

with the NicoletTM iSTM 50 FTIR, 4 cm-1 resolution, 100 scan per sample (KBr used for 

the pellets was dried in oven at 80° C prior the use). The Raman spectra were recorded 

with a Renishaw inVia Raman spectrometer at 785 nm excitation source (Renishaw Inc, 

UK) in spectral range from 1000 to 3000 cm-1 and 0.1 mW laser power using 50 times 

magnification on the microscope. All electrochemical experiments were carried out using 

a CH Instruments electrochemical workstation model C760 and with an electrochemical 

cell containing a platinum wire counter electrode (CE), Ag/AgCl (1M KCl 0.222 V) or 

non-aqueous Ag/Ag+ reference electrode (RE), and the ink-deposited glassy carbon 

rotating disk electrode (RDE) as a working electrode (WE). The working electrode was 

mounted to the Pine AFMSRCE rotating disk electrode station. All potentials were quoted 

vs. Ag/AgCl (222 mV vs. standard hydrogen electrode) and all electrochemical 

measurements were carried out in 0.1 M KCl purged with N2 for 30 min prior to 

experiments (N2 gas blanket was kept during the measurement). The glassy carbon working 

electrode disk of 0.5 cm diameter (PINE Instrument Company, USA) was mechanically 

polished with 0.05 μm Al2O3 slurry (Cypress Systems Inc., USA), rinsed in double-distilled 

water, sonicated for 5 min, finally rinsed with isopropanol and ethanol and dried under a 

gentle stream of air. Ink was prepared by dissolving PVDF (2 mg) in isopropanol  

(2 mL), sonicated for 0.5 h together with carbon black (2 mg) and 8.5 mg of an active 

material. The resulting suspension was dropped (17 μL overall with 8.5 μL for each casting 

portion) onto the polished glassy carbon working electrode (0.1963 cm2 area) and dried for 
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2 min under a 60 W lamp. The cyclic voltammetry (CV) scans were conducted in the 

potential range from 0.8 to -0.8 V (vs. Ag/AgCl 0.222 V), chronocoulometry was examined 

at 0.3 V that is an onset potential of the polypyrrole oxidation. The electrochemical stability 

test was carried out using chronopotentiometry (CP) technique by sweeping the potential 

at various anodic and cathodic current loads until a clear destruction of the electrode was 

observed (as indicated in the supporting information, Fig.4.S14.). 

4.2.2. Synthesis 

Fig.4.1. represents the consecutive steps in the synthesis of MWCNTs/Graphene/ 

SWCNHs -based initiators (a-b) and the 2-(1-H-pyrrol-1-yl)ethyl methacrylate monomer 

(c). Carbon allotropes grafted with a p-aminoaniline were prepared according to the 

procedure described previously [16].  

4.2.2.1. Synthesis of the 2-(1H-pyrrol-1-yl)ethyl methacrylate (monomer) 

1 g of methacrylic acid (ρ = 1.015 g cm-3) was purified under a glove bag filled with dry 

nitrogen by a passage through a short silica column in order to remove hydroquinone 

monomethyl ether stabilizer. Further, 2.9 mmol of methacrylic acid was introduced to a 10 

mL Schlenk flask and mixed with 5 mL of dry CH3CN, 3 mmol mL of  

2-bromoethyl-1-H-pyrrole and 2-fold excess of triethylamine (distilled under dry nitrogen 

and stored under 4 Å molecular sieves prior use). The flask was closed with a reflux 

condenser attached to a balloon filled with dry dinitrogen. The apparatus was removed 

from the glove-bag, the cooling hoses were connected to the condenser and the flask was 

immersed at 82°C in a silicon oil bath for 15 h. After the reaction was completed, CH3CN 

was evaporated under reduced pressure and the crude product was re-dissolved in 10 mL 
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chloroform (wet). The solution was washed five times with 10 mL of a concentrated 

sodium hydrogen sulfate solution and brine in a separatory funnel (to remove protonated 

triethylamine bromide salt and potentially unreacted methacrylic acid), dried over 

magnesium sulfate, filtered under air pressure and evaporated under reduced pressure 

(colorless oil). The 1H NMR (300 MHz, CDCl3, δ): 6.7 (t, J =  Hz), t 6.181 ppm; d 6.130 

ppm; d 5.609 ppm; q 4.398 ppm, q 4.188 ppm; s 1.9 ppm, as shown in Fig.4.S1. 

4.2.2.2. Synthesis of e-ATRP agents 

0.1 g of MWCNT/Graphene/SWCNH derivatized with a p-aminoaniline was dispersed in 

10 mL of dry CHCl3 and cooled down to 0°C in a 100 mL Schlenk flask charged with a 

stirring bar in an ice/salt bath [16]. Then a 2-bromo-2-methylpropionyl bromide (0.3 g, 

0.013 mmol), triethylamine (0.2 mL, 1.43 mmol) and N, N-dimethylaminopyridine 

(DMAP, 0.02 g, 0.164 mmol, dissolved prior by addition in 1.0 mL dry CHCl3) were added 

via a cannula transfer to the flask and the reaction temperature was maintained at 0 °C for 

1 h, and then for 48 h at room temperature. Afterwards the solid was separated from the 

reaction mixture by suction filtration under air and washed five times with 20 mL of dry 

CHCl3. The black solids were collected and dried at the atmospheric pressure oven at 40 

°C. An approximately 0.098 g of initiators were collected in each case (MWCNT, 

Graphene and SWCNH) and analyzed by FTIR, Raman spectroscopy and EDX (Fig.4.S2. 

Fig.4.S6.). 

4.2.2.3. Preparation of RAFT agents 

0.2 g MWCNT-benzoyl acid chloride, graphene-benzoyl acid chloride, SWCNH- benzyl 

acid chloride, synthesized according to the procedure described before16, were placed in a 
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50 mL Schlenk flask charged with a magnetic stirrer; under dry nitrogen (by standard five-

time vacuum/nitrogen purging). 10 mL of dry THF was introduced via a glass syringe. A 

pre-synthesized dithiopropanoic magnesium chloride salt (6.4 mL, 1.64 mol in THF) was 

introduced to the reaction flask at 60°C via a cannula transfer under the counter stream of 

dry nitrogen. The reaction was carried out for 24 hours, the solid product was collected by 

suction filtration under air and washed five times with dry THF. After drying at 40 °C 

under vacuum, ~0.12 g of respective RAFT-agent was obtained in each case. Fig.4.S2. 

shows the Raman analysis of selected synthesized RAFT agents and the signals observed 

were consistent with literature.22 Examples of FTIR (b) and Raman spectra (a) for the 

MWCNT-based RAFT initiator are presented in Fig.4.2. The FTIR signals at 1300 cm-1 

are assigned to SC=S asymmetric stretch, 1070 cm-1 for the S-C=S, or typical free –OH 

symmetric stretch.22 Small discrepancies such as the transmittance shift of 2 cm-1 (3697 

cm-1 reported, in case of this study 3699 cm-1) for the free –OH stretch could be due to the 

presence of an additional aryl unit used to prepare the RAFT initiator [22]. Fig. 4.2.b shows 

the Raman spectrum of the functionalized MWCNTs that consists three main peaks. The 

signal at 1304.23 cm-1 is assigned to defects and disordered graphite structures, while the 

peaks at 1598.36 cm-1 and 2601.46 cm-1 are attributed to the graphite band, which is 

common to all sp2 systems and second-order Raman scattering  

process, respectively. The ratio of intensity for the defect band and graphite band (ID/IG) 

indicates on the degree of functionalization of the MWCNTs.23 For a pure MWCNT, the 

ID/IG observed in this work was 1.91 and, as can be estimated from Fig.4.2.b, ID/IG of 

functionalized carbon nanotubes is 1.87, demonstrating that 2.08% of the carbon has been 
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functionalized in the MWCNT-based RAFT agent. The similar analysis of the ID/IG 

intensity ratio for the graphene- and SWCNH-based RAFT reagents were carried from 

spectra demonstrated in Fig.4.S2. (supporting information), and revealed degree of carbon 

functionalization similar to that of MWCNTs.  

4.2.2.4. Synthesis of dithiopropanoic magnesium chloride 

5.25 mL of 2M ethyl magnesium chloride in THF was transferred to 25 mL Schlenk flask 

under dry nitrogen in the glove bag. Afterwards, 1.15 mL of dry carbon disulfide (0.15 

mmol) was introduced via a three-time evacuated glass syringe to the ethyl magnesium 

chloride solution dropwise over 5 minutes. The change of color from clear brown to pale 

red was observed and was also consistent with literature.23 The formation of product was 

confirmed by 1H NMR (Fig.4.S4., supporting information). After 1 hour of stirring at room 

temperature, the obtained product was used immediately without further purification. 

4.2.2.5. e-ATRP polymerization 

0.217 g of a tetra-n-butylammonium tetrafluoroborate (TEABF4) in 10 mL of dry CH3CN 

was purged with nitrogen in a three-neck electrochemical cell for 30 minutes. In next step, 

0.217 g (0.17 mL) of 0.0724 mol (in dry CH3CN) freshly prepared Cu(I)Br/PMDETA 

complex was added to the solution under stirring, and several cyclic voltammograms were 

recorded. The pre-mixed 0.05 mL of a 2-(1H-pyrrol-1-yl)ethyl methacrylate was combined 

with 0.01 g of an ATRP initiator. Under a constant recording of CV scans, the 

electrochemically-assisted reaction was carried out for 240 minutes and the conversion of 

monomer was confirmed by 1H NMR (CDCl3). The color changed from green to blue and 

the precipitation of carbon allotropes grafted with the polymer was observed due to the 
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increase in the mass of the product (Fig.4.S5., supporting information). The product was 

collected by suction filtration, washed with dry CH3CN and subjected to crosslinking with 

the pyrrole monomer in the presence of ammonium persulfate according to the procedure 

reported previously.14 The e-ATRP electrochemical setup utilized in this synthesis is 

shown in Fig.4.S5. The voltammetry parameters for the polymerization were adapted from 

literature [25, 26]. An EDX elemental analysis was the first screening tool that confirmed 

the presence of e-ATRP product (and exemplary EDS spectra is shown in Fig.4.S6. in 

supporting information). 

4.2.2.6. RAFT polymerization 

0.011 g of the chain transfer RAFT agent was placed in a 50 mL Schlenk flask charged 

with a magnetic stirrer alongside with 0.00275 g (0.017 mmol) AIBN and 0.065 g of  

2-(1H-pyrrol-1-yl)ethyl methacrylate. 20 mL of dry DMF were introduced and heated at 

65 °C under continuous magnetic stirring overnight. In order to observe the conversion of 

the monomer in time, 1H NMR samples in CDCl3 were taken after 30, 60, 120, 150, 180 

and 210 minutes. The brown product was separated from dark green reaction mixture by 

suction filtration and washed with CHCl3 (wet) till the filtrate was colorless. The 

crosslinking of the pyrrole in the presence of ammonium persulfate was performed 

according to the procedure described previously [14]. The obtained RAFT products were 

analyzed by FTIR, Raman spectroscopy and EDS elemental analysis  

(and examples of EDS spectra are shown in supporting information in Fig.4.S7. and 

Fig.4.S9.). 
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4.3. Results and discussion 

4.3.1. Electrochemical study on e-ATRP polymerization process and RAFT synthesis 

Fig.4.3.a shows the synthetic steps in the e-ATRP process, which begins from the 

electrochemical activation of a pentamethyldiethyltriamine (PMDETA) copper(I) bromide 

complex used as a co-initiator, and synthetized according to referred work [25]. The 

electrochemically aided reduction of copper is observed at E1/2 = -0.85 V, and is consistent 

with literature (E1/2 = -0.72 V, Fig.4.S13. in supporting information demonstrates an 

exemplary CV scan of Cu(I) reduction) [28]. The Cu complex is the core species resulting 

in activity of the co-initiator in the e-ATRP. The activation and deactivation constants of 

this process can be calculated based on analysis of Butler-Volmer equation (Eq. 1) derived 

from the Tafel plot,  = f(log i) (Fig.4.S9. in supporting information): 

kact = k0 exp [(−
αnF

RT
(E − E0))] (1). 

  

The kact is the reaction rate for forward reaction (also called activation rate constant), k0 is 

the equilibrium reaction constant, α denotes the electron transfer coefficient obtained from 

the Tafel plot (Fig.4.S9.), n is the number of electrons transferred during the reaction, F is 

the Faraday constant (96485.33 C mol-1), R is the universal gas constant  (8.314 J mol-1 K-

1), T is temperature (295.65 K at the time of measurement), E and E0 are applied potential 

and the standard potential for the reduction reaction, respectively. The slope of Tafel 

function for the cathodic activation process is equal to 
(1−α)F

2.3RT
. Briefly, when the linear 



 

 

165 

 

branch of the cathodic Tafel plot (Fig.4.S9.) is extrapolated to log(i), the steady-state 

equilibrium for the reduction/oxidation reaction responsible for the catalyst activation is 

reached at the respective exchange current density, i0 (e. g., for MWCNT-based initiator i0 

= 5.38 × 10-6 A and is recalculated from the common logarithm with the base of 10). This 

quantity is further used to calculate the equilibrium (k0) and (kact) in Eq. 1 (k0 =
io

FAC
 at the 

complex concentration of C = 1.1 × 10-3 mol cm-3). 

 

Fig.4.1. The preparation of carbon-grafted initiators (a-b) and a 2-(1H-pyrrol-1-

yl)ethyl methacrylate monomer (c). 
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Fig.4.2. The Raman spectra (a) and FTIR (b) for the MWCNT-based RAFT agent. 

The overpotential observed for the e-ATRP assisted activation depends on the type of 

carbon allotrope used in the synthesis, as shown in Tafel plots (Fig.4.S9.). As a result, the 
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calculated activation constant (kact) varies for all e-ATRP products as follow: 0.023 L mol-

1 s-1 for the MWCNT-based initiator, 0.261 L mol-1 s-1 for the Graphene-based and 0.840 L 

mol-1 s-1 for the SWCNH-based initiator, and slightly differ from the activation constant 

calculated using the same method applied to similar systems.27,28 In this work, the 

SWCNHs-derived initiator showed the highest kact and the lowest overpotential needed to 

initiate the redox process, as compared to other allotropes. This difference could be related 

to the carbon specific surface area, which is the highest for the SWCNHs. Thus, the 

accessibility of the electrochemical interface for the redox process is largest in SWCNHs. 

The particle size and shape for carbons investigated in this work are very different, 

therefore the distributions of the electro-active centers along the carbon three-dimensional 

π-extended systems varies accordingly. The porous structure of SWCNs and their smallest 

size as compared to the Graphene and MWCNT initiators, caused the fastest Cu redox 

activity on SWCNH. On the other hand the open planar structure of the Graphene sheets 

(not structurally hindered) also facilitates fast and easy transport and activity of Cu 

complex, and thus the kact calculated for the Graphene is also high and comparable to 

carbon-based initiators reported in literature [29]. Nevertheless, the efficiency of Cu 

activation in the e-ATRP process is strongly influenced by the carbon morphology. 

Fig.4.3b shows the synthesis steps in the RAFT polymerization, partially adapted from 

literature [24]. The molar ratios of AIBN/initiator/monomer were kept at 1:4:24. 

The RAFT synthesis has some advantages over e-ATRP, such as it does not require 

electrochemical instrumentation. Since the e-ATRP uses a reference electrode, it is critical 

to prevent the synthesis workup from any contamination from reference electrode leakage. 
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Also, the RAFT polymerization does not require a toxic copper complex, and thus the 

overall workup is easier than in e-ATRP (where copper removal is an additional step in 

purification of the product). On the other hand, the e-ATRP allows us to perform the 

subsequent electro-polymerization of the pyrrole units using the same electrochemical 

setup in total, and the synthesis can be faster. More importantly, in e-ATRP, an in-situ 

analysis of kinetics of the polymer growth can be carried out using well-known 

electrochemical models (such as the Battler-Volmer and Tafel analysis). The RAFT is a 

pure chemical synthesis, whereby the e-ATRP combines the electrochemical approach 

with typical chemical methods. Nevertheless, the advantages of both synthesis routes are 

discussed in context of composites’ morphology, the electrochemical stability and energy 

storage capacity in following sections. 

3.2. Spectroscopic analysis of the carbon-grafted polymers 

Fig.4.4. demonstrates FTIR (a-c) and Raman spectra (d-f) of the carbon-grafted 

polypyrrole capacitive materials. The most significant differences in FTIR spectra appear 

for the end-group of the carbon allotrope based RAFT initiators as a results of different 

polymerization approaches. A free –OH stretch at 3700 cm-1 corresponding to the aryl unit 

attached to the multi-walled carbon nanotube indicates on the presence of the RAFT agent. 

This moiety is composed of a dithiopropanoic aryl magnesium salt, as shown in Fig.4.4a 

for the MWCNT-grafted-PPy synthetized by RAFT.  
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Fig.4.3. The synthesis steps in e-ATRP (a) and the RAFT (b) polymerization of the 

carbon-grafted-polymer capacitor materials. 

The same stretching band at 3697 cm-1 is reported by other group for the MWCNT-based 

initiator [24]. Similar signals with minor shifts are observed for the Graphene and SWCNH 

initiators (Fig.4.S2.).  
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The following FTIR bands identify the final product: a weak-medium stretch band at 571 

cm-1 arises from the presence of aromatic =C-H deformation vibration in the initiator’s aryl 

unit; at 753 cm-1 the C-S strong vibration indicates on the presence of thioester, a medium 

C-O-C vibration at 808 cm-1 corresponds to the methacrylate backbone, esters relate to 

bands visible at 1190 and 1250 cm-1, a large carbonyl stretch at 1740 cm-1 indicates the 

presence of the meta acrylic backbone in RAFT product. Also, a large band at 1650 cm-1 

is assigned to –C=C- aromatic vibrations from MWCNTs and an aryl functionality of meta-

substituted benzene ring, strong stretching vibrations at 1400 cm-1 and 1450 cm-1 alongside 

with the broad weak band at 3000 and 3420 cm-1 confirm the presence of polypyrrole unit. 

Also, the =C-H and C=N/-C-N- in plane vibrations are typically observed in the  

1-substitued pyrroles [29]. The C-H aliphatic bending vibrations are present at 2950 cm-1. 

In total, the most important signals revealing the formation of composites are: the  

free –OH stretch at 3700 cm-1 for the initiator derivatized with the 3-substitued aryl  

mote; the resolved weak 1-H isolated deformation vibration of the 3-subsitued aryl attached 

to the MWCNT core at 708 cm-1, and corresponding the 3-H atoms with the out-of-plane 

deformation vibrations at 835 cm-1; the strong dithionic C=S and C-S alongside with the 

C-C vibrations from this functionality observed at 1120, 982 and 1150 cm-1; two bands at 

891 and 948 cm-1 represent dithionic units in the endcapped polymer backbone around the 

carbon core (which was also confirmed by the sulfur signal observed in EDS spectrum Fig. 

4.S6.). The Raman analysis of the MWCNT-grafted-PPy (Fig.4.4.d) shows characteristic 

for the carbon nanotube, the D and G bands (at 1311.85 and  

1610.19 cm-1, respectively). The analysis of D/G intensity ratio related to the pristine 



 

 

171 

 

MWCNT is an indication on the extent of the surface derivatization and is related to the 

change of sp2 hybridized carbon atoms to sp3 after the attachment of the linker. This 

analysis is done based on the comparison of the ratio of D/G in pristine MWCNT and the 

same carbon in composite (according to relation: 100-((D/GMWCNT-based initiator)/(D/G pristine 

MWCNT)∙100%)). For the MWCNT-grafted-PPy the D/G ratio was 1.68, and for pristine 

MWCNT it was 1.91, which corresponds to 12.04% of the carbon surface functionalization 

with the linker and polymer. The D/G ratio from MWCNT-g-PPy prepared by RAFT 

polymerization was 2.015. The increase in the D/G intensity ratio is due to combined 

effects of the increase in intensity of sp3 hybridized atoms as compared to the sp2, alongside 

with the influence of the length of methacrylate backbone (due to the rich abundance of 

sp3 carbon atoms in their structure). The D/G ratio for pristine Graphene was 0.69 (which 

correlates well with large abundance of sp2 hybridized carbon atoms) and for pristine 

single-walled carbon nanohorns 1.88 (data not shown). For SWCNH- and Graphene-based 

initiators, the D/G ratios were 1.22 and 0.48, respectively, which corresponds to 30 % and 

35% abundance of functional groups onto the carbon surface. For the MWCNT-grafted 

PPy prepared by the RAFT (Fig.4.4d) there are additional peaks at  

1104.76, 1417.70, 1441.61, 2605.72 and 2935.49 cm-1 assigned to the –CH2- aliphatic 

chain and the polypyrrole units with a 2D band at 2935.49 cm-1 and also associated with 

the broadening of sp2 signals due to covering of carbon with the polymer. This results in 

the splitting phonon band from one sp2-rich layer of carbon core to other sp2-rich layer of 

the polypyrrole [32]. 
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Fig.4.4.b and Fig.4.4.c demonstrate the FTIR spectra of the SWCNH-grafted-PPy and 

Graphene-grafted -PPy synthesized by e-ATRP, respectively. For the first composite, the 

characteristic signal indicating product formation is a band at 522 cm-1 assigned to an out 

of plane N-H deformation vibration in amide structure, which correlates with the second 

band at 542 cm-1. The moderate intensity C-O stretching amide vibration is observed at 

1040 cm-1 and at 1170 cm-1, and is similar to bands found in amides connected directly to 

aryl groups, for example in carbons coupled with a p-amino aniline [16]. The medium and 

strong in-plane N-H bending vibrations assigned to the amide bond are seen at 1320  

cm-1 (medium) and 1570 cm-1 (strong). The band at 585 cm-1 is attributed to CH2 vibration 

of the ethyl unit in ester bond between the pyrrole and methacrylate. The band at 617 cm-1 

correlated with the band at 1240 cm-1 and both are assigned to the aliphatic C-Br ending of 

the polymer methacrylic backbone. Similar to the MWCNT-grafted-PPy prepared by 

RAFT (Fig.4.4.a), the peaks at 724 and 832 cm-1 indicate on the presence of the meta-

substituted aryl. The bands at 669 and 698 cm-1 are attributed to the C-H wagging vibrations 

of an ethyl aliphatic unit, connecting PPy to the methacrylate. The bands at 745 cm-1, 762 

cm-1 and 781 cm-1 arise from the N-H wagging vibrations. The bands at  

621, 941, 969 and 1000 cm-1 recognize the presence of the N-C and C-H deformation 

vibrations in the 1-H substituted pyrroles. The bands at 1030 and 1320 cm-1 are assigned 

to the C-O vibration in ester unit that correlates well with the carbonyl stretch at  

1720 cm-1. The presence of polypyrrole unit is additionally confirmed by bands at 1060 

cm-1, 1080 cm-1 and 1470 cm-1. The aryl units manifest themselves by the band at 1640  

cm-1
 alongside with the presence of large aromatic graphene sheets. The aliphatic chain at 
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2050 cm-1 and 2800 cm-1 almost overlap with the N-H signals from the amides at 2850  

cm-1 and 2930 cm-1. The final amide and ester structures are confirmed by the bands at 

3260 and 3420 cm-1.   

 

Fig.4.4. FTIR (a-c) and Raman spectra (d-f) of e-ATRP and RAFT products: 

MWCNTs-grafted-PPy by RAFT (a and d), SWCNH-grafted-PPy by e-ATRP (b and 

e), Graphene-grafted-PPy by e-ATRP (c and f). 

Raman spectroscopy of the Graphene-grafted-PPy (Fig.4.4.f) revealed stronger D band at 

1250, and 2D at 2271 cm-1 corresponding to the phonon splitting in case of the  
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MWCNT-grafted-PPy prepared by RAFT. The difference between these two composites 

is only the intensity of the signal that is stronger in Graphene due to the presence of 

approximately twelve sheets that overlay and form a sandwich-like structure (based on 

TEM imaging, Fig.4.5.), which contributes to higher intensity of D signal as well as 

stronger G band at 1352 cm-1. Signals at 1042, 1081, 131, 1376, 1434, 1460, 1480, 1579 

and 1600 cm-1 correspond to the PPy unit with covalent linkers and the methacrylic 

backbone. For example, peaks at 1042 and 1081 cm-1 are associated with the phenyl ring 

and the peak at 1301 cm-1 arises from the C=C alkyl stretch. The ester units are identified 

by the presence of COO- stretch at 1376 cm-1 and at 1434 cm-1 assigned to the stretching 

of methacrylic backbone. The latest is also confirmed by the presence of –CH3 stretch at 

1460 cm-1. The polypyrrole shows additional stretching signals at 1480 and 1519 cm-1. The 

Raman spectra of the SWCNH-grafted-PPy (Fig.4.4.e) and the MWCNT-grafted-PPy (Fig. 

4.4.d) demonstrate similar signals with lower intensities. 

4.3.3. Morphology 

TEM images of selected final products are shown in Fig.4.5. The structure of carbon 

allotropes chosen in this study are very different, and thus the morphology of composites 

is specific to the type of carbon.  

The general observation is that materials synthetized by both RAFT and e-ATRP methods 

show very thin polymer layer along the carbon for all cases. This can be seen by comparing 

the MWCNT-grafted-PPy made by e-ATRP (Fig.4.5.a) and the MWCNT-grafted-PPy by 

RAFT (Fig.4.5.c). Both living polymerization techniques allow control over the 

polypyrrole particle size or its film thickness, which are in the range of nanometers for all 
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products. The PPy structure is critical aspect of its electrochemical activity, and should be 

optimized in order to facilitate a charge transfer during doping-dedoping of the polymer 

chain (pseudo-capacitance activity). Also, the SWCNH-grafted-PPy made by e-ATRP 

(Fig.4. 5.d) shows a non-continuous polymer, which should further benefit in a high 

double-layer capacitance from the carbon exposed to the electrolyte. The completely 

different structure is observed for the Graphene-based composite synthesized by RAFT 

(Fig.4.5.b), where several graphene layers are sandwiched between very thin PPy films. 

Both, the carbon and PPy exposed to the electrochemical interface benefit in synergistic 

improvement of capacitance due to efficient double-layer and pseudo-capacitance. The 

morphology of final products is the most critical parameter that affects the electrochemical 

activity and stability of these composites and will be further discussed in conjunction with 

electrochemical tests.  

4.3.4. Electrochemical analysis: charge-discharge, mass transfer, long-term cycle 

stability 

The redox activity of polypyrrole in faradaic region and double layer capacitance of the 

carbon can be observed by cyclic voltammetry (Fig.4.6. and Fig.4.7.). In the potential range 

of anodic activity of the polymer (shown as a broad oxidation wave with weak oxidation 

signals, Fig.4.6.b), a positively charged radical cation is created due to the stripping of an 

electron from lone pair on nitrogen, as shown in Fig.4.6.a.  
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Fig.4.5. TEM images of e-ATRP and RAFT products. MWCNT-g-PPy by e-ATRP 

(a), Graphene-g-PPy by RAFT (b), MWCNT-g-PPy by RAFT (c) and SWCNH-g-PPy 

by e-ATRP (d). The bare carbon allotropes are shown in Fig.4.S10-S12 in supporting 

information. 

In order to compensate the deficiency of negative charge, a chloride from the electrolyte 

contributes in doping of polypyrrole. The process is highly reversible, and soon after the 

reverse scan is applied, the reduction of polymer chain occurs via formation of neutral 
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species (Fig.4.6.a). The nitrogen lone pair becomes neutral and the doping anion is expelled 

to solution. The redox activity (and associated doping) is efficient only if the process occurs 

within the polymer bulk. Therefore, the polymer films should be very thin, or the particle 

size in case of powders - very small. 

The repetitive charge-discharge of polypyrrole introduces considerable volumetric changes 

in the polymer. This feature of conjugated polymers makes them good actuators (e. g., for 

the application in artificial muscles). However, this is also a reason for their 

electrochemical instability. For example, comparing the polypyrrole with polyaniline, the 

conductivity in the latter (generated via anion doping and the cation formation in oxidized 

state) is achieved upon the linearization of phenyl structure that requires additional energy 

[32, 33]. The polypyrrole is a chain molecule composed of five-membered heterocycles, 

and it has better stability as compared to the polyaniline due to accommodation of nitrogen 

in the ring structure [34]. Such structure of polypyrrole hampers the formation of 

destructive polaron and multi-polaron [34]. The electronic stabilization of the polymer via 

its grafting with carbons, and generated by this electronic effects, such as the reverse donor-

acceptor centers, yield higher electrochemical stability [14].  

In the presented study we report the values of gravimetric capacitance and other 

electrochemical parameters only for the final products. The intermediate products 

(oligomers of pyrrole derivatives) generated at any step of the synthesis do not show 

pseudo-capacitance when analyzed using electrochemical methods, and thus we carried out 

electrochemical study only for the final products. In proposed synthesis methods, the last 

phase is a chemical crosslinking of the pyrrole using ammonium persulfate in aqueous 
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acidic medium as the crosslinking agent. Simultaneously, we have applied other methods 

for the crosslinking of pyrrole with the methacrylate backbone, which was initially 

connected to the carbon (not to monomer). Fig.4.S16. (supporting information) shows 

results related to the electrochemical polymerization of the pyrrole onto the methacrylic 

backbone distributed on the carbon surface. The narrow CV scan indicates on a low 

gravimetric capacitance. This demonstrates that the method of synthesis resulted in a 

product that is not electrochemically active. Another drawback of the e-ATRP synthesis is 

copper contamination [26]. In the proposed crosslinking of pyrrole in the presence of APS 

(not electrochemical as shown in Fig.4.S16.), the hydrochloric acid used for the activation 

of ammonium persulfate, also facilitated the removal of copper, which was confirmed by 

elemental mapping performed using the energy dispersive X-ray spectroscopy and the 

cyclic voltammetry. 

The specific capacitance of electrodes constructed from the carbon-grafted-polypyrrole 

was estimated by integrating area under CV curve (Fig.4.7.), recorded for freshly prepared 

electrodes and after the long-term stability test. The charge (in Coulombs) was standardized 

to the mass of active components (m in g) at the applied potential scan rate (ν in V s-1).  
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Fig.4.6. The redox activity of polypyrrole generating pseudo-capacitance (a), an 

example of the cyclic voltammogram of the MWCNT-grafted-PPy synthetized by e-

ATRP. 

For the charge integrated in the potential window (E2-E1 in V), the specific capacitance is 

calculated according to Eq. 2: 
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C (
F

g
) =

∫ I(E)dE
E2

E1

2mv(E2 − E1)
      (2) 

 

Fig.4.7. Cyclic voltammograms of carbon allotropes grafted with polypyrrole 

prepared by RAFT (a) and e-ATRP (b). 
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Table 4.1 demonstrates specific capacitances for all products. In summary, the e-ATRP 

method delivers composites with higher specific capacitances as compared to the same 

sample prepared by RAFT. Regarding the influence of carbon type on capacitance, the 

MWCNT-based materials show the best capacitances regardless of the synthesis  

method, with the maximum capacitance of 456.8 F g-1, which is significantly better as 

compared to the MWCNT-grafted-PPy with the amide-like linker (350 F g-1), or to bare 

MWCNTs (90 F g-1 or even lower as demonstrated in this work in Table 4S1), and to pure 

PPy (Table 4S1). Not only MWCNT-based, but other composites showed higher specific 

capacitances than their individual components, e. g., 4.07 F g-1 for pure PPy (this  

work, Table 4S1), 15.00 F g-1 SWCNH or 11.60 F g-1 for bare Graphene [16, 35]. This 

result demonstrates the synergy of double-layer and pseudo-capacitance in combined 

materials. The electronic effects are critical for an efficient charge accumulation and 

transfer in these composites. Both, the morphology and electronic interactions between 

components in grafted materials are crucial for improvement in specific gravimetric 

capacitance. An example is the Graphene-based composite shown in Fig.4.5.b, where the 

most outer plane of the carbon is coated with a continuous polymer film. This generates 

two competitive effects. Firstly, it hinders the access of ions to both sides of Graphene 

planes, which is necessary to achieve the maximum of double layer capacitance for this 

carbon. On the other hand, the stacking of Graphene sheets (up to twelve sheets on average 

based on TEM imaging) observed after grafting, facilitates the intercalation of ions, similar 

to the process taking place in graphite anodes. This effect, together with a contribution 

from the PPy pseudo-capacitance, results in improved gravimetric capacitance that reaches 
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254 F g-1 for e-ATRP and 231 F g-1 for RAFT products. The Graphene-based composites 

synthetized via the radical living polymerization shows significantly better capacitances as 

compared to the same composites made by a combined electrochemical and chemical 

grafting with the amide-type linker, and as compared to capacitances obtained for pristine 

carbons or pure PPy (Table 4S1) [3, 16]. Also, the difference in electrochemical 

characteristics of covalently grafted composites for Graphene are related to  

its structure, where the extended π-systems of the carbon are not accessible for reactants 

(inert), due to the structure stabilization via π-π* stacking. This makes the covalent 

derivatization of graphene rather challenging [34]. The benefit of using the living radical 

polymerization in the process of grafting of the Graphene with polypyrrole is that the 

carbon is primarily derivatized with the reactive moiety that prevents agglomeration of 

carbon and the monomer.  

MWCNT-based capacitors fabricated in this study are the best performing electrodes as 

compared to the Graphene- and SWCNHs-grafted composites. Indeed, their enhanced 

double-layer capacitance is related to the MWCNT morphology. The uniform in size and 

shape long tubes, also named as a one-dimensional structures, favor the specific electronic 

interactions within inner shells and along outer Graphene layers [35]. The interactions 

between these surfaces create an extended electrical field resulting in improved 

electrochemical double layer capacitance [14, 38]. The most evident benefit of RAFT and 

e-ATRP grafting is observed for the SWCNH-based composites. Firstly, the combined 

materials showed a major improvement of the total capacitance as compared to bare 

nanohorns (15.00 F g-1 or in Table 4S1), and at least two times higher than grafted materials 
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via different organic moieties [3, 14, 16]. This, again refers to the morphology of 

composites, revealing the benefit of using the living polymerization over other chemical 

and electrochemical grafting of carbon. As observed in previous work, the  

SWCNH-grafted-PPy tends to agglomerate to extent that the double-layer capacitance 

from the carbon fraction is obstructed. Due to the size of a needle-like carbon (“horns”), in 

the range of several nanometer (TEM of bare SWCNH are shown in Fig.4.S10. in 

supporting information), the grafting of this nano-structures with other components  

leads, in most cases, to covering of entire carbon, and therefore to the electrochemical 

response only from the pseudo-capacitive polymer. Fig.4.5.d shows the TEM image of 

SWCNH-grafted-PPy, where very small polymer beads can be recognized onto the carbon 

together with tiny polymer flakes that appear locally within colonies of carbon “horns” 

[16]. Since carbon is open to the ion from electrolyte and the polymer size facilitates the 

ion transport within its bulk, both these effects contribute to the improvement of 

gravimetric capacitance of the material. The pseudo-capacitance depends on the electrode 

polarization, thus peaks responsible for the polypyrrole activity may be seen in the Fig.4.7.a 

and Fig.4.7.b [39]. The ionic mass transport is critical to the effective rate of charge-

discharge in capacitor electrodes. The diffusion coefficient (D) is an indication on the ion 

transport within the material and is analyzed in this work using a coulometry technique. 

The data are further fitted using linear function of charge (Q) = f(square root of time, √t) 

according to the Cottrell equation (Eq. 3): 

Q(C) = 2nFA√Dπ √t      (3) 
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where D is the diffusion coefficient in cm2 s-1, n is a number of electrons exchanged in the 

polymer unit (assumed 1 for polypyrrole), F corresponds to the Faraday constant 96485 C 

mol-1 K-1 and A is the geometric are of the rotating disk electrode (0.1963 cm2). 

 

Table 4.1. The specific capacitance (F g-1), diffusion coefficient (D), cycle stability of 

products obtained by RAFT and e-ATRP. 

Fig.4.8.a shows an example of the charge = f(square root of time) linear dependence, which 

slope is used to calculated D values for all composites (Table 4.1). In general, the product 

with a maximum gravimetric capacitance shows the highest diffusion coefficient, 

regardless of the synthesis method. More importantly, for the same type of composite (the 

same carbon used for the grafting) prepared either by RAFT or e-ATRP, the diffusion 

coefficients are very similar, leading to the conclusions that the morphologies, in particular 

the thickness (or particle size) of the polymer and overall carbon coverage are similar (also 

confirmed by analysis of D and G bands intensities by Raman spectroscopy). Based on 
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calculated D values (Table 4.1), the conclusion is that MWCNTs is the best carbon in terms 

of effective mass transport (D is the highest), followed by the Graphene and SWCNHs. 

MWCNTs- grafted-PPy showed the best gravimetric capacitance in both RAFT and  

e-ATRP products. Thus, the type of carbon used as grafting core is a key component in 

these composites. 

The differences in mass transport (diffusion coefficient) further affects ion doping and the 

rate of redox activity of the polymer. The differential pulse voltammograms (DPV) shown 

in Fig.4.8.b-d, demonstrate the voltammetry response of the MWCNT-grafted-PPy 

prepared by e-ATRP (b), Graphene-grafted-PPy by e-ATRP technique (c), and the 

SWCNH-grafted-PPy synthesized by RAFT (d). The improved mass transport results in 

stronger redox signals (higher redox current over double-layer current). For example, the 

formation of amide polaron is observed at 0.824 V for the MWCNT-grafted-PPy prepared 

by the e-ATRP technique (with the highest diffusion coefficient) and the polypyrrole 

activity at 0.556 V, at -0.48 V and at -0.204 V. Also, the reduction of the amide bond is 

seen at -0.844 V and -0.724 V. A weak signal corresponding to the chloride reduction 

appears at -0.081 V. The similar transitions were detected for the Graphene-grafted-PPy 

(c) prepared by the e-ATRP technique, with minor shifts towards higher potentials, such 

as the polaron formation of amide linker accompanied by the second reduction at -0.792 V 

or the polypyrrole activity at 0.528 V and -0.264 V. These shifts are attributed to the 

electronic effects within the Graphene and polymer conjugated double-bonds. The 

corresponding peaks are identified for the SWCNH-grafted-PPy prepared by RAFT (d) at 

0.484 V and -0.264 V, which are related to the polypyrrole activity, and the reduction of 
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dithionic endcapped polymer at 0.908 V. For both the Graphene- and SWCNH-based 

electrodes, the redox signals are weaker as compared to the MWCNTs-composites, due to 

their slower mass transport (smaller diffusion coefficients). 

Regarding the electrochemical stability investigated by chronopotentiometry  

(Fig.4.S14.), materials synthetized by the RAFT showed slightly better stability as 

compared to systems prepared by e-ATRP. Based on earlier observations, the morphology 

of composites consisting of the same type of carbon, but prepared using different living 

polymerization are very similar, and also the thickness (or the particle size) of the 

polypyrrole are comparable. Thus the stability of materials must be related to chemical 

structure of the covalent linker. We predict that the chemical stability of the RAFT products 

are better that those synthesized by the e-ATRP, due to possible crosslinking between more 

branched polymeric chains for RAFT materials. Also, the oxygen containing 

functionalities in polyacrylates are not stable under oxidizing potential [40]. A possible 

solution would be to engage the sulfur end-capped chains, as it was done for e-ATRP. 

Overall, this chemical modification makes e-ATRP composites still relatively stable, as 

indicated by multiple chronopotentiometric scans (Fig.4.S14. and Table 4.1.).  

In terms of carbon type, both MWCNT-grafted and Graphene-grafted-PPy show better 

stability as compared to the SWCNH-based materials. This suggest more rigid chemical 

and electrochemical structures for first two composites, resulting in better stability of the 

polymer, and is generated by stronger electronic interaction between the PPy and the 

carbon π-systems. As observed for the SWCNH-grafted-PPy (Fig.4.5.d), the polymer is 

mostly located between the carbon nano-clusters, and because of their very small size, it 
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accumulates within the carbon macropores instead (not on the surface of small “horns’). 

Presumably, there is less chemical bonding between the PPy and SWCNHs, resulting in 

luck of covalent rigidness, also less physical contact between these components (means 

less electronic interaction via π-π* stacking), resulting in unstable material (for both RAFT 

and e-ATRP SWCNHs products). The stability tests showed that the MWCNT-based 

composite electrodes are more stable as compared to Graphene or SWCNH-based peers. 

In addition, the volumetric changes of polypyrrole during charge-discharge cycles seems 

to be amplified for the edge-rich morphologies, such as in SWCNH, therefore their 

mechanical stability (and electrochemical performance) will be deteriorated. In case of 

Graphene, the stability is improved, as the electronic interactions between carbon 

monolayers and the organic phase are strong [14]. Likely, this effect also contributes to 

improved stability of the MWCNT-based composite (multi-walled tubes are made from 

several stacked layers of graphene). The SWCNHs are self-standing, separated structures 

made from ultra-small carbon “horns”. Therefore, not only the electronic interactions are 

weaker (it is a single-walled carbon), but the polymer is mostly accumulated within the 

carbon clusters, therefore its contact with carbon is limited, and it degrades similar to that 

of pure polypyrrole. The SWCNH-grafted-PPy requires further optimization of the 

structure, which leads to smaller size of PPy particles. 

Fig.4.9. summarizes the electrode equilibrium voltage as the function of applied current 

load and was constructed from the long term charge-discharge curves (Fig.4.S14.). Overall, 

the composites made from grafted MWCNT showed the highest electrode voltage, only 

slightly smaller is observed for Graphene-based composites, and the lowest for SWCNH-
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grafted PPy (made by RAFT). This correlates well with morphology observations and the 

analysis of mass transport. The composites prepared by e-ATRP showed slightly lower 

electrode voltages as compared to products of the RAFT. More importantly, all composites 

revealed higher electrode voltage as compared to bare polypyrrole (stable at 0.68 V vs. 

Ag/AgCl). 

This demonstrates that carbon is important stabilizing component in such materials, and 

emphasizes benefit from the covalent grafting with polymer (only e-ATRP-made Graphene 

showed some discrepancy, presumably due to less porous structure of the e-ATRP 

product). Both, the Graphene- and SWCNH-grafted-PPy can be further optimized in the  

e-ATRP process, leading to more uniform distribution of the polymer, better separation of 

graphene sheets by the polymer (for Graphene-based), and to decrease in the polymer 

particle size for the SWCNH system. Since the morphology of both RAFT and e-ATRP 

products are similar, the voltage stability of the electrode is apparently related to the 

chemical structure and stability of molecular linker. For the RAFT-grafted composites, the 

chemical linker composed of thiocarbonyl functionalities is more stable under oxidizing 

potential as compared to the linker used in the e-ATRP. In the latest, the amide and ester 

motes are degraded faster via bond breaking, due to the formation of a destructive polaron. 

It causes materials synthesized via the e-ATRP to be more prone to electrochemical 

degradation, while the product of RAFT contains more carbon atoms with sp3-sp3 bonds, 

which are more stable. 
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Fig.4.8. An exemplary Anson plot for SWCNH-g-PPy prepared by RAFT 

polymerization used for analysis of diffusion coefficient (a); differential pulse 

voltammetry scans for MWCNT-g-PPy prepared by e-ATRP polymerization (b), 

Graphene-g-PPy prepared by e-ATRP (c) and SWCNH-g-PPy prepared by RAFT 

(d).   
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Fig.4.9. The charge-discharge potential at varying current load for capacitor 

electrode made form RAFT composites (a-c) and e-ATRP (d-f) for MWCNT-g-PPy 

(a and d), Graphene-g-PPy (b and e) and SWCNH-g-PPy (c and f). 

In total, this results in slight improvement of the cycle-life and higher electrode voltages 

for materials synthesized by the RAFT method. 

4.4. Conclusions 

In this study two living radical polymerization techniques, e-ATRP and RAFT, were 

applied for the grafting carbon allotropes such as MWCNT, Graphene and SWCNH with 
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the methacrylate functionalized-polypyrrole.  The modified carbons were examined as the 

polymerization initiators in the e-ATRP and RAFT synthesis. Their electrochemical 

response for the co-catalyst activity revealed the highest activation rate constant for 

SWCNH, owing to its highest specific surface area, and thus availability of large 

electrochemical interface for the redox process. The Fourier-transform infrared and Raman 

spectroscopies were used to identify the reaction products at each phase and for the final 

composites. TEM imaging showed that: (i) the morphology of composites made from the 

same carbon allotrope are not significantly different for RAFT and e-ATRP products; (ii) 

the structure of the ultimate product strongly depends on the type of carbon: for SWCNH 

the polymer was locally agglomerated between the carbon clusters due to ultra-small 

carbon particles, and for the Graphene, the polymer formed an uniform layer on the most 

outer sheets of Graphene; (iii) the polypyrrole film or the particle size was very small (in 

all cases less than 30 nm), demonstrating the control over the polymer morphology in living 

polymerization techniques. The high specific gravimetric capacitances over 456 F g-1 and 

electrochemical stability up to 7500 cycles were obtained for MWCNT-grafted-

polypyrrole, and slightly less for Graphene-based composites synthetized by e-ATRP, 

showing the advantages of this method over RAFT. The electrode voltages for all 

composites were higher as compared to the pure polymer electrodes, with some benefit of 

RAFT over e-ATRP product, and with significant improvement observed for the MWCNT- 

and Graphene-based systems. Regardless of the synthesis method, all composites 

demonstrated enhanced specific capacitance as compared to their individual components, 

revealing the synergy of double-layer capacitance from the carbon and the pseudo-
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capacitance generated by the polymer fraction. Both, the RAFT and e-ATRP are 

polymerization methods that deliver nanomaterials with tailored morphology and desired 

functions, by creating a stable anchorage between carbon, molecular linker and the 

polymer, and without unwanted side effects such as the homopolymerization, as indicated 

in our previous studies on similar carbon/polypyrrole systems [16]. 
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4.6. Supporting information 

 

a E1(V)=0.8 V (vs Ag/AgCl 0.222 V), E2(V)=-0.8 V (vs Ag/AgCl 0.222 V), m=8.5 10-5g, 

ν=0.1 V s-1. 

b Calculated according to: 𝐶 (
𝐹

𝑔
) =

∫ 𝐼(𝐸)𝑑𝐸
𝐸2
𝐸1

2𝑚𝑣(𝐸2−𝐸1)
 , 0.196 cm2 RRDE working electrode, 

Ag/AgCl reference electrode, m=8.5 10-5g Platinum wire counter-electrode. 

Table 4.S1. Specific gravimetric capacitances obtained for pristine MWCNT, 

Graphene, SWCNH and PPy. 
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Fig.4.S1. 1H NMR data of 2-(1H-pyrrol-1-yl)ethyl methacrylate. 
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Fig.4.S2. HF 3-21G computed FTIR and Raman spectra of simplified graphene 

based e-ATRP initiator. 
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Fig.4.S3. Raman spectra for the MWCNT, Graphene RAFT and e-ATRP initiators. 

MRSP21c stands for the Raman spectrum of MWCNT before the crosslinking of 

pyrrole on the methacrylic backbone and MRSP21d after the crosslinking.  
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Fig.4.S4. 1H NMR spectrum obtained after 20 minutes for the dithiopropanoic 

magnesium chloride salt preparation reaction. 
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Fig.4.S5. e-ATRP process with MWCNT-based initiator.  



 

 

198 

 

 

Fig.4.S6. EDX spectrum of graphene-g-PPy prepared by e-ATRP polymerization. 
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Fig.4.S7. EDX spectrum of graphene-g-PPy prepared by RAFT polymerization. 
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Fig.4.S8. EDX spectrum of MWCNT-g-PPy prepared by RAFT polymerization. 



 

 

201 

 

 

Fig.4.S9. Tafel plots for MWCNT- (a), Graphene- (b) and SWCNH-based e-ATRP 

initiators. 



 

 

202 

 

 

Fig.4.S10. Pristine Single-Walled Carbon Nanohorns. 
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Fig.4.S11. Pristine Multi-Walled Carbon Nanohorns. 
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Fig.4.S12. Pristine Graphene flakes. 
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Fig.4.S13. Electrochemical response of Cu(I)Br(PMDETA) in e-ATRP 

polymerization with Graphene as initiator. 

 

𝑘𝑓 = 𝑘0 exp [(−
𝛼𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸0))] (𝐸𝑞. 𝐹1) 

Where Tafel slope for the cathodic process (activation: 𝑠𝑙𝑜𝑝𝑒 =
(1−𝛼)𝐹

2.3𝑅𝑇
) and 𝑘0 =

𝑖𝑜

𝐹𝐴𝐶
), 

where C=1.1 mM=1.1E-03 mol cm-3, F=96485.3329 sA mol-1 and io=5.38E-06 (read and 

recalculated from the common logarithm with the base of 10); kf= 2.61E-01 L mol-1 s= 

kact  
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Fig.4.S14. Stability data upon charge- discharge for different carbon allotrope-g-PPy 

products.  
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Fig.4.S15. An alternative electropolymerization approach of MWCNT attached to 

methacrylate backbone bearing pyrrole in the structure.  

(A) CV spectrum in p-toluene sulfonic acid with an insert demonstrating the increase in 

redox signals related to the growth of the polymer and the photo of product generated on 

the Pt working electrode. (B) CV scans of the product synthesized using 

electropolymerization approach with signals related to redox activity of Cu (insert photo 

also show the color of the product that is dark green due to Cu contaminations that becomes 

problematic in this method of polypyrrole synthesis). 
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Abstract: In this work we analyzed ionic processes within a polypyrrole (PPy) covalently 

attached to a graphene, multi-walled carbon nanotubes (MWCNTs) and single-walled 

carbon nanohorns (SWCNHs), operating in aqueous and hydrogel electrolytes, containing 

KCl, NaCl, LiCl, KBr, NaBr and LiBr salts. The computational studies were developed for 

a five-membered PPy chain with a single charged pyrrole using molecular mechanics 

(MMFFaq) and density functional theory (DFT-B3LYP 6-31G) models. This analysis 

revealed a cation co-adsorption taking place during the polymer oxidation (and 

corresponding doping of anion) for potassium and sodium halides, but not for lithium salts. 

The electro-gravimetric analysis carried out by the electrochemical quartz crystal 

microbalance confirmed the cation co-adsorption on the oxidized polymer in KCl. The 

highest ion mobility measured for several carbon-grafted PPy composites was found for 
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the MWCNT-grafted-PPy in liquid electrolytes. The ionic mobilities for the same materials 

embedded in the hydrogel electrolyte were comparable, except for the graphene-based 

electrodes (one order of magnitude lower than that of MWCNT- and SWCNH-grafted-

PPy). The ionic mobility is a potential dependent process and the highest values were 

observed for KCl in the range of redox activity of polypyrrole (from 0.3 to 0.7 V), and it 

significantly dropped at higher potentials due to the saturation of the polymer (maximum 

doping). All bromides showed considerably higher mobility as compared to chlorides at 

the polarization above 0.7 V. This phenomenon can be related to additional electrochemical 

activity of bromides, leading to the formation of Br3
- species under positive potential. The 

cyclic voltammetry revealed the highest gravimetric capacitance for the MWCNT-grafted 

PPy incorporated in hydrogels and synthesized via the oxidative radical polymerization 

(516.86 F g-1) and by the electrochemically-aided atom transfer radical polymerization,  

e-ATRP (456.31 F g-1), which was significantly higher as compared to the same electrode 

measure in liquid electrolyte (350.49 F g-1 for composite fabricated by oxidative radical 

polymerization, and 338.43 F g-1 for the e-ATRP product). 

5.1. Introduction 

An overproduction of energy, especially generated by renewable technologies (solar, hydro 

or wind power) becomes reality in many countries. The implementation of clean energy in 

power grids increases continuously, together with this progression, the efficient storage of 

energy (or an excess of energy) becomes equally important [1]. The phenomenon called 

the “California Duck” power production-demand imbalance demonstrates an importance 

of energy storage systems in energy power plants and its impact on efficient energy 
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management [2]. This energy disproportion describes the time when power production 

exceeds its consumption or demand, and this energy consumption cannot be deferred or 

delayed. In order to stimulate production of electricity to satisfy temporary needs, a good 

solution is to incorporate energy storage systems (e.g., capacitors) in energy grid, or in 

a smart grid communication infrastructure that enables demand response. The California 

Independent System Operation (CAISO) has predicted that energy imbalance will be one 

of the most challenging tasks for current smart grids to overcome in upcoming years [3]. 

The super- and ultra-capacitors that enable rapid (in milliseconds!) uptake/release of 

considerable amount of power are promising systems that can be incorporated in general 

power grid [4]. The type of materials, their structure and processing used to construct these 

devices are vital to the success of capacitor technology. Not only fast charge uptake and 

release, but also a long-life stability (both chemical and electrochemical), and an enlarged 

electrochemical surface are required features for capacitive materials [5, 6]. The 

improvement of gravimetric capacitance is a subject of many studies, and deals with 

morphological optimization (expansion of specific surface area of a double-layer 

capacitive electrode) or their molecular structure that allows redox processes in  

pseudo-capacitors [7, 8]. Since the energy storage capacity for both pseudo-capacitors and 

double-layer capacitors relies explicitly on the rate of ion exchange, the connection 

between the electrode performance and chemistry of an operating electrolyte, whether it is 

a solid or liquid, is still under optimization [9, 10]. The effective electrode-electrolyte 

interface together with a reactivity of electrode components (especially  

for pseudo-capacitors) are necessary features for maximum utilization of an active 

https://en.wikipedia.org/wiki/Smart_grid
https://en.wikipedia.org/wiki/Demand_response
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electrode material. Not only these chemistries, but also toxicity of both electrode and 

electrolyte become another challenge. As an example, electrodes made from heavy-metals 

are often replaced with so-called synthetic metals based on conjugated polymers  

(e.g., polypyrrole, polyaniline) that have shown quite promising specific capacitance  

[11, 12]. Regardless the effort, their electrochemical stability is still below of that of 

metallic peers. An important function, not only in capacitors, but in other energy storage 

and conversion technologies, is devoted to nano-structured carbons. The multi-walled 

carbon nanotubes (MWCNTs), graphene, activated carbons, carbon blacks or relatively 

new, single-walled carbon nanohorns (SWCNHs) have been extensively studied and their 

roles in energy systems are quite well understood [13, 14]. For example, the most important 

is their ability of fast ion exchange on a large and easily polarized π-extended surfaces 

(especially at the highly graphitized surfaces in MWCNTs, graphene, SWCNHs), resulting 

in rapid charge/discharge, which is a key feature in electrochemical double layer capacitors 

(EDLCs) [15]. Pairing EDLCs with various redox active materials such as oxides (MnO2 

or RuO2) results in additional improvement of charge accumulation, leading to a specific 

capacitance as high as 1000 F g-1[16, 17]. Although, an initial capacitance is remarkable, 

excessive reduction and oxidation cycles make these materials prone to degradation and 

etching, which is serious drawback for possible industrial applications [18]. Another way 

of improving the EDLC’s performance is to combine them with the redox-active 

conjugated polymers such as a poly(3,4-ethylenedioxythiophene), polypyrrole or 

polyaniline. Even though these combined electrode materials initially show high specific 

capacitance, the repetitive and extensive charge-discharge generates volumetric changes in 



 

 

215 

 

the organic fraction, resulting in linearization of the polymer chain, and considerable 

mechanical and electrochemical instabilities of the electrode [19, 20]. One way of 

improving stability of the electrode is to introduce a chemical bond between the 

nanostructured carbon and conjugated polymer. The rigid, conductive and chemically 

stable linker can generate strong electronic effects (e. g., reverse electron donor/acceptor 

interactions), leading to more durable and active electrodes as compared to physical 

mixtures of the same carbon and polymer or metal oxide [21, 22]. 

The electrochemical double-layer and pseudo-capacitance in carbons chemically grafted 

with conjugated polymers is strongly influenced by the type of electrolyte used in the 

device. The effective electrode-electrolyte interface is a foundation for generating a 

maximum power density in the capacitor [23]. The chemistries, physical properties, and 

molecular structure of active electrode and electrolyte materials all influence the ion 

diffusion. Thus, the ion mobility is critical for efficient ion doping in the redox-active 

fraction (pseudo-capacitance of conjugated polymer), and in creating the electrochemical 

double-layer at the carbon-electrolyte junction. The functions of liquid electrolytes in the 

electrode-electrolyte interactions are relatively well-understood. For hydrogels (semi-

liquid) that recently have become popular ionic matrix for wearable, stretchable and 

leakage-free capacitors, the ion dynamics at the electrode/electrolyte interface is still not 

fully explored. It has been already proven using both computational and experimental 

methods that the mass transport in hydrogel electrolytes proceeded via a vehicular 

mechanism due to the presence of water percolation channels, which are responsible for 

the mobility of solvated ions [24]. 
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In this work we analyse the ion mobility for various common electrolytes in aqueous 

solution and in hydrogels, and correlate this with a gravimetric capacitance of the carbon-

grafted-polypyrrole electrodes. The main objective of this analysis is to understand the 

impact of type of ions (i.e., ionic radius) on the rate of charge exchange, in correlation with 

the gravimetric capacitance of capacitors, especially for a new formulation of hydrogel 

electrolyte consisting of a polyacrylate matrix modified with a sulfonated 

tetrafluoroethylene (Nafion). The electrochemical impedance spectroscopy combined with 

an electrochemical quartz crystal microbalance are employed to study the rate of diffusion 

defined as the transition time needed for ions to reach the pseudo-capacitive active centers. 

The electronic states of the conjugated polymer (and therefore its pseudo-capacitance) 

strongly depends of the polarization [25]. Thus, potential-dependent impedance 

measurements allows us to analyse the polymer electronic transitions, and related to this, 

ion doping [26]. The quantification of adsorbed ions at the polarized electrodes using the 

electrochemical quartz crystal microbalance is correlated with their specific capacitance. 

The experimental results are further combined with qualitative  

computational methods, based on energy minimization in the aqueous phase, using two 

theoretical models. First is a molecular mechanics model MMFFaq that is suitable for 

conformational analysis of large and flexible molecules, with aqueous solvent correction 

to the energy data. This method will provide a preliminary estimation of minimized energy 

of the ion adsorption in polypyrrole, and will be a starting parameter in computations 

resulting in more optimized values of energy, carried out using the density functional 

theory DFT B3LYP 6-31 G/PCM model. 
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The synthesis procedures and material characterization of the carbon-grafted-PPy studied 

here are presented in our previous work [22, 27]. Briefly, methods of pairing the carbon 

(graphene, MWCNT, SWCNH) with the polymer via a chemical bond were optimized in 

order to supress homopolymerization of a pyrrole and to create porous composites. Based 

on previous study, the best performing capacitor materials were obtained by an oxidative 

radical polymerization, the electrochemically aided atom transfer radical polymerization 

(e-ATRP) and the reversible addition-fragmentation chain transfer polymerization 

(RAFT), and their structures are demonstrated in Fig.5.1.C and Fig.5.S1. (supporting 

information). 

5.2. Materials and experimental methods 

2-Propanol (for molecular biology, BioReagent, C99.5%), acrylamide (AAm) (>99 % 

HPLC purity), lithium bromide (ReagentPlus®, ≥99%), lithium chloride (anhydrous, free-

flowing, Redi-Dri™, ACS reagent, ≥99%), multi-walled carbon nanotubes (O.D.9L 6-9 

nm, 95% carbon BET 220 m2 g-1), N, N’-methylenebis(acrylamide) (MBA, powder for 

electrophoresis, ≥99.5%), Nafion 117® (~5% in a mixture of lower aliphatic alcohols and 

water), polyvinylidene difluoride with an average Mw = 180.000, potassium bromide (FT-

IR grade, ≥99% trace metals basis), potassium chloride (analytical  

grade, p.a. 99.5%), single walled carbon nanohorns (as-grown, BET 400 m2 g-1), sodium 

bromide (BioXtra, ≥99.0%), sodium chloride (BioXtra, ≥99.5%) were obtained from 

Sigma Aldrich, Canada. Hydrochloric acid (37%) was supplied by VWR Canada and 

carbon black (Super P Conductive, 99%) was purchased from Alfa Aesar. 
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Transmission electron microscopy (TEM) imaging was performed using a Jeol 2100s scope 

operating at 200 kV. All electrochemical experiments were carried out on a CH Instruments 

electrochemical workstation model C760 and with an electrochemical cell containing a 

platinum wire counter electrode (CE), Ag/AgCl reference electrode (RE), and the ink-

deposited glassy carbon rotating disk electrode (RDE) with 0.1963 cm2 area used as a 

working electrode (WE). WE was mounted to the Pine AFMSRCE rotating disk electrode 

station. All potentials in a 3-electrode system were quoted vs. Ag/AgCl (222 mV vs. 

standard hydrogen electrode). All electrochemical measurements were carried out in 0.1 M 

LiCl, LiBr, NaCl, NaBr, KCl, and KBr electrolytes purged with N2 for 30 min prior to 

experiments (N2 gas blanket was kept during the measurement). The glassy carbon disk 

(PINE Instrument Company, USA) was mechanically polished with 0.05 μm Al2O3 slurry 

(Cypress Systems Inc., USA), rinsed in a double-distilled water, sonicated for 5 min, finally 

rinsed in ultrapure isopropanol and ethanol and dried under a stream of air. The ink was 

prepared by dissolving PVDF (2 mg) in isopropanol (2 mL), sonicated for 0.5 h together 

with a carbon black (2 mg) and 8.5 mg of an active material (carbon-grafted-polypyrrole). 

The resulting ink was dropped (17 μL overall with 8.5 μL for each cast) onto the polished 

glassy carbon working electrode and dried for 2 min under a 60 W lamp. The CV scans 

were conducted in the potential range from 0.8 to -0.8 V (vs. Ag/AgCl 0.222 V). 

Chronocoulometry was examined at 0.3 V at the onset potential of the polypyrrole 

oxidation. The EQCM analysis was performed using the CHI Instruments 400C series 

Time-resolved Electrochemical Quartz Crystal Microbalance (EQCM) with a customized 

glassy carbon resonator electrode, Ag/AgCl reference and Pt wire as a counter electrode. 
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The electrochemical impedance spectroscopy was conducted in the frequency range from 

106 to 0.3 Hz and the potential amplitude of 0.005 V, using the electrode polarization 

ranging from 0.3 to 1 V. The impedance spectra were analyzed and fitted with ZView 

software (Scribner Associates Inc., US).  

The same electrochemical tests were conducted for the hydrogel-embedded active 

materials (carbon-grafted-polypyrrole) in a two-electrode system. For this, a laminate (20 

mm square of 1.3 cm thick film) was placed between two stainless steel square plates (20 

mm) that were connected to the electrochemical station. The 2- electrode cells were 

enclosed in order to prevent evaporation of water from the hydrogel electrolyte (Fig.5.S2.). 

The same electrochemical techniques and settings were applied to both three- and two-

electrode tests. 

5.2.1. Synthesis 

All electrode materials were synthesized and characterized according to the procedures 

reported previously [21, 22]. Phase identification, surface analysis, morphology, elemental 

mapping and thermal properties were investigated by FTIR/Raman/TEM/XPS/EDX and 

TGA, respectively, and were included in previous work. A new synthetic material is a 

hydrogel electrolyte, which was fabricated as follows. 50 mL of deionized water was 

purged in the Schlenk line with a dry nitrogen for 30 minutes, 0.0256 g of ammonium 

persulfate (APS) was dissolved in 1 mL of deionized water in a separate flask. Furthermore, 

a 1.56 g acrylamide, 1.18 g potassium chloride, 0.5 mL of 5wt% Nafion 117® solution, 

0.05 mL tetramethylethylenediamine (TEMED), and 0.001g of active material were mixed 

with 9 ml of deionized and deoxygenated water. All procedures were carried out in a N2-
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filled glove bag. The mixture was sonicated for 30 minutes to ensure dissolution of KCl, 

and was combined with the ammonium persulfate solution under vigorous stirring. The 

mixture was poured onto the 60x15 mm Petri dish and placed in the UV-cross-linker 

operating at 254 nm wavelength with irradiation of 300.000 μJ cm-2 for 20 min.  

5.2.2. Theoretical methods 

The minimized energy of adsorption for ions present in electrolyte was computed only for 

polymer, since the ionic adsorption on the carbon double-layer capacitor has been already 

studied [28]. The base for a molecular mechanistic force filed energy minimization model 

(MMFFaq) was a simplified 5-membered polypyrrole chain, caring an immonium radical 

cation active center on third pyrrole unit. An evaluation of non-bonding, van der Waals 

and coulombic interactions using MMFFaq provides primary conformational preferences 

of an ion adsorption on the charged polymer. In next step, the initial energy minimization 

calculated using molecular mechanistic was used as starting parameter in the density 

functional theory (DFT) model. For this, a hybrid exchange energy correlation was applied 

to the grid-based density functional theory model, DFT B3LYP (Becke 3-parameters Lee-

Yang-Parr were applied to the local density approximation). Also, the 6-31G with a 

restricted closed shell wave function and POPN31 exponent were included in base set of 

approximations. A quantum annealing was chosen as an algorithm to find a global 

minimum of an objective function. The spin multiplicity was assumed to be unity, and net 

charge (due to the presence of unbalanced alkali metal cation from electrolyte) as +1. A 

maximum self-consistent field iteration was set as 100 with the Hartree/Bohr convergence 

tolerance of 0.001000. Also, a Polarizable Continuum Model (PCM) without a 
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compensation, and three isotropic dielectrics in integral equations were applied to model 

solvation effects. The Hückel guess and C1 symmetry were used for all computations. 

Orbitals were optimized by a direct second order self-consistent field calculation. These 

models were applied to six salts used in the electrolyte (LiCl, LiBr, NaCl, NaBr, KCl, and 

KBr). The initial values of energy minimization computed using molecular mechanics were 

applied to DFT models analyzed using the ORCA 3_0_3 and GAMESS-64-2016-intel-

linux-mkl software. Furthermore, the energy level of the HOMO orbital corresponding to 

the immonium radical cation/halide center, and the interaction between the PPy chain and 

alkali metal (attraction or repulsion) were projected with the Avogadro 1.1.1 software. The 

results were finally exported in the format compatible with a graphical software and 

presented in Fig.5.2. The effect of solvent concentration was not included in these 

computations.  

5.3. Results and discussion 

5.3.1. Pseudo- and double-layer capacitance in carbon-grafted-polypyrrole 

The role of electrolyte in redox activity of conjugated polymers is critical for efficient 

pseudo-capacitance and for the rate of charge/discharge process [29]. The stripping of an 

electron from the pyrrole lone pair during the electrochemical oxidation generates a 

positively charged radical cation that is neutralized by doping of counter anions from the 

operating electrolyte (Fig.5.1A). Upon reduction, the positively charged radical cation 

returns to its neutral state and the doping ion is expelled to solution, resulting in discharge 

of the electrode. Both the doping (charge) and un-doping (discharge) are very fast. This 

characteristic of pseudo-capacitors makes them highly sought in capacitor technologies 
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[30]. The rate of doping varies significantly for different electrolytes, and depends strongly 

on the type of doping anion [31]. The trend is fairly straightforward, preferentially the 

smallest ionic radius of doping anion facilitates fast charging. The cation function in the 

combined capacitor electrodes is primarily to contribute to the charging of carbon [32]. 

The double-layer formation with a positive charge from electrolyte is particularly favoured 

in nanostructured carbons, consisting of a large π-extended surface [33]. Fig.5.1B 

demonstrates a cyclic voltammogram of the carbon-grafted-PPy, with features that are 

typical for the double-layer capacitance (cation adsorption on the carbon upon negative 

polarization or anion for positively polarized carbon), and is demonstrated by a broad 

square-like shape of the voltammogram. In addition, the pseudo-capacitance due to the 

redox activity of the polymer and associated anion doping is represented by redox peaks in 

the potential range between -0.4 and 0.2 V (anodic scan). The total capacitance of such 

composite electrodes is usually higher as compared to the carbon or PPy alone. It is 

believed that one of the reason for this improvement are electronic effects between 

extended π system of the graphitized carbon and π electrons at the conjugated double-bonds 

in PPy. The stacking of orbitals can potentially increase the charge density at the carbon-

polymer junctions, resulting in stronger attraction of the counter-ion from the electrolyte. 

Although, the improvement of capacitance in combined carbon-PPy electrodes is 

acknowledged, the origin of this phenomenon is still under investigations. In the following 

section, we compute the possible energy states of the polypyrrole in respect to its 

interaction with a doping ion, and associated co-adsorption phenomena.  
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5.3.2 Adsorption of specific ions on polypyrrole: theoretical predictions 

The computational models are developed to predict the minimized energy of adsorption for 

various ions in the electrolyte, and take into account the size of ions and their interaction 

with the simplified five-membered polypyrrole chain. The charged state of an oxidized PPy 

(due to the electron stripping from nitrogen lone pair) was resembled by generation of the 

immonium radical cation on the third pyrrole unit in the proposed five-membered fragment. 

This polymer structure was decided based on previous theoretical studies, which revealed 

that the oxidation of PPy, resulting in the formation of radical cation occurs at every third 

monomer unit [34]. Regarding the choice of electrolyte, for this computation we selected 

the most common electrolytes in capacitor devices, which are alkali metal salts. 

 

Fig.5.1. The pseudo-capacitance generated by a redox activity of polypyrrole (A), the 

cyclic voltammogram of the carbon-grafted-polypyrrole composite in 0.1 M KCl 

solution (B), the structure of carbon, molecular linker, and the polymer (C). 
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Initially, the energy was minimized with molecular mechanics force fieldaq approximation 

that allows us to establish an initial conformational structure of the charged PPy, taking 

into account its van der Waals and Coulombic interactions with the alkali metal halide. 

Furthermore, the approximate minimized energy obtained using MMFFaq was a starting 

value for higher level of theory in DFT calculations, using B3LYP 6-31G method and PCM 

water solvent model, resulting in more accurate estimate of minimized energy. Based on 

calculated values, highest occupied molecular orbital and interactions between immonium 

radical cation and a doping counter anion (chloride or bromide) is projected in Fig.5.2. 

(numerical values of minimized energy are also shown in Fig.5.2.). The computations 

revealed that upon charging, resulting in the formation of delocalized polaron in PPy, the 

electronic structure of first adjacent pyrrole unit changes considerably. The modification 

of this monomer leads to stronger local electric field around the polaron (attracted to 

positive charges), leading to the co-adsorption of cation on the PPy surface (Fig.5.2.E). 

Among all analyzed salts, the strongest cation co-adsorption was found for KCl (Fig. 5.2.E, 

as indicated by lowest energy), and an opposite effect, the repulsion between the lithium 

cation and pyrrole unit for all Li salts (Fig.5.2.A, 5.2.B). In addition, the doping of an anion 

associated with the formation of immonium radical cation during the oxidation of PPy was 

not observed for lithium bromide. This indicates that both processes, the pseudo-

capacitance and the metal co-adsorption (double-layer capacitance) did not occur in the 

polymer (Fig.5.2.B). From practical point of view, the capacitance generated in the carbon-

grafted-PPy operating in LiBr and LiCl solutions is mostly generated by ion double-layer 

at the carbon surface. This is further compromised with the cyclic voltammetry tests that 
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revealed absence of signals related to the redox activity of PPy (Fig.5.4., green and black 

scans). The lack of observed activity of lithium comes from the type of the used reference 

electrode (Ag/AgCl). For sodium chloride and bromide, the co-adsorption of alkali metal 

on the pyrrole unit adjacent to the charged component was observed in both cases, as it was 

for potassium chloride and potassium bromide. Although, preliminary calculations 

revealed lack of interactions between the polymer and ions in lithium bromide, the same 

HOMO orbital (HOMO-5) was applied to visualize the minimized energy for co-adsorption 

in order to compare this value to other electrolytes. As expected, the 5-membered PPy 

chain with a polaron doped with LiBr showed the highest HOMO energy, in contrary, the 

lowest is obtained in the presence of KCl. Based on these computations, the following trend 

is observed, salts with the smallest anion (chloride) and the largest cation (potassium) 

generate the most stable and energetically favored structures. This effect can likely arise 

from the atomic size of cation (K+ is much larger than Li+), which will contribute more the 

valence electrons on less tightly bonded valence shells. This effect may be associated with 

the formation of a delocalized 3-center and 4-electron bond between the immonium radical 

cation, halide and the metal cation. On the other hand, an electronegativity (according to 

Pauling scale) of chloride is higher (3.16) than that of bromide (2.96), thus it may favour 

paring between the PPy immonium radical, halide and the metal cation with a doping anion 

of smaller size (thus chloride is preferred over bromide). 

Another important observation resulting from computations was folding of the polypyrrole 

molecule upon the oxidation (charge), and its linearization upon reduction (discharge). 

Similar studies that showed the folding effects were already performed on polythiophene 



 

 

226 

 

and polypyrrole by others [45, 46]. The diverse energy destabilizing effects upon 

electrochemical oxidation were connected to the chain length of investigated polymers and 

arising destruction by multipolarons. Fig.5.S4. shows several snap shots of PPy structure 

taken from the software used in these calculations (0 is initial time). The formation of 

polarons, and associated with this, breaking the aromaticity of pyrrole rings during 

repetitive charge-discharge, leads to significant volumetric changes in PPy chain. It limits 

the lifetime of all conjugated polymers, and is a major disadvantage of these materials, 

restricting their usage in commercial pseudo-capacitors. 

In order to minimize this effect, nanostructured polymers are recommended rather than 

bulky materials, since the polymer thin films or nanoparticles are more flexible, allowing 

to accommodate these volumetric changes. Also, the ion doping associated with the 

formation of polarons upon charging is more efficient in nanostructured polymers, since 

their thickness or the particle size are close to an effective diffusion length (~ 40 nm for 

PPy), resulting in utilization of whole polymer during a single charge-discharge cycle. 

Similar effects were observed for polyaniline and were confirmed by computations. These 

studies also demonstrated that electronic effects associated with electrochemical oxidation 

(and with movement of the polymer chain: folding and linearization) lead to the energy 

consumption [35, 36]. 

Regarding instability of the polymer, our previous work has revealed that the physical 

mixtures of the PPy and carbon are only slightly more stable as compared to pure PPy due 

to electronic effects (π orbital stacking between the graphitized carbon and the polymer) 
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[37]. This was significantly improved when we introduced a rigid covalent coupling 

between the PPy and the carbon [21].  

 

Fig.5.2. The distribution of HOMO orbitals and interactions between immonium 

radical cation in pyrrole, halide anion and metal cation in LiCl (A), LiBr (B), NaCl 

(C), NaBr (D), KCl (E) and KBr (F) electrolytes. 
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In physical blends, carbons are usually utilized as electron acceptors and the conjugated 

polymers as electron donors. The covalent bond generates a reverse donor-acceptor system.  

After doping of polypyrrole with halide from electrolyte, the polymer becomes highly 

conductive and behaves like an electron acceptor, whereby carbon’s function is reversed 

and it becomes electron donor, resulting in the composite that is electrochemical and 

mechanical more stable [21]. 

The co-adsorption of cation on the charged PPy is a new finding, and possibly contributes 

to the improvement of the total capacitance of the carbon-grafted-PPy.  

This phenomenon generates an additional double-layer capacitance at the  

polymer-electrolyte interface, similar to the process occurring at the polarized carbon. The 

cation co-adsorption on PPy predicted by computational studies are further supported with 

experimental results carried out using the electrochemical quartz crystal microbalance. 

5.3.3. The co-adsorption of specific ion on polypyrrole analyzed by electrochemical 

quartz crystal microbalance (EQCM) 

The electrochemical quartz crystal microbalance (EQCM) measures the difference in 

vibrational frequency of quartz crystal upon formation or release of molecules at the 

resonator surface. The change of resonator frequency is correlated with a mass change of 

the electrode coated onto the quartz crystal according to Sauerbrey equation (Equation 1): 

∆𝑓 =
−2𝑓0∆𝑚

𝐴√𝜇𝜌
  (1) 
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where f0 is the resonant frequency of quartz (7.995 MHz), A is area of the carbon-coated 

quartz resonator (0.1963 cm2), ρ is a crystal density (2.684 g cm-3) and μ represents shear 

modulus of the quartz (2.947 × 10-11 g cm-1 s-2). 

Fig.5.3B represents the EQCM scans of the MWCNT-grafted-PPy in KCl electrolyte (red 

line), LiCl electrolyte (black line) and pristine MWCNT in KBr solution (Fig.5.3B, green 

line). An increase in ∆m corresponds to the ion adsorption (and decrease in ∆m is 

desorption). For the carbon-grafted-PPy (red line), a peak at +0.65 V represents the uptake 

of chloride associated with the formation of immonium radical cation in the PPy chain. The 

desorption of chloride occurs at +0.64 V in the reverse scan. Also, during cathodic scan 

(from the highest to the lowest potential), the reduction of PPy begins and thus the electrode 

mass decreases due to expelling of the doping anions, except a weak mass increase 

(relatively to the trend) appears at +0.22 V, which likely corresponds to potassium uptake 

at the PPy. The possibility of a (KCl)nK
+ and other (MX)nM

+
 clusters formations, where M 

is the alkali earth metal and X the halide, is likely but nevertheless preliminary excluded, 

as based on the presented below surface coverage studied and the fact that these structures 

tend to appear in near saturated solutions or upon strong polarization [47]. This is not 

observed for the bare MWCNTs (green scan). It indicates on the cation co-adsorption at 

the oxidized polymer, and is reversible as soon as the potential reached -0.10 V (Fig.5.3B, 

red line). For pristine MWCNTs in KCl, the mass increase is not observed at the potential 

of PPy oxidation (chloride uptake), only cation adsorption at -0.29 V and its expelling at -

0.19 V (Fig.5.3B, green line). The black scan in Fig.5.3B corresponds to the MWCNT-

grafted-PPy in 0.1 M LiCl solution, and the trend of mass change is much weaker as 
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compared to the test in KCl. This may indicate that ion exchange takes place only on the 

carbon fraction (without mass changes at the potentials of redox activity of PPy). The mass 

increase due to the cation uptake on PPy was calculated after subtraction of the vague signal 

from the resonator, ink binder and the carbon, and are shown in Table 5.1 and in Fig.5.3A. 

Overall, we observe the trend that electrolytes with bigger cationic and smaller anionic 

radii are favourable in ion exchange at the carbon-grafted-PPy electrode, which is in 

agreement with theoretical predictions. Regarding the size of ionic radius, which for the 

K+ is 138 pm, for Na+ is 102 pm and for Li+ is 76 pm, their hydrated radii are 232 pm, 276 

pm and 340 pm, respectively. It is well know that ionic mobility decreases with increasing 

size of hydrated radii (i.e., for K+ it is 64.5, for Na+ is 43.5 and for Li+ it is 33.5 ohm-1 cm2 

mol-1). It is apparently a major reason for the rate of cation co-adsorption, which in this 

case favours K+ not Li+. Taking into account electronic effects related to the polaron center 

in oxidized PPy chain revealed by the computations, and the electronegativity of hydrated 

cations. For group IA ions, electronegativity exhibits characteristic periodic oscillations, 

which generally decrease from top to bottom across a group and increase from left to right 

along a period. For example, for cations investigated in this work, the values are in the 

order Li+ (0.984) < Na+ (1.063) > K+ (0.924). The aqueous electron affinities (As) of cations 

of group IA is another indicator of the tendency for cations in aqueous solution to take on 

electrons, follow the same order with their solution-phase electronegativity values. In 

summary, since electronegativity of hydrate cations are similar for K+ and Li+, this 

parameter cannot justify the difference in co-adsorption due to additional electronic effects 

(repulsion or interaction) between cation and the oxidized monomer. The only possible 
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explanation of the preferential co-adsorption for potassium and sodium will be their smaller 

hydrated ionic radius and thus higher mobility as compared to the Li+. 

Furthermore, the surface coverage (number of molecular monolayers deposited on the 

electrode) was calculated using Equation 2 [38]: 

∆𝜃 = �̂� ∙ 𝑁𝐴 ∙
∆𝑚

𝑀𝑊
  (2) 

Where ∆𝜃 represents number of monolayers for molecule (NaCl, NaBr, KCl, KBr, LiCl 

and LiBr), ∆m is the mass change, MW molecular weight of the adsorbed motes, NA is 

Avogadro number and  �̂� = 𝜋𝑟2 corresponds to the surface area occupied by a molecule. 

The van der Waals geometry approximation was used to calculate molecular radius 

according to Equations 3-4 [38]: 

𝑟 = (
3𝑉𝑣𝑑�̂�
4𝜋

)

1/3

  (3) 

Where the van der Waals volume is estimated assuming the spherical shape of atoms (in Å 

molecule-1), and n is the number of atoms in the molecule and rj is the atomic van der Wall 

radius of each element in Å (K = 3.00, Na = 2.57 Li = 2.24 Cl = 1.89 and Br = 2.03): 

𝑉𝑣𝑑𝑊 = 
4

3
∑𝑟𝑗

3 − 5.92(𝑛 − 1)  (4)

𝑛

𝑗=1

̂

 

The highest number of monolayers of adsorbed ions (counted as sum of anion and cation) 

has been observed for potassium and sodium chloride. This also indicates on preferential 

cation co-adsorption and anion doping of species with large ionic and small hydrated 

radius, and small anions at the carbon-grafted-PPy (Table 5.1). The co-adsorption of 

multilayers is also an indication of synergistic electronic effect related to the increase of 
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electron density at the carbon-polymer junctions reported for the carbon-PPy or carbon-

metal oxide, resulting in improvement in their capacitance [39]. This phenomenon leads to 

the higher concentration of negative charge at the carbon/polymer (or metal oxide) 

contacts, and resulted from this, the attraction of corresponding counter-ions from the 

electrolyte, and to the enhanced total capacitance of combined electrodes as compared to 

their individual components.  

 

a each salt is 0.1 M aqueous solution 

b Calculated according to the Equation (1) 

c Calculated for molecular species according to the Equation (2-4) 

Table 5.1. Mass change (∆m) on the quartz resonator coated with a MWCNT-grafted 

PPy synthesized by oxidative radical polymerization. 
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Fig.5.3.  (A) The mass uptake (colored arrows), estimated by EQCM related to 

cationic radii. (B) EQCM scans for the MWCNT-grafted-PPy in 0.1 M KCl (red 

curve) and in LiCl (black line), and for bare MWCNTs (green line). 
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5.3.4. The effect of supporting electrolyte on gravimetric capacitance of  

the carbon-grafted-polypyrrole electrodes 

The cyclic voltammetry carried out for several types of the carbon-grafted-PPy electrodes 

was used to calculate the specific gravimetric capacitance in liquid and hydrogel 

electrolytes (the concentration of salt was the same for all tests) and their values appear in 

Table 5.2. Briefly, the charge calculated from the area under CV curve (Fig.5.4) was 

standardized to the mass of capacitor active component (m in g), measured in the potential 

window (E2-E1 in V), and at the scan rate (ν in V s-1) according to Equation 5: 

𝐶 (
𝐹

𝑔
) =

∫ 𝐼(𝐸)𝑑𝐸
𝐸2

𝐸1

2𝑚𝑣(𝐸2 − 𝐸1)
      (5) 

Regarding the influence of type of electrolyte on gravimetric capacitance tested in the 

solution (Table 5.2). All electrodes showed the highest specific capacitance in KCl, and 

then in NaCl. All composites revealed the smallest capacitances in Li salts. This agrees 

with the electro-gravimetric analysis carried out by EQCM and with theoretical 

predictions. 

With respect to different carbons, results are similar to reported in our previous study, 

demonstrating that MWCNTs is the most suitable carbon for grafting with the organic 

linker and for pairing it with the polymer, followed by SWCNH and graphene [22]. The 

detailed electrochemical and morphological analysis of these composites was discussed in 

our previous work. Briefly, MWCNT are easy to functionalize due to the size of carbon 

particles that are suitable for the attachment of PPy structures, and the SWCNHs 

morphology, in particular the size of carbon structures is too small as compared to the 
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polymer. In all proposed synthesis methods and using various organic linkers, the 

SWCNHs-based materials showed carbon fully covered by PPy. 

 

Fig.5.4. CV scans for the SWCNH-grafted-PPy synthesized by oxidative radical 

polymerization, carried out in the 3-electrode system in various electrolytes with 

constant amount of active material (85 μg). 

Thus, measured capacitance was mainly from the PPy since the carbon surface is not 

accessible for the electrolyte. The electrochemical performance of the graphene-based 

composites depends on their fabrication. For instance, the product synthesized via the e-

ATRP showed significantly better capacitance as compared to RAFT or oxidative 
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polymerization. This is related to the size of the linker that is large for the composite made 

by e-ATRP, resulting in a good separation of carbon and the polymer fractions. The product 

is more porous, favouring the electrolyte transport to the redox active centers of PPy. We 

also observed good separation of the graphene sheets in this composite, which indicated 

that carbon surface is more accessible for ions, resulting in good utilization of carbon and 

relatively high double-layer capacitance. In contrary, both the RAFT and oxidative radical 

polymerizations led to the material composed of agglomerated large PPy particles 

(decrease in pseudo-capacitance) and the graphene layers that were prone to stacking, 

resulting in reduced double-layer capacitance. 

After testing various composites in liquid electrolytes, the KCl was chosen and 

incorporated into the hydrogel electrolyte and subjected to the electrochemical analysis. A 

polyacrylamide/poly N, N’-methylenebis(acrylamide) blend was synthesized by the UV 

cross-linking from aqueous suspension of acrylamide (AAm) and  

N, N’-methylenebis(acrylamide) (MBA) in the presence of ammonium persulfate (APS) 

as the polymerization initiator. Nafion 117® was used to modify the surface tension, which 

improved the dispersion of composite (0.1 wt%) in the hydrogel. The use of Nafion 117® 

was dictated by the fact that it was found to lower the ζ-potential of multi-walled carbon 

nanotubes in aqueous solutions, allowing therefore their uniform dispersion [48]. Use of 

Nafion 117® provided compatibility of hydrophobic materials with hydrophilic hydrogels, 

as it was already found by the others on examples of different surfactants [49]. These 

laminates were tested in a two-electrode cell with a configuration that is similar to 

commercial setup (results presented in Table 5.2, samples 10-18). The capacitance 
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measured for laminates follows the same trend as for corresponding composites analysed 

in liquid electrolytes, with the MWCNT-based electrodes having the highest capacitance, 

than the graphene- and the SWCNH-grafted-PPy. For the laminate no. 10, the gravimetric 

capacitance exceeded that of measured in liquid electrolyte. Not only had the hydrogel-

containing KCl good ionic conductivity (close to that of 0.1 M KCl), but the overall 

dispersion of the capacitor material within the hydrogel matrix was significantly better as 

compared to the film casted onto the glassy carbon disk (in three-electrode tests). The 

details regarding the optimization of manufacturing and characteristics related to 

stretchable laminates are the subject of separate work [40]. 

5.3.5. Ionic mobility in the carbon-grafted-PPy electrodes analysed by electrochemical 

impedance spectroscopy: effect of the type of electrolyte 

The electrochemical impedance spectroscopy (EIS) allowed to further calculate mass 

transfer parameters, such as a diffusion coefficient and ion mobility for the carbon-grafted 

PPy electrodes in liquid and hydrogel electrolytes. Since the ion mobility depends on 

applied potential, the EIS tests were carried out at various electrode polarizations. The 

electrical equivalent circuit is further used for fitting of spectra, allowing to calculate the 

transition time (τD) of the ion transport from electrolyte to the active centers of electrode 

(in case of pseudo-capacitance), and to build the capacitive double-layer at the polarized 

carbon, according to the Equation (6): 

𝜏𝐷 = 𝑅𝑠𝐶 (6) 

where Rs is the solution resistance, the C is a total capacitance (C = C1 + C2, where C1 and 

C2 are estimated from the fitting of impedance spectra and the electrical equivalent  
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circuit, Fig.5.6. and Fig.5.7.). 

 

a (1,4,7) MWCNT-grafted-PPy, (2,5,8) Graphene-grafted-PPy, (3,6,9) SWCNH-grafted-PPy measured in 

aqueous media, (10,13,16) MWCNT- grafted -PPy, (11,14,17) Graphene-grafted-PPy, (12,15,18)  

SWCNH- grafted-PPy.  
b prepared by oxidative radical polymerization, tested in liquid electrolyte. 
c prepared by e-ATRP polymerization, tested in liquid electrolyte. 
d prepared by RAFT polymerization, tested in liquid electrolyte.  
e active material prepared by oxidative radical polymerization embedded in hydrogel. 
f active material prepared by e-ATRP embedded in hydrogel. 
g active material prepared by RAFT embedded in hydrogel. 

Table 5.2. Comparison of specific gravimetric capacitances, C (F g-1) for the active 

materials casted on the glassy carbon and embedded in the hydrogel electrolyte.  
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The τD was further used to calculate the diffusion coefficient (Dn) using Equation (7): 

𝐷𝑛 =
𝐿2

𝜏𝐷
  (7) 

and L is an effective diffusion thickness that was estimated by the atomic force microscope 

(AFM) operating in a contact mode. The thickness L is influenced by the material porosity 

and surface roughness, and exemplary AFM topography image for the MWCNT-grafted 

PPy is shown in Fig.5.5. 

 

Fig.5.5. AFM topography image of MWCNT-grafted-PPy (prepared by oxidative 

radical polymerization) coated on the glassy carbon disk.  

The atomic force microscopic image is a large approximation for the presented calculations 

of the diffusion coefficient, therefore it is advised to correlate the obtained results by the 

diffusion path length obtained from the Warburg element from the electrochemical 

impedance spectroscopy or cross-section high resolution TEM. The applied methodology 

allows nevertheless observation of the desired trends. 
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The statistical distribution of a film thickness was used for all calculations, and for the 

hydrogel-embedded capacitors elements of electrical equivalent circuit were also 

normalized to the thickness and size of the laminates. Furthermore, the Einstein-Nernst 

model (Equation 8) was applied to compute the ionic mobility: 

𝜇𝑛 =
𝑒𝐷𝑛
𝑘𝐵𝑇

  (8) 

The kB is the Boltzmann constant, T is temperature (kbT is called the thermal energy), and 

μn stands for the ionic mobility. The Rs and C parameters were estimated from fitting of the 

electrical equivalent circuits shown as inserts in Fig.5.6. and Fig.5.7., and were used to 

model Nyquist plots (Fig.5.6. and Fig.5.7.). Depending on applied polarization, the 

impedance spectra are composed of two semi-circles at higher frequencies, followed by a 

straight line with the slope of about 45o and, more or less developed, the vertical line at the 

lowest frequency (right side of Nyquist plots). The left-side intercept of a first arc 

represents the solution resistance, Rs, the R1 and R2 are charge transfer resistances at the 

electrode-electrolyte interface and thru the material, respectively. The C1 is interfacial 

capacitances at the electrode-electrolyte, and C2 represents capacitance within the 

electrode; Wo is the Warburg element associated with the total mass transfer. Table 5.3 

demonstrates the transition time (τd), the resistance of solution (Rs), and the ionic mobility 

(μn) calculated from Equation 6-8, and based on the fitting of Nyquist plots at the electrode 

polarization of 0.65 V (where maximum of the pseudo-capacitance of PPy and  

double-layer capacitance was observed). 
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a (1,4,7) MWCNT-grafted-PPy, (2,5,8) Graphene-grafted-PPy, (3,6,9) SWCNH-grafted-PPy measured in 

aqueous media, (10,13,16) MWCNT- grafted -PPy, (11,14,17) Graphene-grafted-PPy, (12,15,18) SWCNH- 

grafted-PPy  
b prepared by oxidative radical polymerization, tested in liquid electrolyte 
c prepared by e-ATRP polymerization, tested in liquid electrolyte 
d prepared by RAFT polymerization, tested in liquid electrolyte  
e active material prepared by oxidative radical polymerization embedded in hydrogel 
f active material prepared by e-ATRP embedded in hydrogel 
g active material prepared by RAFT embedded in hydrogel 

Table 5.3. Transition time, τd, resistance of solution Rs and ionic mobility, μ (cm2 V-1 

s-1), for several electrodes in liquid and hydrogel electrolyte at the polarization of 0.65 

V. The concentration of all electrolytes is 0.1 M. 
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Overall, the MWCNT-grafted-PPy composites prepared by various methods showed the 

highest mobility in KCl solution as compared to the same electrodes measured in other 

liquid electrolytes. The MWCNT-based electrodes also showed the best performance 

among all tested electrodes.  

The graphene- and SWCNH-grafted-PPy were comparable, and their electrochemical 

performance were significantly worse than that of MWCNT-grafted-PPy electrodes. There 

is significant difference between electrodes made from the MWCNT using different 

methods of grafting and polymerizations, e. g., MWCNT-grafted-PPy synthesized by 

oxidative radical polymerization is significantly better than MWCNT-based electrodes 

prepared via the living radical polymerizations (sample 1b, 4c and 7d in Table 5.3). For 

graphene- and SWCNH-grafted-PPy the effect of the polymerization and the type of 

covalent linker connecting the carbon and PPy is not that strong as for the MWCNT-

grafted-PPy. These observations agree with theoretical predictions, EQCM and 

capacitance analysis, leading to the conclusions that KCl solution (combination of ions 

with large cationic radii - but small hydrate radius, and small anion) is the most suitable 

electrolyte for all electrodes. An opposite, the electrolyte composed of small cations such 

as Li+ (but having a large hydrated radius) and bigger anions (Br-) is not the best choice for 

proposed composite electrodes. Similar trends were observed for the same materials 

embedded in hydrogels, containing KCl as sources of ions, except the mobility was on 

average two-three orders of magnitude lower as compared to the same electrodes measured 

in liquid systems. Although the Rs was smaller in hydrogels as compared to the liquid 

electrolytes, the transition times were significantly longer, resulting in smaller Dn and μ for 
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hydrogels. Also, their total resistance (R2, which is sum of Rs and R1) was higher due to the 

contribution of charge transfer resistance at the grain-boundaries of polyacrylamide phase. 

This is a barrier for mobile ions, leading to longer transition times (τD, Table 5.3). The total 

capacitance (parameter C in Equation 6) of the hydrogel-embedded electrodes is much 

higher than that measured in liquid phase, which is also consistent with the capacitance 

analysed by cyclic voltammetry (Table 5.2), where the highest gravimetric specific 

capacitance was recorded for solid electrodes. Regardless of lower ion mobility in hydrogel 

electrolytes, the overall performance of the hydrogel-based electrodes  

is excellent, in fact, it is comparable to that of liquid systems, as summarized in  

Table 5.2. Interestingly, mobilities for all electrodes embedded in hydrogel are similar, and 

there is some improvement for composites made using the oxidative radical polymerization 

over living polymerization method, but this trend is much weaker as compared to the 

electrodes measured in liquid electrolytes. Therefore, the hydrogel-embedded capacitor 

electrodes are very good solution for the leakage-free, flexible, even printable capacitors 

or components of other energy harvesting systems that require lightweight materials. 
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Fig.5.6. Nyquist plots recorded at various potential bias (from 0.3 to 1.0 V) for 

MWCNT-grafted-PPy (prepared by oxidative radical polymerization) coated on 

glassy carbon disk electrode in aqueous 0.1 M KCl liquid electrolyte. All spectra 

presented spectra were taken at same electrode polarization (0.65 V). 
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Fig.5.7. demonstrates the Nyquist plots recorded for liquid electrolytes taking as an 

example the graphene-grafted-PPy synthesized by the e-ATRP (A), the various materials 

embedded into the hydrogel containing KCl (B), and the impedance spectra of all 

electrodes in liquid KCl (C). An insert in Fig.5.7A shows the equivalent circuit consisting 

of series of resistor and capacitors as described earlier in this section. This C2 element that 

corresponds to the capacitive behavior of the examined specimens is represented by the 

vertical line at the lowest frequency (right side of the spectra), and a weak Warburg element 

shown as the line with a slope of 45° (Fig.5.S5. demonstrates middle range of frequencies 

with Warburg impedance) [41]. For some electrodes the Dn calculated from the Warburg 

element were very similar to those estimated using Equation 7 (data not shown), however 

the fitting of Wo resistor showed high errors due to the small number of experimental points 

in the part of spectra corresponding to the Warburg element (short line with the slope of 

45o in the middle of Nyquist plot, Fig.5.7.). The estimation of Warburg resistor was even 

more problematic for electrodes that exhibited strong potential-dependent variations of R2 

resistor (charge transfer within the bulk electrode material). For the sake of comparison, 

the Rs resistor was considered as the most relevant in order to show the overall trends in 

the charge mobility. 

Fig.5.7A clearly demonstrates that the lowest resistance of the solution (Rs) and the charge 

transfer at the electrode-electrolyte interface (R1) is observed for KCl (green), NaCl 

(yellow) and NaBr (blue), and the highest resistivity for lithium salts.  

The hydrogel/KCl -embedded electrodes made with different carbons (Fig.5.7B) showed 

that Rs (left-side intercept of arc on Nyquist plot) are similar to all types of electrodes, and 
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the MWCNT-based electrodes showed some advantage in terms of the total charge transfer 

resistance, as compared to the SWCNH- and graphene-based systems. The low Rs values 

observed in hydrogels containing active materials (Fig.5.7B) could be attributed to 

presence of Nafion 117®, which is known to improved ionic conductivity of similar 

systems. Nafion generates percolated water channels (arrangement of Nafion hydrophilic 

ends towards the water incorporated into the hydrogel), resulting in improvement of both, 

the vehicular and Grotthuss type of charge transport within the solid ionic conductor. This 

was also confirmed by ab initio computational studies [24]. 

5.3.6. Ionic mobility in the carbon-grafted-PPy electrodes analysed by electrochemical 

impedance spectroscopy: effect of the electrode polarization 

Fig.5.8 shows the ionic mobility as a function of applied potential bias calculated from 

Equation 8, and taking into account electrical parameters estimated from EIS spectra. 

Clearly, the highest ion mobility is observed in KCl, followed by NaCl at the potential 

range from 0.3 to 0.7 V (where synergistic effect of the combined double-layer and pseudo-

capacitance is expected). At polarization higher than 0.7 V, all chlorides showed almost 

the same mobility, and its decrease is related to the saturation of the polymer fraction with 

doping anion (also called the electrolyte starvation) [42]. 

Second important observation is mobility of bromides, which for all cases was the lowest 

at potentials smaller than 0.7 V, and significant higher above 0.7 V. Regarding mobilities 

at the potential lower than 0.7 V, the rate of polymer doping with bromide counter-anion 

is slower as compare to chloride. 
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This is simply related to lower ion mobility of the bromide in both aqueous and organic 

solvents, which is well-known and reported elsewhere [43]. The major increase in ionic 

mobility for all bromides at higher polarization might be related to the formation of 

tribromide (Br2 + Br- → Br3
-). We further confirmed this by the UV-Vis analysis of the 

KBr solution that was subjected to polarization within the range from 0.4 to 1 V. Clearly, 

the formation of yellow solution at the electrode surface (Br2) was observed during 

measurements (Fig.5.S3., supporting information). The increase of absorption intensity at 

the 253 nm (slightly shifted towards higher wavelength at higher concentration) upon 

increasing polarization, indicated on the formation of Br2 and thus in Br3
- product. In 

addition to this effect, the computational analysis performed by other groups showed the 

distinctive difference in residence times around the cation between chloride and bromide, 

and led to the model, which classifies halides as "free" and "bound", where bromide is 

considered as “bound” [44]. In addition, the interaction of the sodium chloride and sodium 

bromide, being simultaneously present in the aqueous solution with the same type of cation 

demonstrated the selectivity effect, where bromide ions tend to replace chloride in the 

immediate vicinity of the positively charged molecules. This could also suggest higher 

affinity of bromides to the charged surface, resulting in substantial variation in bromide 

mobility at higher polarizations observed in this work.  
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Fig.5.7. (A) EIS spectra of graphene-grafted-PPy prepared by e-ATRP [40], (B) 

carbon-grafted-PPy synthesized using different methods and incorporated into the 

hydrogel containing KCl and tested in a 2-electrode system (Fig.5.S2. supporting 

information), (C) carbon-grafted-PPy synthesized using different methods tested in a 

3-electrode cell with KCl solution. 
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All Li salts showed slightly lower mobilities as compared to KCl, but not lower with 

respect to sodium-containing electrolytes. This can be referred to the extent of co-

adsorption of cation during the doping of polypyrrole. As demonstrated by theoretical 

predictions, the cation co-adsorption associated with the redox activity of polypyrrole was 

not observed for Li salts (Fig.5.2., structure of HOMO orbitals in LiBr), and was further 

confirmed by the electro-gravimetric studied carried out using the EQCM technique (Fig. 

5.3.), and quantification of cation co-adsorption shown in Table 5.1 for all electrolytes. 

This leads to the conclusions that the contribution of the co-adsorbed cation to the increase 

of the total capacitance (this co-adsorption contributes to the increase in the double-layer 

capacitance not pseudo-capacitance), in the potential range corresponding to the redox 

activity of polypyrrole (maximum pseudo-capacitance) is small, within the same range of 

magnitude. Possibly, this co-adsorption effect will be stronger for composites that have 

significantly higher specific surface area as compared to the materials synthesized in this 

study. 
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Fig.5.8. The ionic mobility calculated from Equation 8 for the MWCNT-grafted-PPy 

in various liquid electrolytes (0.1 M) as a function of potential bias.  

5.4. Conclusions 

In this work we analysed the influence of electrolyte on the electrochemical performance 

of the capacitor electrodes made from composites consisting of MWCNT, graphene and 

SWCNH grafted with PPy, using oxidative radical polymerization and the living 

polymerization. The theoretical modeling supported by electrochemical investigations led 

to the following conclusions: 
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i) Computational studies on a 5-membered PPy chain with a single charged pyrrole carried 

out using the MMFFaq and DFT-B3LYP 6-31G models revealed a simultaneous cation co-

adsorption taking place during the polymer oxidation (and associate anion doping) for 

potassium and sodium halides, but not for lithium salts. The lowest minimized energy of 

cation co-adsorption is observed for KCl (as validated by the energy of HOMO orbital). 

This co-adsorption is also possible in NaCl, NaBr and KBr solution, but the effect can be 

weaker as compared to the KCl solution. 

ii) The electro-gravimetric analysis of mass change on the polarized material showed an 

increase in electrode mass related to the cation co-adsorption on the oxidized polymer in 

KCl, this co-adsorption generated additional double-layer capacitance and contributed to 

the total increase in gravimetric capacitance for all type of electrodes measured in KCl, this 

phenomenon was not observed on the EQCM scan carried out in LiCl solution for various 

electrodes. The calculated number of monolayers of adsorbed ions (sum of cation and 

anion) were higher than unity for KCl and NaCl, indicating on the co-adsorption processes 

at the polarized polymer. 

iii) The highest ion mobility investigated using the electrochemical impedance 

spectroscopy was found for the MWCNT-grafted-PPy prepared by the oxidative radical 

polymerization in liquid electrolytes as compared to the same system prepared by the living 

radical polymerizations (RAFT and e-ATRP), and as compared to the capacitive material 

synthesized using the same method with graphene and SWCNHs. This result was related 

to the size of the carbon particles, and their morphology; for the single-walled carbon 

nanohorns the structures are too small (range of 20 nm) to host larger structures of  
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PPy, resulting in polymer agglomeration; the synthesis procedure has to be further 

optimized for graphene to prevent the stacking of bare graphene sheets (which also caused 

the PPy agglomeration. The synthesis procedures of composites with graphene and 

SWCNHs should be further optimized in order to better utilize the carbon fraction. 

iv) The ionic mobility for various carbon-grafted-PPy embedded in the hydrogel electrolyte 

were comparable, except for the graphene-based electrodes (one order of magnitude lower 

as compared to MWCNT- and SWCNH-grafted-PPy); the solution resistance of the 

hydrogel-KCl was slightly lower than that of liquid phase, due to the addition of Nafion. 

The ionic conductivity of hydrogels was improved due to the formation of water 

percolation channels from the protonated sulfonic groups in Nafion.  

v) The ionic mobility is potential dependent process and the highest value were observed 

for KCl in the range of redox activity of polypyrrole (from 0.3 to 0.7 V), and decreases for 

chlorides at higher potential due to the saturation of the polymer (maximum doping). The 

Li salts showed smaller ion mobility, but in the same range of magnitude as compared to 

K and Na chlorides, which is related to the size of ionic radii (for the doping of polypyrrole 

smaller anion, e. g., Cl- are favoured and larger cation, such as K+ participate in  

co-adsorption). All bromides showed unusual high mobility at the potential higher than 0.7 

V due to additional electrochemical activity, leading to the formation of Br3
- species. 

vi) The cyclic voltammetry revealed the highest gravimetric capacitance for the MWCNT-

grafted-PPy incorporated in hydrogels and synthesized via the oxidative radical (516.86 C 

g-1) and the e-ATRP (456.31 C g-1), which was significantly higher as compared to the 

same electrode measure in the liquid electrolyte (350.49 C g-1 for MWCNT-grafted-PPy 
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fabricated by oxidative radical polymerization, and 338.43 C g-1 for the e-ATRP product). 

The poly-acrylamide based hydrogels are promising electrolyte for leakage-free, flexible 

and light-weight energy harvesting systems or printed electronics. 

5.5. Acknowledgments 

This work was carried out with the financial support of New Brunswick Foundation for 

Innovation, Frank J. and Norah Toole Graduate Scholarship and UNB President.  

5.6. Supporting information 

 

Fig.5.S1. The chemical structures of carbon-grafted-PPy investigated in this work. 
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Fig.5.S2. A photo of a 2-electrode system employed for the electrochemical testing of 

the hydrogel-embedded carbon-grafted-PPy. 
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Fig.5.S3. The UV-Vis spectra of KBr solution subjected to polarization in the range 

from 0.4 to 1 V. The photo of the electrochemical cell containing 0.1 M KCl upon 

applying positive potential (yellow solution close the electrode surface indicates on the 

formation of Br2 and Br3
- species). An insert shows the mechanism of the formation 

of Br3
-. 
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Fig.5.S4. Folding of PPy chain upon redox activity. The snap shots taken form 

modulation software every few seconds (0 is initial time). 
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CHAPTER SIX 

Nanostructured carbons embedded in a polyacrylamide-based hydrogel: stretchable 

electrodes for energy storage applications 

Manuscript in preparation 

Abstract: In this study, we optimized the dispersion of hydrophobic carbons within 

hydrophilic and ionically conductive hydrogels that were composed of a polyacrylamide 

(pAAm)/polyN, N’-methylenebis(acrylamide))(pMBAA) and modified with Nafion 117®. 

Nafion 117® acted as a surfactant and played a significant role in the improvement of the 

carbon distribution within the hydrophilic pAAm/pMBAA hydrogel. Hydrogels were 

prepared by an in-situ UV-polymerization of an aqueous suspension that contained 

acrylamide (AAm)/N, N’-methylenebis(acrylamide) (MBAA) and carbons. In this work, 

we used Multi-walled-carbon nanotubes (MWCNTs), graphene, and single walled carbon 

nanohorns (SWCNHs) at a low wt% load. The obtained hydrogels were translucent, 

stretchable, ionic, electronically conductive, and exhibited a memory effect. Mechanical 

properties were investigated by strain-stress experiments. Conductivity measurements 

were analyzed by electrochemical methods. Optical and shape-memory effects were 

investigated qualitatively. Hydrogels presented in this work were easy to up-scale. Their 

potential application in energy-storage/harvesting devices is discussed. The obtained 

hydrogels were stretched up to 1475%, and could handle up to 47% of their volume as 

water. The hydrogels, with well dispersed carbon phases, were conductive; more 

specifically, they showed ionic conductivity in swollen-state (0.078 S cm-1), and small 
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electronic conductivity in a dry-state (2.7∙10-4 S cm-1). This was proven by utilizing 

alternating current electrochemical impedance and admittance spectroscopy. 

6.1. Introduction 

Polyacrylamide-based hydrogels have been successfully utilized in manufacturing 

components of portable electronics, decontamination agents, separation membranes, 

hygienic products, sealing, coal dewatering agents, wound dressings, and biosensors [1-7].  

They have also shown promising results as part of an electrode matrix in capacitors [9,10]. 

Ease of synthesis and good mechanical properties are their major advantages. However, 

retaining the electrical features, while improving mechanical characteristics, remains a 

challenge. The pairing of hydrogels with more conductive elements and with well-defined 

mechanical features may help to resolve this task. Hydrogels containing  

MWCNTs, graphene, or other carbons in their structures are known to provide promising 

electrical and mechanical features that are needed in energy reposition areas [10]. They 

possess high electrical conductivity and impressive mechanical properties; nevertheless, 

their use in technological applications have been restricted due to their poor solubility and 

dispersion ability in common solvents [11]. Carbonaceous materials, like nanotubes  

(i.e., single-, double- or multi-walled), are prone to agglomerate due to their van der Waals 

attractive forces, and cannot be overcome by common laboratory techniques such as 

sonication [12]. The attractive van der Waals forces in single-walled carbon nanotubes 

(SWCNHs) are predicted to be in the range of 500 eV per micrometer of tube-to-tube 

contact [11]. Local shear, which is introduced by sonication to the nanotube surface in 

suspension, provides an insufficient amount of energy needed to permanently break these 
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attractive van der Waals forces [12]. Nanodispersions of nanotubes or graphene are needed 

to fully unravel their potential as additives in hydrogels [13]. The successful 

nanodispersion of carbonaceous materials can be followed by optical fluorescence 

spectroscopy, small-angle X-ray scattering, and deuterium solid-state magic angle spinning 

nuclear magnetic resonance [14, 15]. A fine mixing of building blocks in hydrogels is 

needed to maximize the synergistic effects that arise from the presence of conductive 

additives [16]. Often, it is difficult due to the incompatibility of hydrophilic and 

hydrophobic elements in hydrogels. The hydrophobic carbon tends to agglomerate within 

the hydrophilic hydrogel, which alters its electronic and morphological properties [17]. 

Several approaches recommend surfactants or other additives for improving homogeneity 

[18, 19]. Methodologies for achieving nanodispersion of carbonaceous materials in 

hydrogel or liquid solvent media may be divided into two major trends: covalent and non-

covalent functionalization of carbons [12, 20]. For example, it was shown that chemical 

surface functionalization of carbon nanotubes with hydrophilic groups can improve their 

dispersion in common solvents [21]. Mechanical properties of nanotubes arise from their 

unusual electronic properties of fused aromatic rings; therefore, it is not desired to destroy 

their structure by direct covalent transformations [22]. Distribution of unmodified 

carbonaceous materials (e.g., MWCNT, graphene) in aqueous and hydrogel media remains 

difficult. Agglomeration of carbons within hydrogels introduces local defects that alter the 

mechanical and electrochemical properties of hydrogels [23]. In order to transfer 

stretchable and leakage-free electrodes into the market, the dispersion of carbons within 

hydrogels has to be significantly improved [24]. Furthermore, it was established  
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that the non-covalent introduction of ionic surfactants (e.g., sodium dodecyl benzene 

carbonate; NaDDBS, cetyl trimethylammonium bromide; CTAB) improve the dispersion 

of hydrophobic carbons in organic (e.g., isopropyl alcohol; iPrOH) and aqueous solutions 

[25, 26]. The mechanism of non-covalent modification of carbon surfaces is still not fully 

understood [12]. A possible explanation of the mechanism causing the dispersion arises 

from the presence of an electrical double layer at the carbon/solvent interface. The 

electrical double layer consists of two major parts: the inner Stern layer and the outer 

diffuse layer [27]. The extent of the movement between the polarized layers is represented 

by the hydrodynamic shear factor known as zeta (ζ)-potential [28]. If the zeta potential is 

in the range not-exceeding van der Waals attractive forces, there will be no repulsion of 

particles within the colloidal suspension [11]. Charged surfactants bearing long 

hydrophobic aliphatic chains and hydrophilic anionic groups will generate an electrical 

double layer on the carbon surface [29]. This layer formation was found to drastically lower 

the zeta potential of surfactants, causing the nanotubes with adsorbed surfactant to repel 

each other and stabilize the colloidal solution [11]. The partial decoration of nanotubes and 

graphene by more hydrophobic perfluorated surfactants like Nafion 117® was recently 

investigated by deuterium magic angle spinning solid state NMR [30, 31]. The perfluorated 

aliphatic chain exhibits strong hydrophobic/hydrophobic attractive interactions between 

the nanotube surface, and the hydrophilic SO3M group contributes to its compatibility with 

water. It was found that Nafion 117® strongly lowers the zeta potential on nanotubes in i-

PrOH suspensions [28]; therefore, the dispersions in other polar solvents are expected to 

be similar [11]. It is expected that the solid-state hydrogel (as a continuous medium) will 
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benefit from the presence of Nafion 117®. The uniform distribution of nanostructured 

carbons within the hydrogel will additionally allow for synergistic effects between the 

hydrogel and carbon phases to be achieved. This synergy is of great importance in 

manufacturing electrodes for portable electronics. Elastic electrodes used in portable 

electronics require good mechanical properties from their potential building blocks due to 

their applications in smart textiles and wearable technologies [32]. Stretchable and flexible 

energy storage devices attract much attention in current developments [33]. Many 

approaches using pAAm/pMBAA hydrogels for this type of application can be found in 

the literature. For example, when active materials (e.g., carbons, conjugated polymers) 

were dispersed within the polyacrylamide/polyN, N’-methylenebis(acrylamide) matrix, 

dispersion was achieved by simultaneous co-polymerization of the constituting monomers, 

an interconnection of the pores within the hydrogel, or an interconnection of the pores of 

the conjugated polymer via calcium carbonate particles [34, 35]. Another important factor 

that is sought after in conductive hydrogels is their transparence. The incompatibility of 

hydrophobic active material with the hydrophilic hydrogel medium makes obtaining the 

translucent hydrogels a challenging task. Prevailing the stretchiness, electronic features and 

optical properties depend on the uniform distribution of active material within the hydrogel 

medium. 

In this study, we present a new method of improving the dispersion of hydrophobic 

carbonaceous materials (e.g., graphene, MWCNTs, SWCNHs) in a low mass load within 

polyacrylamide/polyN, N’-methylenebis(acrylamide) hydrophilic hydrogels by 

incorporation of Nafion 117® into the structure. The stretchable (up to 1475 %), 
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translucent (with 2 % weight load of carbon), and conductive (up to 0.078 S cm-1) hydrogel 

laminates were prepared by UV-initiated frontal polymerization of aqueous suspension 

containing acrylamide/N, N’-methylenebis(acrylamide) monomers, nanostructured carbon 

(i.e., graphene, MWCNTs or SWCNHs), potassium chloride, and Nafion 117®. 

Ammonium persulfate (APS) was used as the initiator for photopolymerization. The 

properties of the obtained laminates were investigated via alternating current 

electrochemical impedance spectroscopy (AC EIS), alternating current electrochemical 

admittance spectroscopy (AC EAS), cyclic voltammetry (CV), chronopotentiometry (CP), 

thermal gravimetric analysis (TGA), Fourier Transform Infrared spectroscopy (FTIR), 

Raman spectroscopy, field-emission scanning electron microscopy (FESEM), and stress-

strain mechanical testing. We discuss the possible mechanism underlying enhanced 

conductivity within Nafion 117® modified laminates, and present an easy method for up-

scaling conductive hydrogels that have promising mechanical, optical, and electrochemical 

properties. 

6.2. Materials and methods  

Unless otherwise stated, all materials were used as received and without further 

purification. Acrylamide (AAm) (>99 % HPLC purity), N, N’-methylenebis(acrylamide) 

(MBA),  single-walled carbon nanohorns (as-grown, 804118 ALDRICH, BET 400 m2 g-1), 

multi-walled carbon nanotubes (O. D. 9 L 6–9 nm, [95% (carbon), 724769 ALDRICH, 

BET 220 m2 g-1), polyvinylidene difluoride with average Mw 180.000, potassium bromide 

(FTIR grade), and potassium chloride (analytical grade, p.a., C99.5%) was purchased from 

Alfa Aesar, UK. Graphene flakes (12 nm flakes AO-3) were purchased from Graphene 
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Supermarket. TEM imaging was carried out using Jeol 2100 sTEM, operating at 200 kV. 

FTIR spectra on a KBr pellet were recorded with the NicoletTM iSTM 50 FTIR, 4 cm-1 

resolution, 100 scan per sample (KBr was dried in an oven at 80° C prior to use). Raman 

spectra were recorded with a Renishaw inVia Raman spectrometer, at the 785 and 514 nm 

excitation sources (Renishaw Inc, UK) in the spectral range from 1000 to 3000 cm-1, and 

0.1 mW laser power using 50 times magnification on the microscope. All electrochemical 

experiments were carried out using a CH Instrument electrochemical workstation, model 

C760, and with a 2-plate, 20x20 mm stainless-steel electrochemical cell. The CV scans 

were conducted in the potential range, from 0.8 to -0.8 V, in the custom designed 2-plate 

electrochemical system that was composed of two parallel 20x20 mm stainless steel plates. 

Alternating current electrochemical impedance spectra were analyzed and fitted with 

ZView software (Scribner Associates). Thermal analysis was carried out on the TGA 

Q500, model TA, Instrument from 25 to 650 °C, at a heating rate of 10 °C min-1 in N2 in 

100 mL alumina crucible. Field Emission Scanning Electron Microscopy imaging was 

performed with the help of Hitachi SU-70 Field Emission Gun (FEG) SEM equipment. 

Mechanical testing was performed on a Tinius Olsen 2000 tensile strength universal testing 

machine that was equipped with a 1kN load cell under air. The elongation rate was kept at 

40 mm min-1. UV-crosslinking was performed with a VWR UV-crosslinker, Part. No. 

89131-484, with a microprocessor controlled UV sensor feedback system that had an 

energy irradiation exposure of 300.000 μJ cm-2 for, if not otherwise indicated, periods of 

20 minutes at a time. 
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6.2.1. Synthesis 

50 mL of deionized water was purged with dry nitrogen for 30 minutes prior to use. In two 

separate vials, coded as “1” and “2”, respective amounts of material were added: Vial 1: 

0.0256 g Ammonium Persulfate (APS) dissolved in 1 mL of deionized water. Vial 2:  1.56 

g Acrylamide (99% purity), 0.001g N, N’-methylenebis(acrylamide) (99% purity) 1.18 g 

Potassium Chloride, 0.5 mL Nafion, 0.05 mL Tetramethylethylenediamine (TEMED), and 

0.001g of active material (i.e., graphene, MWCNTs or SWCNHs). 

All procedures were performed under the inert atmosphere of a glove bag (i.e., the oxygen 

scavenges the free radicals that are initiating the reaction, and its amount should be reduced 

to the minimum). 9 ml of deionized and deoxygenated water was added to vial 2, and was 

sonicated for 30 minutes in order to ensure that all of the potassium chloride was dissolved. 

The content of vial 2 was mixed with vial 1 and vigorously shaken for ten seconds. The 

suspension was poured onto the 60x15 mm Petri dish and placed into the UV-crosslinker 

for 20 minutes of irradiation under air. The up-scale procedure was performed in similar 

fashion in 31.1 x 20.3 x 14.6 cm rectangular Pyrex dish with 11.70 g acrylamide, 0.075 g 

N,N’-methylenebis(acrylamide), 8.38 g potassium chloride, 0.015 g of carbon (graphene, 

MWCNT or SWCNH), 0.637 mL TEMED, 3.75 mL Nafion 117®, 75 ml deoxygenated 

H2O and 0.0198g APS. 
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6.3. Results and discussion 

Fig.6.1. demonstrates the steps that were followed during the synthesis of stretchable 

hydrogels containing nanostructured carbon allotropes (i.e., graphene, MWCNTs or 

SWCNHs).  

Acrylamide (Am) was photochemically cross-linked with N, N’-methylenebis(acrylamide) 

in the presence of ammonium persulfate (APS) as the photoinitiator, and 

tetramethylethylenediamine (TEMED), potassium chloride, and Nafion 117® as the 

additives. The novel aspect of this methodology is the use of branched and perfluorated 

Nafion 117® as an additive. It allowed for the control of the surface tension in the aqueous 

suspension of the monomers, which resulted in a uniform suspension of carbon in the 

obtained hydrogel. The dispersion was validated both visually and by means of field 

emission scanning electron microscope imaging of the dry hydrogels (Fig.6.3., Fig.6.4.). 

Since TEMED can accelerate polymerization, and according to the detailed mechanism of 

the radical generation proposed in the Fig.6.S2. (supporting information), a doubled molar 

ratio between APS and TEMED was kept (Fig.6.S2.) [36]. 

The laminates prepared in this work had respectable homogeneity, as validated both 

optically and by FESEM. The employed synthetic procedure was easy to up-scale (see Fig. 

6.S10.), which is critical for possible industrial production. 

Fig.6.1B shows a proposed mechanism underlying the compatibility of the hydrophobic 

carbon phase and hydrophilic hydrogel. The large carbon allotropes (i.e., MWCNTs, 

graphene, or SWCNHs) interact via hydrophobic and attractive double layer exchanges 

with the long perfluorated and partially positively charged chain of Nafion 117®.  
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The stacking of the aliphatic chain of Nafion 117® with the anionic sulfonic head-group 

on the extended carbon surface leads to the lowering of the zeta potential. This causes 

repulsion of carbon spheres and the creation of a colloidal suspension. The schematic 

structure of Nafion 117® is displayed in Fig.6.1B, where the water compatible hydrophilic 

head is marked in blue and the hydrophobic tail is marked in green.  

 

Fig.6.1. (A) Photo-initiated synthesis of shape-memory stretchable hydrogels 

containing nanostructured carbon, using multi-walled carbon nanotubes (MWCNTs) 

as an example. (B) Schematic structure of carbon/hydrogel/water interfaces possible 

by Nafion 117®. 
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Similar mechanisms were already proposed by others, with a special emphasis on 

hydrophobic/hydrophobic interactions, kinetic entropic repulsion, or electrical double layer 

interactions [11, 37, 38]. We extend this mechanism by introducing the swollen 

polyacrylamide/polyN, N’-methylenebis(acrylamide) hydrogel medium, with water 

encapsulated in its structure. The hydrophobic tail of Nafion 117® interacts with carbons, 

whereas the anionic head of the sulfonate group interacts with water. Hydrogels presented 

in this study contain up to 47.20 % water, which makes the nanostructured carbons, with 

the deposited Nafion 117 ®, dispersible in the hydrogel solid-state medium (Fig.6.1B).  

6.3.2. Spectroscopic and thermal characterization 

Hydrogel mediums, without nanostructured carbons, were compared to the laminates 

containing graphene, MWCNTs, or SWCHNs by FTIR, Raman, and TGA measurements. 

TGA, Raman, and FTIR analysis of hydrogels with embedded nanostructured carbons 

showed similar signals arising from the major abundance of pAAm/pMBAA polymers in 

the structure (see Fig.6.S3., supporting information). Due to the similarity of FTIR signals 

between all synthesized products and the pristine hydrogel matrix, Raman spectroscopy 

was chosen as a tool to permit a comparative insight into the hydrogel structure that was 

modified by the presence of nanostructured carbons. An example of each TGA, Raman, 

and FTIR signals are shown in Fig.6.2. 

The Raman and FTIR spectrum exhibited similar behavior for all the samples. Due to the 

observed similarities and small discrepancies, Fig.6.2. represents comparative series of 

MWCNT, graphene and SWCNH-embedded hydrogels. Several spectroscopic effects 
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unique for this hydrogel were observed for graphene-embedded hydrogels, which are 

discussed in more detail below. 

Fig.6.2. represents the gravimetric and spectroscopic characterization of hydrogel 

structures. Fig.6.2.A represents the thermal gravimetric scan of MWCNT-containing dry 

hydrogel and the first derivative of weight loss (in %) over temperature, with major 

transitions arising from the hydrogel components. 235.67°C (i.e., the initial decomposition 

temperature; IDT), and 246.79°C (i.e., the final decomposition temperature; FDT), resulted 

in a 5.64% weight loss, which was attributed to the decomposition of pure and non-cross-

linked acrylamide monomers. The subsequent decomposition of pure and non-cross-linked 

polyacrylamide, with 5.72% weight loss, began at an IDT of 251.88°C and ended at a FDT 

of 287.53°C. The small signal inflection, with 3.92% weight loss, was attributed to the loss 

of Nafion that started at 287.53°C IDT and finished at 314.09°C FDT.  

The main decomposition of the polyacrylamide cross-linked  

with MBAA (N, N’-methylenebis(acrylamide)), with 26.72% weight loss, had an onset 

signal starting at an IDT of 307.39°C and ended at a FDT of 444.24°C. Fig.6.2B shows a 

FTIR spectrum of graphene-containing hydrogel, with distinct peaks visible for the 

respective matrix functionalities. Due to significant overlap in the aliphatic region, it was 

difficult to distinguish between the CH2 and C-C wagging of polyacrylamide/poly 

(MBAA) backbones and graphene. The FTIR spectra had shown similar signals for all of 

the hydrogels, making this technique inadequate for distinguishing between active 

materials and a pristine hydrogel medium. The following FTIR bands were assigned to the 

observed stretches and vibrations: (1) At 1113.22 and 1350.93 cm-1, a C-O stretch  
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was observed; (2) The C-N stretch at 1181.04 cm-1 was connected to the N-H vibration at 

2940.52 cm-1; (3) The vibrations at 1316.66, 1401.97, 1461.77, 2761.87, and  

2855.20 cm-1 were assigned to the C-H activity arising from the amines and amides present 

in the hydrogel structure; (4) The band at 1606.14 cm-1 resulted from the C=C vibration; 

(5) The band at 1679.97 cm-1 was produced from the unreacted carbon double bonds from 

AAm and MBAA monomers, (6) At 3442.19 cm-1, there is an amide stretch; and (7) At 

3178.22 cm-1, there is a -OH stretch. The assignments of FTIR and Raman bands and shifts 

were gathered in Table 6.1. An attempt was made at distinguishing between the active 

nanostructured carbon and the hydrogel matrix by means of Raman spectroscopy. The 

presence of D’ and G’ Raman shifts was observed by using two different laser wavelengths: 

514 and 785 nm. The two distinct laser wavelengths were used for gaining a better insight 

into the hydrogel matrix and pure carbon structure, as the intensity of Raman scattering is 

directly proportional to the energy of the incident laser [51]. Shorter wavelengths increase 

the Raman intensity and allow insight into the carbon nanostructure  

within hydrogel, whereas longer wavelengths are responsible for the presence of Raman 

shifts arising from the presence of hydrogel matrix [39]. Fig.6.2C shows a considerable 

blue shift in D’ and G’ bands that were observed at both laser wavelengths, which may be 

explained by the partial exclusion of polymer backbone signals from the typical graphene 

response [40]. The Raman spectra for pristine graphene and hydrogel can be found in 

supporting information (see Fig.6.S3. and Fig.6.S4.). The distinct presence of 2D peaks at 

both laser wavelengths indicated the agglomeration of graphene sheets and may be the tool 

for validating the dispersion at a spectroscopic level [41]. The Ferrari-Robertson relation 
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is known to describe the change of shape between G’apparent (Fig.6.2C, 1600.42 cm-1) and 

2D peaks (Fig.6.2C, 2713.14 cm-1), and their respective Raman shifts [41].  

 

Fig.6.2. (A) TGA of MWCNT-embedded hydrogel, (B) FTIR spectrum of Graphene-

embedded hydrogel, (C) Raman spectra at the light sources of 514 and 785 nm for the 

MWCNT-embedded hydrogels. Other spectroscopic data for MWCNT and SWCNH-

containing hydrogels are gathered in the supporting information (Fig.6.S4). 
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The presence of the 2D peak in graphene is caused by the evolution of electron-phonon 

interactions that are produced by the accumulation of graphene layers. The relative 

intensity of the 2D peak is a good indicator of the number of accumulated graphene sheets 

[42].  

As the 2D Raman peak consists of 4 modes of electron phonon coupling (i.e., 2D1B, 2D1A, 

2D2A and 2D2B), the obtained Raman spectra were deconvoluted (Fig.6.S7., supporting 

information) and the IG/I2D1A intensities were compared. Fig.6.2C shows the small 

contribution of the accumulated graphene sheet to the Raman spectrum at 785 nm, as the 

intensity of the 2D2A peak at 514 nm is considerably larger.  

This is a good indication for the detection of medium surrounding the nanostructured 

carbon at the 785-nm laser wavelength, as there are peaks at Raman shifts resembling the 

pristine hydrogel medium (e.g. 1495.83/1496.15, 1452.5/1496.36, 1412.91/1417.87 for the 

Raman shifts observed, respectively, for graphene containing hydrogel and pristine 

pAAm/pMBAA hydrogel medium, Fig.6.2. and Fig.6.S5., supporting information). 

However, the ratio of IG’apparent/I2D1A peaks at 514 nm is considerably larger for the dry 

hydrogel (12.98) compared to the pristine graphene (5.77). Thus, it can be concluded that 

the respectable dispersion of graphene spheres, with deposited Nafion 117® in the hydrated 

state, causes the crystallization of the graphene/hydrogel structure upon drying. Drying the 

hydrogel was necessary due to the requirements of spectroscopic, microscopic and 

gravimetric analysis. This specified the large amount of graphene sheets with 

superimposed Raman intensity signals, whereas the dry hydrogel retained its translucent 

properties upon rehydration. 
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Table 6.1. FTIR and Raman analysis of Graphene-grafted-PPy embedded in 

hydrogel. Similar results were observed for other investigated materials (SWCNH, 

MWCNT-embedded hydrogels) and are gathered in the supporting information 

(Fig.6.S4.). 
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A similar analysis of the G’apparent/2D1A peak intensity ratio did not provide meaningful 

data for the agglomeration of MWCNTs or SWCNHs, as the phonon-electron interactions 

in these structures are believed to be of a different character [43]. 

Both TGA and Raman spectra for all the samples indicated some extent of non-

polymerized MBAA and AAm, which was further confirmed by the presence of Raman 

shifts that were visible at 1537.50 and 1459.59 cm-1. These shifts can be assigned to the 

conjugated double bonds, which are present in the MBAA structure. All of the gravimetric 

and spectroscopic methods qualitatively illustrated the differences between the pristine 

laminates and the hydrogels containing nanostructured carbons. There were no obvious 

differences on the spectra between hydrogels containing SWCNH, MWCNT, or graphene. 

Nevertheless, it was expected as carbons used in this study had similar chemical structures. 

[44]. 

Raman spectroscopy was the most useful tool for investigating the influence of 

nanostructured carbons on the hydrogel medium. Raman spectroscopy at different 

wavelengths displayed the most significant differences between the pristine hydrogel 

medium before and after the addition of the nanostructured carbons. Table 6.1 contains a 

comparison between the FTIR bands and Raman shift assignments via the example of 

graphene-embedded hydrogel. 

6.3.3. Morphology 

The influence of Nafion 117® on the morphology of the laminates was investigated by a 

field emission electron microscopy.  
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Fig.6.3. Field Emission Scanning Electron Microscope (FESEM) image (A) of the dry 

MWCNT-containing hydrogel and (B) the cross-section image at higher 

magnification. 
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The localization of nanostructures within the larger polymer medium is a challenging task 

that involves the interaction of electrons with the localized carbonaceous structures of sizes 

oscillating at the detection limit of the scanning electron microscope [45].  

The focusing and narrowing of the beam allows for a higher contrast and a better insight 

into the dry hydrogel structure to be achieved (first dried under air and then at 40 °C 

overnight prior the measurements). 

Fig.6.3A shows an example of a field emission scanning electron microscopy image of dry 

hydrogel with a dispersed multi-walled carbon nanotube phase. The nanostructured carbon 

is visible in the magnification of the cross-section image as the regular bundles (see 

Fig.6.3B). FESEM imaging shows a homogeneous hydrogel surface, which indicates a 

respectable uniformed dispersion of an active material within the electrolyte (hydrogel). 

The optically validated properties of hydrated hydrogels are presented in Fig.6.5.  

Uniformity of investigated laminates and lack of carbon agglomeration was related to the 

mixed hydrophobic/hydrophilic character of Nafion 117® and its interactions with both 

hydrophobic carbons and water. Fig.6.3. shows images of the obtained hydrogels.  

Insert A shows a hydrogel matrix containing graphene after the uptake of potassium 

hexacyanoferrate from the concentrated solution. Insert B shows the hydrogel with a well-

dispersed graphene at the 0.1%wt content. Insert C shows the shape-memory effects of the 

MWCNT-containing hydrogel, with a mass load of 0.2%, synthesized in a closed Teflon-

cap vial under an inert dry nitrogen atmosphere.The shape-memory effect was observed 

during the sample of hydrogel synthesized in a 10 mL vial (see Fig.6.4C). 
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The shear stress was applied by pressing the sample. Upon release, it returned to its primary 

shape. Similar behavior was observed for the flat hydrogel laminates (see Fig.6.S9. and 

Fig.6.S10., supporting information). The water uptake tests of dry hydrogels were 

performed on hydrogels that were closed in a humidity chamber. Fig.6.4. represents a water 

uptake test of MWCNT-containing hydrogel as a plot of water uptake over time (days). 

6.3.4. Mechanical characteristics 

6.3.4.1. Water uptake properties of hydrogel 

The ability of polymeric hydrogel hydration and dehydration makes it suitable for long-

term applications that are needed in portable electronic devices. The hydrogel-based 

components must be sealed in order to prevent water evaporation. It can be done by placing 

the material in a hermetic casing, such as a pouch cell. Reactivation of the stretchable 

structure by water replenishment is easy and reproducible. 

Fig.6.4. shows the water uptake experiment for the dry MWCNT-based hydrogel as a 

function of water uptake over time. Water uptake was measured at a similar humidity, 

which was kept constant in a humidity chamber. Hydrogel can absorb the amount of water 

that is close to 50 % of its dry mass. Such a property makes it a promising material for 

decontamination purposes, where the ionic selectivity is needed for special clean-up 

purposes (e.g., decontamination of water from heavy metals). We have investigated this 

characteristic by respective uptake of potassium hexacyanoferrate (K3Fe(CN)6) from the 

aqueous solution (see Fig.6.6A and Fig.6.6). Once the plateau was reached at 47.2% (see 

Fig.6.5), the hydrogel retained its mass within the humidity chamber, with a much slower 

and almost non-recognizable rate of water uptake.  
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Fig.6.4. Water uptake of dehydrated hydrogel placed in closed container with water 

at 19.0°C, determined from the dry mass. 

The water uptake was calculated in accordance with Equation 2: 

𝑊𝑈 =
𝑚𝑖
𝑚0
∙ 100% (2) 

Where WU indicates the water uptake (in %), mi is the hydrogel mass at the given time of 

measurement (in g), and mo is the constant mass (in g) of hydrogel in its dry-state at time 

0.  
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Fig.6.5. (A) K3Fe(CN)6 redox probe incorporated into hydrogel electrolyte used to test 

ionic conductivity (Fig.6.S7. and Fig.6.S1.), (B) transparent Graphene-based 

hydrogel, (C) shape memory effect for MWCNT-embedded hydrogel, and (D) 

elongation test on a MWCNT-embedded hydrogel using a universal testing machine. 
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Fig.6.6. An electrochemical response of K3Fe(CN)6 – embedded hydrogel at maximum 

water uptake carried out in a 2 electrode system shown as upper left insert. 

6.3.4.2. Stress-strain mechanical testing of hydrogels 

The potential use of stretchable hydrogels in portable electronics or printed components 

that utilize energy storage (e.g., EES windows) is restricted by their elasticity [46]. Stress-

strain measurements presented in Fig.6.7. show the large elongations (up to 1475.57%) 

obtained in this study for hydrogels with various carbon loads. Fig.6.5D illustrates an 

example of the elongation test of a MWCNT-containing hydrogel. 
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Fig.6.7. shows the results of mechanical testing conducted on the hydrogels. The 

experiments were performed with a 1 kN load cell transducer. Additions of carbons to the 

hydrogel matrix lowers the tensile strength and improves the elongation. All of the stress-

strain tests were performed on equally sized laminates (5x2x1 cm). Varying the carbon 

content did not significantly influence the rigidness of the hydrogel, which can be 

explained by good dispersion of carbon fractions in the hydrogel matrix. It needs to be 

emphasized that the air content in hydrogels played a crucial role in influencing the micro 

porosity structure of the laminate [44, 47].  

 

Fig.6.7. The elongation test of hydrogels at load of 1 kN. 
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Once the physical entanglement was affected by the presence of air trapped inside the 

hydrogel matrix, the mechanical properties (i.e., the elasticity modulus and the shape 

retention) were strongly affected.  

It can be concluded that the uniform dispersion of nanostructured carbons within the 

hydrogel medium was achieved by the introduction of Nafion 117®. An enhanced 

mechanical stability was achieved for the hydrogels with the embedded nanostructured 

carbons as compared to the pure hydrogels matrix. This result corresponds well to 

previously reported observations, where the local agglomeration of active materials within 

the hydrogel matrix altered the mechanical properties of the laminates [48]. 

6.3.5. Electrochemical analysis: conductivity and capacitance 

It is well known that Nafion 117® and its derivatives exhibit functional ionic and proton 

conductivity due to their ability of creating percolated water channels [49]. The 

conductivity of hydrogel, enhanced by the presence of Nafion 117®, may therefore 

resemble the bulk water [50]. As such, we present a comparative electrochemical study on 

a pristine hydrogel matrix containing Nafion 117®, and with implemented nanostructured 

carbons (i.e., graphene, MWCNT, and SWCNHs). 

Within the processes underlying the enhanced material conductivity, there are two distinct 

mechanisms responsible for the proton and ion conduction: Grotthuss and vehicular [51]. 

The Grotthuss mechanism is based on the assumption that the water molecules embedded 

in the Nafion 117® chains may take up the proton, which in turn causes a certain increase 

in the energy of the water molecule. This energy allows for rotation of the water; therefore, 

the proton may be transferred to the next water host. This jumping mechanism is often 
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described as a “hopping” mechanism. On the other hand, the Grotthuss mechanism on 

Nafion 117® and its analogues was investigated in depth by the computational molecular 

dynamics method [52]. Furthermore, in the case of the vehicular mechanism, an ion 

molecule is trapped between the solvent molecules and moves across percolated water 

channels. There is also the possibility of mixing occurring between both of these 

mechanisms [53]. 

Due to the presence of a carbon allotrope in the final product, the hydrogels were expected 

to show an additional electronic conductivity due to the buildup of electrochemical double 

layer capacitance [47]. The development of an electrochemical double layer capacitance 

via electrode polarization during electrochemical testing is a well-known process, which is 

applied in many energy storage devices such as supercapacitors [54]. The resulting 

electronic conductivity due to presence of carbon is an important characteristic in 

implantable biosensors, bioelectronics, neuronal prostheses, drug delivery, or tissue 

engineering materials [47]. A vast volume of reports about electronic conductive hydrogels 

are present in the literature [55, 56]. The best method for validating the presence of 

electronic and ionic conductivity is through the use of electrochemical impedance 

spectroscopy (EIS) or electrochemical admittance spectroscopy (EAS) on the dry- and 

swollen-state of a hydrogel [57]. 

The detailed CV, and EIS/EAS spectra of MWCNT, graphene, and SWCNH containing 

hydrogels are illustrated in Fig.6.8. The electrochemical system consisted of two parallel 

20x20 mm stainless steel plates that were connected to alligator clips. The mass and volume 

of the material in-between the plates were kept consistent at 1.00 g  
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and 2 cm3, with a flat area of 4 cm2. The plates were wrapped in parafilm in order to prevent 

water evaporation from the swollen hydrogel. Additional conductivity tests were 

performed with the help of admittance spectroscopy and alternating current 

electrochemical impedance spectroscopy in the frequency range of 106-0.3 Hz, an 

amplitude of 0.005 V, and with the single frequency mode above 100 Hz. Admittance and 

impedance spectra were modeled with ZView software (Scribner Associates). 

Fig.6.8A, shows the capacitive behavior represented by the vertical line in the complex 

plane Nyquist plot (see element C2 Fig. 6.8A). The electrochemical data (e.g., solution 

resistance; Rs, conductivity, gravimetric capacitance, potential-dependent stability) are 

gathered in Table 6.2. The linear shape of the impedance spectrum shown in Fig.6.8C, 

indicated that there was a capacitor created within the high frequency region (i.e., a C2 

element in an equivalent circuit). Hydrogel containing a 0.1 % mass load of MWCNTs was 

found to have the conductivity of 0.078 S cm-1, whereas for SWCNHs-containing hydrogel 

it, was 0.052 S cm-1. Normally, the conductivities for hydrogels are within a relatively 

small range (approximately 1-2 mS cm-1) [58]. The values reported in the literature for 

similar systems strongly depend on the amount of active material incorporated inside of 

the structure, which influences the impedance and admittance responses of the investigated 

material. A similar value was obtained for graphene-containing hydrogel (0.051 S cm-1). 

The conductivity of pure hydrogel was 0.002 S cm-1. Ideally, electronic conductivity 

measurements of the hydrogel can be performed by standard electrochemical CV or AC 

EIS tests on the solid-state. Nevertheless, the main task of distinguishing between ionic 

and electronic conductivity in the hydrated state becomes more challenging. The 
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admittance spectrum proving the electronic conductivity present in graphene-containing 

dry hydrogel is shown in Fig.6.S1., supporting information (after equivalent circuit 

modeling). 

 Fig.6.8.B. shows the rectangular shapes of cyclic voltammetry, which demonstrates 

expected capacitive behavior for the nanostructured carbons. The magnitude of the current 

within the CVs recorded for the hydrogels containing graphene, MWCNTs, and SWCNHs 

was the same, indicating the major contribution of the electrolyte matrix on the 

electrochemical behavior.  

Chronopotentiometry in Fig.6.9C, shows the influence of the anodic and cathodic current 

densities on the potential achieved from the overvoltage produced on the electrodes. All 

structures showed similar stability, however, the graphene-containing hydrogel exhibited 

the highest stability after gradually increasing the current densities. 

 

a almost zero. 

b unstable under applied current load. 

Table 6.2. Electrochemical data for the MWCNT, SWCNH and graphene containing 

hydrogels. 
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Fig.6.8. (A) Electrochemical impedance spectra with an electrical equivalent circuit 

used for fitting data (i.e., Rs - solution resistance, C1 - constant phase element, R1 - 

charge transfer resistance, C2 - chemical capacitance, and Wo1 - open Warburg 

element); (B) cyclic voltammograms; and (C) charge-discharge at various current 

loads for MWCNT-, Graphene- and SWCNH-embedded hydrogels and pure 

hydrogel electrolytes. 
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The best conductivity was found in the materials containing MWCNTs; however, all of the 

carbons significantly influenced the total conductivity. The large improvement in hydrogel 

stability after dispersing the nanostructured carbons in the pAAm/pMBAA matrix was 

attributed to the strong synergistic effects between the hydrogel and active material. Similar 

studies have revealed that the incorporation of active materials, such as polyaniline, to the 

hydrogels strongly enhance the porosity and specific surface area of the electrode [59]. The 

additional roughness on the surface of the laminate introduced electrochemically active 

centers. This has resulted in enhanced conductivity and increased ionic diffusion at the 

interface between the active material and hydrogel matrix [59]. Graphene for example is 

known to possess low diffusion resistance, therefore it is widely applied for supercapacitors 

generating large power output [60]. The graphene sheets embedded in hydrogel as a 

continuous medium will synergistically improve the conductivity and electrochemical 

stability of a material [61]. Similar effect may be expected from the single-walled carbon 

nanohorns and multi-walled carbon nanotubes. The low diffusion and creation of point 

overvoltages that leads to the destruction of the not-conductive materials, were already 

reported for the agglomerated graphene films. The low stability was attributed to the 

hindered diffusivity and regained van der Waals attractive forces between the graphene 

sheets [20]. In case of laminates presented in this study, the hydrogel matrix generates a 

continuous medium with the nanostructured carbons. In the hydrated state, the hydrogels 

possess percolated water channels due to the presence of Nafion 117 ®. This lead to the 

enhanced diffusivity within the hydrogel, therefore the amount of local overvoltage points 

is decreased. The pristine pAAm/pMBAA hydrogel medium without nanostructured 
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carbons exhibited much lower conductivity and considerably larger solution resistance, as 

revealed by the equivalent circuit analysis of the complex plane Nyquist plot. The largely 

restricted surface area of the pristine hydrogel medium in comparison to the hydrogels with 

well dispersed nanostructured carbons was the major cause for the observed voltage-

dependent differences in the stability. Similar effects were observed by the incorporation 

of Fe3O4 or ZnMn2O4 to the hydrogel structure by others. The increased electrochemical 

cycling performance was observed for the structures with embedded active materials, 

whereby this effect was also addressed to the increased specific surface area [62, 63]. 

6.4. Conclusions 

The additional roughness on the surface of the laminate introduced electrochemically 

active centers. This has resulted in enhanced conductivity and increased ionic diffusion at 

the interface between the active material and the hydrogel matrix [60]. Graphene, for 

example, is known to possess low diffusion resistance; therefore, it is widely used in 

supercapacitors for generating large power output [60]. The graphene sheets embedded in 

hydrogel (as a continuous medium) will synergistically improve the conductivity and 

electrochemical stability of a material [61]. Similar effects may be expected from the 

SWCNHs and MWCNTs. The low diffusion and creation of point overvoltages that lead 

to the destruction of the non-conductive materials have been reported for the agglomerated 

graphene films. The low stability was attributed to the hindered diffusivity and recovered 

van der Waals attractive forces between the graphene sheets [20]. In the case of the 

laminates presented in this study, the hydrogel matrix generated a continuous medium with 

the nanostructured carbons. In the hydrated state, the hydrogels possessed percolated water 



 

 

292 

 

channels due to the presence of Nafion 117 ®. This lead to the enhanced diffusivity within 

the hydrogel; therefore, the amount of local overvoltage points was decreased. The pristine 

pAAm/pMBAA hydrogel medium, without nanostructured carbons, exhibited much lower 

conductivity and considerably larger solution resistance, as revealed by the equivalent 

circuit analysis of the complex plane Nyquist plot. The largely restricted surface area of 

the pristine hydrogel medium, in comparison to the hydrogels with well-dispersed 

nanostructured carbons, was the major cause for the observed voltage-dependent 

differences in stability and increased electrochemical cycling performance was observed 

for the structures with embedded active materials. This effect was also seen in regards to 

the increased specific surface area [62, 63]. 

In the presented work, uniformly structured, and electrically  

and ionically conductive hydrogels (based on the polyacrylamide cross-linked with an N, 

N’-methylenebis(acrylamide) containing nanostructured carbon allotrope) were 

synthesized in a satisfactory way. After a detailed analysis of the obtained spectroscopic, 

gravimetric, mechanical, and electrochemical results, several conclusions were made: 

(i) The photo-initiated reaction, with a catalytic amount of ammonium persulfate, 

was successfully applied to the up-scaled laminates (see Fig.6.S10., supporting 

information).  

(ii) Flexibility of up to 1475% was obtained. Adequate dispersion was ensured by 

the presence of Nafion in the structure, which plays a role similar as that of a 

surfactant.  



 

 

293 

 

(iii) Highly translucent materials that demonstrated a shape-memory effect were 

tested electrochemically in both swollen- and dry-state. 

(iv) Water uptake tests in the humidity chamber revealed 47% of water inclusion 

for MWCNT-containing hydrogel. This effect was further investigated by the 

uptake of potassium hexacyanoferrate from the 45 mM aqueous solution. 

(v) Raman spectroscopy has shown an agglomeration of the unified hydrogel 

matrix/ graphene structures in the dry laminate, as indicated by the  

I G’ apparent/I 2D1A ratio of 12.98. Raman spectroscopy was the only spectroscopic 

technique that allowed for the assessment of the nanostructured carbon 

influence on the hydrogel matrix.  

(vi) FTIR did not reveal any significant differences between the pristine 

pAAm/pMBAA hydrogel matrix before or after the introduction of 

nanostructured carbons.  

(vii) Thermal gravimetric analysis was not found to reveal significant differences 

between the active material and the hydrogel medium.  

(viii) FESEM exhibited the uniform distribution of carbons along the dry hydrogel 

structure. Mechanical stress-strain tests have revealed an increased mechanical 

stability of the obtained hydrogel laminates and a large influence on the 

elongation ratio under the applied stress (1475 % for MWCNTs-containing 

hydrogel). 
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(ix) The shape-memory effect was tested qualitatively and was made possible by 

synthesizing the material of any desired shape. The material properties were 

retained upon drying and rehydration. 

(x) The synergistic effects of the nanostructured carbons were observed by 

electrochemical impedance and admittance spectroscopy measured in a 

specially designed 2-plate electrochemical system. A large effect of the 

nanostructured carbons on the hydrogel conductivity was observed by the 

comparative studies of the laminates before and after the introduction of the 

MWCNTs, graphene, or SWCNHs. The pristine pAAm/pMBAA matrix was 

found to have a conductivity of 0.002 S cm-1, whereas the MWCNTs-containing 

hydrogel had a conductivity of 0.078 S cm-1 (versus graphene-containing 

hydrogel: 0.051 S cm-1, and SWCNHs-containing hydrogel 0.052 S cm-1).  

(xi) The potential-dependent stability was attributed to the enhanced diffusivity 

within the hydrogel structure after the incorporation of nanostructured  

carbons, as indicated by CV. 

(xii) The square shape of the CV spectrum, and the equivalent circuit analysis of the 

complex plane Nyquist plots have revealed capacitive behavior of the obtained 

laminates. The capacitances of graphene, MWCNT and SWCNH were found 

to be in similar range (34.27, 36.56 and 31.17 F g-1 respectively). 

The methodology of obtaining uniform and well-distributed active materials inside of 

the hydrogels was discussed, with potential future applications of these types of 

materials for energy storage and harvesting purposes. 
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6.6. Supporting information 

Nanostructured carbons embedded in hydrogel electrolytes as stretchable components for 

energy storage applications. 

 

Fig.6.S1.Admittance spectrum of graphene containing hydrogel in its dry state.  
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.  

Fig.6.S2. Raman spectrum of pristine graphene 
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Fig.6.S3. FTIR spectrum of dry hydrogels. 
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Fig.6.S4. Raman Spectrum (785 nm) of pristine hydrogel medium (containing 

Nafion 117®) with no carbons. 
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Fig.6.S5. Raman spectrum deconvolution of 2D peak overlapping with –CH2- signals 

from the AAm/PMBA backbones (marked as fluorescence) found in the hydrogel 

containing graphene at 514 nm. 
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Fig.6.S6. MWCNT with the locally deposited Nafion 117® on the surface. 
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Fig.6.S7. Shape memory and strain resistivity of the obtained hydrogels on the 

example of the laminate containing MWCNT. 
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Fig.6.S8. Up-scaled product. 

Approximated ζ-potential measurement procedure [64]. 
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ζ-Potential was calculated according to the Equation EqS1, where κ is the liquid 

conductivity (S cm-1
, for 1M aqueous potassium chloride this value was set as 12.90 mS 

cm-1, according to the DL 152, ISO 7888 ), ν is the kinematic viscosity of the liquid (for 1 

M KCl this value was set as 1.19E-05 m2s-1. The data was acquired from the International 
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Journal of Thermophysics, Vol. 2, No. 4, 1981), where ε is the liquid permittivity (set as 

4.68 according to H. Hallett, THE STATIC DIELECTRIC CONSTANT OF NaCI, KCI, 

AND KBr AT TEMPERATURES BETWEEN 4.2 O K AND 300 O K, 44 (1966), Can. J. 

Phys.), a is the disc radius (0.0025 m), z is the distance of the reference electrode from the 

RRDE (kept constant as 0.057 m), ω is the rotation rate in rpm (kept constant as 400 rpm; 

6.66 Hz),  θs is the measured streaming potential (V) from the respective OCP 

measurement. θs is defined as the rest potential with no applied current. The only Levich 

current was developed at the electrochemical double layer and the rest potential was 

defined as difference of the observed (EOCP) potential and the standard electrode potential 

E0 (222 mV).  

 

Table 6.S1. ζ-potential for MWCNT with different Nafion 117®content, pure 

hydrogel, pure GC RRDE and MWCNT-containing hydrogel at 400 rpm (900 s). 
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Fig.6.S9. Experimental setup for measuring of the ζ-potential by rotating disc ring 

electrode method. Ag/AgCl (0.222 V) was used as the reference electrode, Pt wire as 

the counter electrode and 0.5 cm in diameter glassy carbon rotating ring disc 

electrode as the working electrode. The OCP measurement was conducted at 23 °C 

with the constant distance between the reference and working electrode (5.7 cm). The 

OCP signal was read at 900 s. 
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Fig.6.S10. Streaming potential for MWCNT with different Nafion 117® content at 

400 rpm. 
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CHAPTER SEVEN 

Stretchable electrodes based on graphene, MWCNTs and SWCNHS grafted with 

polypyrrole as supercapacitive electrode materials embedded in polyacrylamide 

hydrogel for energy storage 

Manuscript in preparation. 

Abstract: This work presents the synthesis of capacitive elastic electrodes that are 

comprised of carbon-grafted-polypyrrole and are embedded in a hydrogel electrolyte. The 

active electrode materials were prepared by the covalent grafting of carbon allotropes (i.e., 

graphene, multi-walled carbon nanotubes; MWCNTs, and single-walled carbon 

nanohorns; SWCNHs) with a conjugated polymer (polypyrrole; PPy) through various 

techniques (i.e., oxidative radical polymerization, electrochemically aided atom transfer 

radical polymerization; e-ATRP, and reversible addition chain transfer polymerization; 

RAFT). A hydrogel electrolyte was prepared by in-situ UV-crosslinked acrylamide 

(AAm)/N, N’-methylenebis(acrylamide) (MBAA) in an aqueous suspension of potassium 

chloride (KCl). The dispersion of hydrophobic active materials within a hydrophilic 

hydrogel was improved by utilizing Nafion 117® as a surfactant. The stretchable capacitor 

electrodes store large quantities of energy (i.e., up to 516 F g-1 of specific gravimetric 

capacitance, as validated by cyclic voltammetry, and up to 173 F g-1 of interfacial total 

capacitance, as validated by alternating current electrochemical admittance spectroscopy), 

and maintain their capacitance over excessive amounts of charge/discharge cycles (i.e., up 

to 717 cycles, as validated by chronopotentiometry in a 2-electrode system). Potassium 
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chloride dissolved in a semi-aqueous hydrogel was utilized as the working electrolyte. The 

detailed analysis of stretchable electrodes was performed with electrochemical methods 

(i.e., cyclic voltammetry; CV, differential pulse voltammetry; DPV, chronopotentiometry; 

CC, alternating current electrochemical impedance spectroscopy; AC EIS, alternating 

current admittance spectroscopy; AC AS, and chronopotentiometry; CP). Electrochemical 

methods revealed the influence of active materials on electrode performance; the 

conductivity was raised by one order of magnitude as compared to that of the pristine 

hydrogel without an active nanocomposite. Raman spectroscopy and differential thermal 

gravimetric analysis revealed the synergistic interactions of polyacrylamide/polyN, N’-

methylenebis(acrylamide) hydrogel and covalently bonded carbon/PPy nanocomposites. 

Final products, in the form of laminates, exhibited promising mechanical properties in 

strain-stress experiments (with an elongation up to 800 %). The mechanism of conductivity 

is discussed by detailed analysis of the influence of Nafion 117® in the structure. 

7.1. Introduction 

The continuously rising consumption of electricity has led to the high demand for novel 

energy storage devices. Storing energy inside of flexible laminates that are used in super- 

and ultracapacitors is but one of the examples of new technology that could fulfill these 

needs [1]. The main advantage of supercapacitors is their rapid charge/discharge, which 

occurs in milliseconds [2, 3]. They have limited energy density, but their power density is 

large. It makes them promising energy sources that can provide energy to large systems 

that are used in mass transport, such as trams or busses [4]. However, the materials for 

supercapacitive electrodes must fulfill strict requirements. For example, they must be 
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durable and demonstrate a long-term life-cycle stability, exude a high specific gravimetric 

capacitance, and should be environmentally benign [5, 6]. Recent trends also emphasize 

the need for storing energy in solid-state or flexible media [7]. Environmental concerns are 

important aspects of reducing the usage of current supercapacitors that rely on highly toxic 

metal oxides, which can be replaced with metal-free electrodes based on conjugated 

polymers and synthetic metals [8, 9]. Materials that possess the characteristics needed for 

competing with their metallic counterparts are polyethylenedioxythiophene  

(PEDOT), polyaniline (PANI), and polypyrrole (PPy) [10]. All of these compounds utilize 

their unique redox activity in the Faradaic region, which leads to the formation of a 

pseudocapacitance effect [11]. The presence of large and porous carbon allotropes, such as 

graphene or MWCNT, introduces the double layer capacitance effect. If the conjugated 

polymer (pseudocapacitive part) is covalently connected to the carbon core 

(electrochemical double layer capacitance), then the specific gravimetric capacitance will 

be larger over a longer period of time than it would be in the case of physical mixtures of 

carbons/polymers [25, 26]. The pseudocapacitance and double layer capacitance are known 

to be dependent on the electrolyte, which creates an additional need for developing a  

green-chemical operating medium for supercapacitive electrodes [12]. Preferably, the ion 

mobility in an operating solution should be fast and facilitate doping of the polymeric 

structures in an efficient and reversible manner, and retain the quick charge/discharge 

process. In solid-state electrolytes, such as hydrogels, the presence of percolated water 

channels provides an aqueous-like environment for the active materials [13]. Many 

attempts have been made in the generation of supercapacitors based on conjugated 
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polymers within hydrogels [14, 15]. However, the main difficulty in maximizing the 

electrochemical potential of the active materials within the hydrogels is their proper 

dispersion [12]. This obstacle may be easily averted by lowering the zeta potential of the 

carbon/polymer nanocomposite through the introduction of surfactants; this will properly 

facilitate dispersion during the synthesis of hydrogels, with active nanocomposites as 

additives [16, 17].  

In our previous work, we utilized several living polymerization techniques for the synthesis 

of the covalently bonded carbon/PPy nanocomposites [18- 22]. Highly capacitive 

materials, with a uniform distribution of polymer around a carbon surface (up to ~450  

F g-1 over 7500 charge/discharge cycles in potassium chloride solution), were achieved. 

In this study, we investigated nine different types of active  

materials (i.e., MWCNTs/Graphene/SWCNHs grafted with a polypyrrole, prepared by 

three distinct polymerization techniques and evenly dispersed in a hydrogel electrolyte) 

(Fig.7.1. and Fig.7.S1., supporting information). The dispersion of active nanocomposites 

within the hydrogel medium was achieved by the introduction of Nafion 117® as a 

surfactant, which was already described  previously for manufacturing similar hydrogels 

with pristine hydrophobic nanostructured carbons (i.e., MWCNTs, SWCNHs, and 

graphene) [22]. In this work, we expanded this methodology by introducing carbons that 

were grafted with polypyrrole through various polymerization techniques. 

7.2. Materials and methods 

Unless otherwise stated, all materials were used as received and without further 

purification. Active materials and hydrogels employed in this study were prepared 
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according to the protocols reported in previous studies [18-22]. Active materials were 

distributed within hydrogels by an in-situ UV-photopolymerization of aqueous suspension 

containing 0.017 g of active material, 1.18 g KCl, 1.56 g acrylamide (AAm), 0.002 g N, 

N’-methylenebis(acrylamide), 0.25 mL Nafion 117®, 10 mL deoxygenated water, and 

catalytic amounts of ammonium persulfate (APS) as the photoinitiator. All materials were 

handled under a dry dinitrogen atmosphere. UV-crosslinking was performed under air and 

with a VWR UV-crosslinker, Part. No. 89131-484, with microprocessor controlled UV 

sensor feedback system, and energy irradiation of 300.000 μJ cm-2 for periods of 20 

minutes at a time. 

FTIR spectra on a KBr pellet were recorded with the NicoletTM iSTM 50 FTIR 

spectrometer at 4 cm-1 resolutions, and averaged 100 scans per sample (KBr pellet). Raman 

spectra were recorded with a Renishaw inVia Raman spectrometer at a 785 and 514 nm 

excitation source (Renishaw Inc, UK), within a spectral range of 1000 to 3000 cm-1, with 

0.1 mW laser power, while using 50 times magnification on the microscope. Thermal 

analysis was carried out on the TGA Q500, model TA Instruments, from 25 to 650°C, at a 

heating rate of 10 °C min-1, in N2 in alumina crucible. Field Emission Scanning Electron 

Microscopy imaging was performed using Hitachi SU-70 Field Emission Gun (FEG) SEM 

equipment. Mechanical testing was performed on a Tinius Olsen 2000 tensile strength 

universal testing machine equipped with a 1kN load cell under air. The elongation rate was 

kept at 40 mm min-1. All electrochemical experiments were conducted using a CH 

Instrument electrochemical workstation, model C760, and with an electrochemical cell 

composed of 2, 20x20 mm clean, stainless steel plates that were connected to the 
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potentiostat in a 2-electrode system by alligator clips (Fig.7.S2.). CV scans were conducted 

in the potential range of 0.8 to -0.8 V.  Chronopotentiometry was examined at normalized 

anodic and cathodic current loads in the range of 0.1 to 0.5 mA cm-2 over 50 

charge/discharge cycles, and at 0.5 mA cm-2 for 10,000 cycles. The electrochemical 

stability test was carried out using the chronopotentiometry (CP) technique, which 

consisted of sweeping the potential at various anodic and cathodic current loads. The CP 

tests were performed in a 2-electrode system until the clear destruction of the electrode was 

observed. Upon elongation of the 2x2x0.35 cm laminate strips, the admittance spectrum 

was recorded via the experimental setup presented in Fig.7.S5., supporting information. 

AC EIS and AC EAS were recorded in a potential bias from 0.3 to 1.0V, in the frequency 

range of 106 to 0.3 Hz, and at an amplitude of 0.005V, with elongations  

ranging from 0-150%. 

7.3. Results 

7.3.1. Synthesis of active materials and hydrogel 

During the preparation of hydrogels, an aqueous suspension consisting of AAm, MBAA, 

KCl, and carbon/PPy nanocomposite material was mixed with Nafion 117®. Nafion 117® 

prevented the agglomeration of active materials (i.e., a carbon/PPy nanocomposite, with 

the carbon either consisting of graphene, MWCNTs, or  

SWCNHs). The UV-photopolymerization of the created suspension yielded a hydrogel 

with a uniformly distributed phase of active materials. The synthesized hydrogels were 

stretchable, adhesive, electrically and ionically conductive, and exhibited the shape-

memory effect. In the present study, we demonstrated the uniform distribution of nine 
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different hydrophobic carbon/PPy nanocomposites within the hydrophilic hydrogels. 

Active materials were synthesized according to the procedures described in previous 

studies [18-22]. Briefly, graphene, MWCNT and SWCNH were covalently grafted with 

polypyrrole by oxidative radical polymerization, reversible addition chain transfer 

fragmentation (RAFT) and electrochemically aided atom transfer radical polymerization 

(e-ATRP). The covalently bonded carbons and PPy chains provided both an 

electrochemical double layer capacitance and pseudocapacitance. In this study, we 

investigated the electrochemical performance of these active materials within the solid-

state electrolytes of pAAm/pMBAA hydrogels containing KCl and Nafion 117®. 

7.3.2. Distributions of active materials within hydrogels 

Fig.7.1. represents the exemplary photopolymerization synthesis of a polymer matrix with 

active materials. Due to the radical character of this reaction, it was challenging to achieve 

100% of monomer conversion within the aqueous environment, as the rapid quenching of 

generated reactive species occurred [28]. The use of any solvent additive or other surfactant 

alters the polymerization process due to the quenching of radicals; therefore, this is 

unwanted in this type of synthesis. Nafion 117® is the major component that allows for 

the dispersion of active nanocomposites, without agglomeration within the hydrogels. In 

the case of nanotubes, this was connected to its ability of lowering their zeta potential and 

stabilizing the aqueous suspension [23].  
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Fig.7.1. Structures of the incorporated active materials within the hydrogels. 

Field Emission spectroscopy and energy dispersive X-ray spectroscopy were used to assess 

the morphology and distribution of active materials within the hydrogel (see Fig.7.S6., 

Fig.7.S7., and Table 7.S1., supporting information). 

7.3.3. Thermogravimetric and spectroscopic characterization 

Thermal gravimetric analysis of pure hydrogels, active nanocomposites, and laminates that 

were synthesized in this work are presented in Fig.7.2. A series of comparative 

spectroscopic studies was performed on active material, hydrogel medium and active 

material-embedded hydrogel. The following section presents comparative spectroscopic 

and gravimetric studies on graphene-grafted-polypyrrole. Fig.7.2A shows the TGA signals 



 

 

319 

 

that were taken from the graphene that was grafted with polypyrrole and prepared by e-

ATRP technique. Fig.7.2B shows the TGA signals of the hydrogel without 

nanocomposites. Fig.7.2C represents TGA signals of the laminate-containing active 

material that are shown in Fig.7.2A. The black line shows the weight loss, while the red 

line shows the first derivative of weight loss in the function of temperature. 

Thermal gravimetric analysis revealed the differences that were exhibited between the 

signals observed within the active materials, the hydrogel matrix, and the obtained 

laminates after mixing. The transitions of graphene-g-PPy (see Fig.7.2A) were observed at 

174.85, 239.34, 272.48, 353.63, 411.75, 424.97, 477.87, and 575.67°C.  

According to what is visible in Fig.7.2A (i.e., the functionalities for the graphene that was 

grafted with polypyrrole and prepared by e-ATRP polymerization), the following 

assignments of observed signals were made: (1) 174.85 °C and 272.48°C 

(depolymerization) arises from the cleavage of the ester functionalities in the methacrylate 

backbone that joined graphene and PPy (2) 239.34°C corresponds to the cleavage of the 

amide functionalities present on the carbon-based e-ATRP initiator, and (3) 353.63°C 

comes from the long aliphatic chain of methacrylate that stemmed from the graphene 

surface [32-34]. Signals observed at 411.75, 424.97, and 477.87°C originated in the 

decomposition of the PPy chain, whereas the signal at 575.67°C came from the initial 

decomposition and graphitization of graphene at elevated temperature within the TGA 

machine [35-38]. The transitions for the pristine hydrogel medium, without active 

nanocomposites, in Fig.7.2B were observed at 234.44, 272.48, 290.77, and 347.10°C, and 

according to the structure shown in Fig.7.1. (blue sphere, right corner), it was possible to 
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assign the following signals: (A) 234.44 and 272.48°C corresponds to the cleavage of the 

ester and amide bonds in the pAAm/pMBAA medium (and respective depolymerization), 

(B) 290.77°C resembles the decomposition of Nafion 117®, and (C) 347.10 °C indicated 

the start of the carbonization of the pAAm/pMBAA polymer [39,40]. Fig.7.2C shows the 

laminate after the incorporation of active materials within the hydrogel, with transitions 

observed at 201.30, 240.34, 279.18, 348.73, and 517.71°C. The decomposition temperature 

of amide functionalities was shifted towards higher temperatures (240.34 and 279.18°C), 

indicating that there was a stabilization of the interactions within the hydrogel medium that 

had the active materials. The carbonization of the hydrogel pAAm/pMBAA medium also 

occurred at a higher temperature of 348.73°C, whereas the signals arising from the presence 

of graphene-grafted-polypyrrole at 201.30 and 517.71°C also experienced shifts, but 

towards lower decomposition temperatures. 
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Fig.7.2. Thermal gravimetric analysis with the first derivative. (A) Graphene-g-PPy 

prepared via the e-ATRP technique, (B) pAAm/pMBAA pristine hydrogel without a 

nanocomposite, and (C) graphene-g-PPy prepared via the e-ATRP technique 

embedded within the laminate. 
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The observed interactions between the nanocomposite and the hydrogel medium were 

further investigated by means of Raman spectroscopy set at 785 nm-laser wavelengths (see 

Fig.7.3). Fig.7.3A represents the Raman spectrum of the pAAm/pMBAA hydrogel 

medium without the nanostructured carbons, Fig.7.3B shows the Raman shifts observed 

for the graphene-g-PPy that was prepared by the e-ATRP technique, and Fig.7.3C contains 

Raman spectrum after the inclusion of graphene-g-PPy that was prepared by the e-ATRP 

technique into the hydrogel matrix. The shifts that were found within the pristine hydrogels 

at 1107.75, 1201.90, 1323.26, 1422.85, 1455.51, 1616.05, 1660.13, and 2929.79 cm-1 were 

assigned to the –C-O-C- stretching of the polyacrylamide unit (1107.75 cm-1), amide -

CONH- activity (1201.90, 1323.26, 1455.51 cm-1), the D band arising from the presence 

of the sp2 carbon atoms in the unreacted monomers (1422.85 cm-1), the G band from the 

abundance of sp3 hybridized carbon atoms in the polymeric backbone (1616.05 cm-1), the 

-CO carbonyl stretch (1660.13 cm-1), and the -CH2- stretching (2929.79 cm-1). The shifts 

in the graphene-g-PPy that was prepared by the e-ATRP technique found at 1041.90, 

1080.54, 1201.90, 1245.98, 1295.51, 1351.02, 1378.77, 1433.74, 1472.38, and 1605.17 

cm-1 were assigned to the –C-O-C- stretching in the methacrylic backbone (1041.90, 

1080.54 cm-1), -CONH- activity of the linker (1201.90, 1351.02, 1472.38 cm-1), the D peak 

from the presence of a graphene core (1433.74 cm-1), the G’apparent band (1605.17 cm-1), 

CO stretching (1295.51 cm-1), NH stretching (1245.98 cm-1), and -C=C- double bonds 

within the pyrroles structure (1378.77 cm-1).  

The shifts in the hydrogel that contained graphene-g-PPy and prepared by the e-ATRP 

technique found at 1113.74, 1185.57, 1218.77, 1323.26, 1417.41, 1456.05, 1599.72, 
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1654.69, and 2924.35 cm-1 were assigned to the –C-O-C- stretching (113.74 and 1185.57 

cm-1), -CONH- amide activity (1218.77, 1323.26, 1456.05 cm-1), the D peak from the 

presence of graphene (1417.41), the G peak from the presence of the sp3 hybridized carbon 

atoms (1599.72), the G’apparent peak from the presence of the graphene core (1654.69 cm-

1), and -CH2- stretching that overlapped with the 2D peak at 2924.35 cm-1. There are 

considerable blue shifts toward higher wavenumbers within the shifts that were found for 

both the active nanocomposite and pAAm/pMBAA medium. These shifts are correlated 

with the nanodispersion and enhanced interactions of the components in the laminate. 

These observations correspond well to the shifts that were observed in the thermal 

gravimetric analysis. The hydrogen bonding between the active nanocomposite and 

pAAm/pMBAA medium are possibly the reason for the observed interactions. These 

attractive interactions are stronger than the van der Waals interactions between the carbons 

within the nanocomposite, which makes nanodispersion possible.  
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Fig.7.3. Raman spectra of: (A) pAAm/pMBAA hydrogel, (B) graphene-g-PPy, as 

prepared by e-ATRP polymerization, and (C) laminate-containing graphene-g-PPy. 

The introduction of Nafion 117® to the hydrogel structure lowers the zeta potential of 

carbons; therefore, dispersion is improved. The additional presence of a methacrylate unit 
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at the nanocomposites that were synthesized by e-ATRP and RAFT techniques makes the 

synergistic hydrogen bonding stronger.  

In case of carbon/PPy that was prepared by oxidative radical polymerizations, with no 

methacrylate backbone present in the structure, the presence of zeta potential lowering 

Nafion 117 ® was crucial for this nanodispersion.  

The field emission scanning electron microscope image of the investigated laminate, with 

electro dispersive X-ray elemental analysis on the sample of graphene-g-PPy  

(e-ATRP)-containing hydrogel, can be found in Fig.7.S6. and Fig.7.S7., supporting 

information. 

7.3.4. Electrochemical performance upon elongation 

A series of stretching experiments were conducted in accordance with the experimental 

setup presented in Fig.7.S4. Ultimately, laminate strips were connected by alligator clips 

to the potentiostat in a 2-electrode system. Elongation was induced by stretching the 

laminate strip at the carefully calculated elongation rate.  
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a Synthesized by oxidative radical polymerization 
b Synthesized by e-ATRP 
C Synthesized by RAFT 
d Calculated according to the Equation (1) 

Table 7.1. Interfacial specific gravimetric capacitance changes of the laminates 

presented in this study upon elongation. 

A series of stretching experiments were conducted in accordance with the experimental 

setup presented in Fig.7.S4. Ultimately, laminate strips were connected by alligator clips 

to the potentiostat in a 2-electrode system. Elongation was induced by stretching the 

laminate strip at the carefully calculated elongation rate. Alternating current admittance 

spectroscopy was then used to calculate the interfacial capacitance of the laminates, as the 

buildup of electrochemical double layer was the main factor contributing to the readily 

available energy storage between the electrode contacts [24]. Similar approaches were 

made for calculating the capacitances of membranes in cells of living organisms or ionic 
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dissolution. Interfacial specific gravimetric capacitance is the quality associated with 

technical applications of the materials, whereas specific gravimetric capacitance reveals 

the maximum application potential of a given electrochemical system. Further 

electrochemical tests in specially designed 2-plate electrochemical systems are presented 

in the following subchapter. The interfacial specific gravimetric capacitance upon a given 

elongation was calculated according to Equation (1): 

C =
Y′′

jωm
  (
F

g
) (1) 

Where Y’’ is the imaginary part of the admittance spectrum, jω is the frequency of the 

electric signal, m is the mass of the electroactive material, and C is the interfacial specific 

gravimetric capacitance. Exemplary calculations can be found in the supporting 

information. Table 7.1. contains the interfacial specific gravimetric capacitance without 

normalization to the size of the sample of the pure hydrogel, and for all laminates 

synthesized in the presented study.  

It may be noted from Table 7.1 and Table 7.2 that, upon elongation, the non-normalized 

interfacial specific gravimetric capacitance drops. This is connected to the growth of 

resistance upon elongation. Resistance is proportional to impedance, which is the 

reciprocal value of admittance. 
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Fig.7.4. (A) An extended Nyquist plot as a complex plane and the impedance spectrum 

during elongation. (B) An extended alternating current electrochemical admittance 

spectrum as a function of elongation. The spectrum in this sample is of a laminate-

containing graphene-g-PPy that was prepared by the e-ATRP technique (length of 

strip at 0%; elongation: 20 mm, width 20 mm, thickness 3.5 mm). 

Admittance was used to calculate the conductivity and is directly proportional to it. Once 

the admittance drops, the conductivity and interfacial specific gravimetric capacitance 

decrease. The observed increase in resistance may be connected to the loss of electroactive 

contacts within the hydrogel.  
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It is possible that the conductivity of the laminates investigated in this study were directly 

connected to the percolated water channels provided by the presence of Nafion 117®. The 

elongation of laminates breaks these channels; therefore, the conductivity drops and 

resistance increases (see Fig.7.S4., supporting information). The conductivity (σ) was 

calculated in accordance with Equation (2): 

σ =
G

A
L (S cm−1)  (2) 

Where G is the conductance acquired from the admittance spectrum, A is strip’s area, and 

L is the length.  

 

a Synthesized by oxidative radical polymerization 
b Synthesized by e-ATRP 
C Synthesized by RAFT 
d Calculated according to the Equation (2) 

Table 7.2. Total conductivity based on the alternating current electrochemical 

admittance spectroscopy experiments performed on the elongated laminates. 
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Fig.7.4. shows the results of the alternating current electrochemical impedance (see 

Fig.7.4A) and admittance spectroscopy (see Fig.7.4B) that were used to gather the data into 

Table 7.1 and 7.2.  

7.3.5. Electrochemical performance in 2-plate electrode system 

All electrochemical measurements in this subchapter were conducted in a 2-electrode 

system consisting of 2, 20x20 mm stainless steel plates, with an average hydrogel thickness 

of 1.73 mm sandwiched between the two plates. This system was chosen due to the 

resemblance with a coin cell. The major example from each type of synthesis of the active 

material were chosen for the comparative electrochemical studies to present the trends in 

observed characteristics (Fig. 7.5A and Fig.7.5B). The complete alternating current 

electrochemical admittance spectra and chronopotentiometry data are presented in the 

Fig.7.5C and Fig.7.5D 

Fig.7.5. represents the graph for the electrochemical data that was obtained for the pure 

hydrogel matrix with dispersed active materials. Fig.7.5A contains information about 

differential pulse voltammetry, using hydrogel-containing graphene-g-PPy that was 

prepared by oxidative radical polymerization (black line), a pure matrix (grey  

line), SWCNH-g-PPy synthesized by e-ATRP (red line), and MWCNT synthesized by 

RAFT (green line) as an example. A pure hydrogel electrolyte shows no distinct redox 

signals and a smooth line in a DPV test. DPV spectrum for hydrogel-containing SWCNHs-

g-PPy (prepared by e-ATRP) showed peaks at 0.8 V, 0.6 V, 0.4 V, and -0.9V, which are 

ascribed to the PPy and polaron activities [25, 26]. For hydrogel-containing MWCNTs-g 

PPy (prepared by RAFT polymerization), there is a peak at approximately 0.02V, which 
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may have risen from the presence of electrochemically active thiocarbonylthio particles 

[27].  

 

Fig.7.5. Electrochemical analytic data of obtained hydrogels based on various carbon 

allotropes (i.e., MWCNTs, Graphene, and SWCNHs) grafted with PPy. Insert (A) 

differential pulse voltammetry in a 2-electrode system (Fig.7.S4.), (B) cyclic 

voltammetry of selected materials utilized in this work (2-plate electrochemical 

system), (C) chronopotentiometry charge/discharge data at current densities of 0.5 

mA/cm2, and (D) alternate current electrochemical admittance measurements of all 

screened materials.  

Fig.7.5B represents cyclic voltammetry results for the same laminates as reported in 

Fig.7.5A. The highest specific gravimetric capacitance was observed for the MWCNT-g-

PPy structure (described as MWCNT RAFT). The pristine pAAm/pMBAA hydrogel is 

shown in grey. Fig.7.5C represents chronopotentiometry as a function of current density. 
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The large improvement of the voltage stability (at higher potentials and over more amounts 

of cycles) under current loads of 0.1-0.5 mA cm-2 compared to the pristine hydrogel 

without active materials, and after the addition of nanocomposites to the hydrogel, 

corresponds well to the synergistic effects observed by TGA analysis and Raman 

spectroscopy. The large improvement of conductivity upon the addition of nanostructured 

carbon/PPy composites is illustrated in the admittance results in Fig.7.5D. The admittance 

spectrum shows the increase in conductance upon addition of nanocomposites. The grey 

circle in the Fig.7.5D shows the pristine hydrogel (with Nafion117®, but without any 

carbons or nanocomposites), which becomes significantly more conductive upon addition 

of composites (colored circles in the Fig.7.5D). The change of polarity in 

chronopotentiometry measurement was induced by the time and was shown reaching the 

+1V potential in a short period of time, which speaks well for applications of these 

laminates as supercapacitive electrodes. 

7.3.6. Proposed conductivity mechanism 

An extended hydration model presented in Fig.7.6. is discussed in order to fully understand 

the conductivity mechanism observed in laminates that were synthesized in this work [28]. 

Interactions of Nafion 117® with water plays a crucial role in the electrical and ionic 

conductivity of hydrogel structures. Water closed between Nafion 117® chains in the form 

of percolated water channels may be present in bound or unbound states. This results in 

various stages of hydration, with different levels of permeability in the Nafion 117® 

structure [28-30]. Nafion 117® is a sulfonated and hyperbranched analog of Teflon, with 

a perfluorated alkyl chain and hydrophilic head with a sulfonic group (SO3M).  
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Fig.7.6. Hydrogel structure and conductivity mechanism in the hydrogel electrode 

(partially adapted from the Nafion/water interactions stated in [36]). Reversible 

arrows indicate the electrolyte exchange between the phases (in the case of the present 

study potassium chloride). 

The overall structure of Nafion 117® may be represented as RSO3M, where M is the 

hydrophobic chain, SO3 is the sulfonic group, and M may be a counter cation of the 

negatively charged sulfonic head or a proton. Fig.7.6. shows the free bulk water that is 

trapped between the Nafion 117® chains. The non-freezable water formed on the hydrogel 

polymers creates a possibility for the formation of a tight-permeable membrane at the 

water-Nafion 117® interface.  



 

 

334 

 

The presence of this membrane allows for the free exchange of ionic species that are 

responsible for the formation of double layer and pseudocapacitance. The adhesion of 

Nafion 117® to the carbonaceous structure and its compatibility with water are responsible 

for the formation of percolated water channels. Once the laminates are stretched, these 

channels will be broken, leading to decreased conductivity [31]. The ionic transport within 

the hydrogel is represented by the reversible arrows shown in Fig.7.6.   

7.4. Conclusions 

This work presents the preparation and electrochemical evaluation of elastic capacitor 

electrodes composed of the cross-linked polyacrylamide/ polyN, N’-

methylenebis(acrylamide) systems which contain potassium chloride, Nafion 117®, and 

carbon/PPy nanocomposites. Based on the electrochemical, spectroscopic, and gravimetric 

results, the following conclusions were made: 

i) The presence of Nafion 117® in the synthetic process was crucial for the 

distribution of carbon/PPy nanocomposite within the pAAm/pMBAA hydrogel 

medium.  

ii) Comparative TGA and Raman results have revealed that there are interactions 

between the active nanocomposite and the hydrogel medium. The origin of this 

observation was discussed with respect to the hydrogen bonds between the 

methacrylate-bearing nanocomposites and pAAm/pMBAA polymers. 

Lowering the zeta potential was discussed as a plausible result from the 

adsorption of Nafion 117® on the nanocomposites that did not contain any 

methacrylate in the structure.  
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iii) Stretching the laminates resulted in decreased conductivity and interfacial 

specific gravimetric capacitance. 

iv) Interfacial specific gravimetric capacitance obtained from alternating current 

electrochemical admittance spectroscopy was found to be much smaller than 

the specific gravimetric capacitance that was calculated from the cyclic 

voltammograms in the 2-plate electrochemical system [21]. The same behavior 

was observed for the conductivity. 

v) The addition of nanocomposites based on carbon/PPy enhanced conductivity 

(slightly), interfacial specific gravimetric capacitance, and specific gravimetric 

capacitance.  

vi) The conductivity mechanism was based on the presence of the ionic exchange 

within the percolated water channels that were created by Nafion 117® in the 

structure of the hydrogel. 

vii) The best performing materials were found to be composed of MWCNT-g-PPy 

containing nanocomposites. For example the highest admittance values of 

conductance, chronopotentiometry stability (up to 717 charge/discharge cycles) 

and specific gravimetric capacitance (516.86 F g-1) were found for MWCNT-

g-PPy synthesized by oxidative radical polymerization and embedded within 

the hydrogel. MWCNT-g-PPy synthesized by oxidative radical polymerization 

belongs to the easiest synthetic procedures, which makes the scale-up 

preferable with this molecule. The interfacial gravimetric capacitance on the 

bare (not enclosed within 2-plates electrochemical system) nevertheless does 
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not support this data, as the values for interfacial electrochemical phenomena 

at the surface of MWCNT-g-PPy (oxidative radical polymerization) embedded 

hydrogel apparently depend only on the outer surface contact area between the 

electrodes clips and hydrogel.  

viii) The capacitance values obtained in 2-plate electrochemical system involve the 

electrochemical response of the whole laminate structure in depth, cause 

nevertheless restricted life-cycle stability due to the corrosive effects of semi-

solid state aqueous environment on the stainless steel plates. Encasement of 

hydrogel’s outer surface with polydimethylsiloxane may be a reasonable 

solution to this problem, as the water contact will be avoided by this approach.  

ix) Electrochemical response upon addition of nanocomposites of carbons grafted 

with polypyrrole improves comparing to the pristine carbons (not grafted and 

chemically unmodified), as shown by the 2-plate electrochemical 

measurements. Again, the interfacial specific gravimetric capacitance and 

conductivity measurement do not fully support these observations, due to the 

restricted contact of hydrogels and electrode clips.  
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7.6. Supporting information 

Elastic electrodes based on graphene, MWCNTs and SWCNHS grafted with polypyrrole 

as supercapacitive electrode materials embedded in polyacrylamide hydrogel for energy 

storage. 

 

Fig.7.S1. Molecules dispersed in novel type of hydrogels presented in this study with 

the operating principle based on the pseudocapacitive redox process in aqueous 

media.  
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Fig.7.S2. Dependence of the normalized resistivity part on the potential bias. 
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Fig.7.S3. Experimental setup for the 2-electrode system stretch-resistivity 

measurements based on the variation of the stand position. WE= working electrode 

clip, CE= Counter-electrode clip, RE= reference-electrode clip. 
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Fig.7.S4. Field emission scanning electron microscopic image of dry (at 40 °C in oven 

prior the FESEM observation) hydrogel containing MWCNT-g-PPy prepared by 

RAFT polymerization technique as active material. For FESEM images of other 

hydrogels see supporting information. 
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Fig.7.S5. Energy dispersive X-ray spectroscopy of hydrogel containing Graphene-g-

PPy synthesized by e-ATRP polymerization technique.  
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Fig.7.S6. Raman spectra of laminates investigated in this work. 
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Fig.7.S7. Example of chronopotentiometric (CP) test showing destruction point of a 

hydrogel material (333 cycles). 
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a 1= oxidative radical polymerization technique, 2= RAFT, 3= e-ATRP prepared active materials embedded 

in hydrogels 

b Calculated according to the relationship: 𝐸 =
𝐹

𝐴
𝐿

∆𝐿

=
𝜎

𝜀
; where F is the force (N), A is the specimen area (m2), 

L is the starting length of the investigated hydrogel and ∆L is the elongation (ε) observed due to the applied 

stress (σ). 
c Elongation observed as peak point upon material break. 

Table 7.S1. Young moduli calculated for the hydrogels containing MWCNT-g-PPy, 

Graphene-g-PPy, SWCNH-g-PPy and pure matrix. 
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CHAPTER EIGHT 

Conclusions and Future Work 

This chapter summarizes the results that were obtained during the course of this PhD 

program, and elucidates details for future work. The objectives outlined within the first 

subchapter of the introduction within this thesis are addressed by the results that were 

obtained. Accordingly, future work is suggested. 

The main task of this PhD program was to generate a supercapacitive material that can be 

used for building supercapacitors without use of toxic heavy metals (e.g., MnO2, RuO2). 

The goals of this research that were highlighted within the introduction are addressed point-

by-point. 

The first objective was to synthesize a heavy-metal-free building block for the electrodes 

used in supercapacitors. This task was addressed by utilizing large electrochemical double-

layer capacitance of nanostructured carbon (i.e., graphene, multi- walled carbon nanotubes, 

and single- walled carbon nanohorns) and pseudocapacitance of polypyrrole. The low 

stability of polypyrrole was enhanced by its direct covalent attachment to the carbon core. 

The second and third objectives were to join the electrochemical double-layer capacitance 

and pseudocapacitance within one molecule. The source of electrochemical double-layer 

capacitance was graphene, MWCNTs, or SWCNHs. The pseudocapacitance was obtained 

from the presence of polypyrrole. This was approached by uniformly distributing polymer 

around the carbon core, and was completed by using specially modified carbon allotropes 

as polymerization initiators and pyrrole as a monomer. 
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Fig.8.1.Electrochemical potential observed for reduction of diazonium salts bearing 

various substituents described in Chapter 2.  

The fourth objective was to covalently bond the nanostructured carbons with polypyrrole. 

The polymerization initiators were prepared by the surface modification of graphene, 

MWCNTs, and SWCNHs. The linker for joining pyrrole with carbons was introduced to 

the carbon core via several approaches. The common step in all synthetic phases was the 

use of an electrochemical reduction of 3-carboxybenzene diazonium salt on the carbon-
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covered working electrode of interest. Detailed kinetic analysis of this type of reaction is 

gathered in Chapter two, which was published in Wiley’s Journal Electroanalysis. The 

kinetics of electrochemical reduction of in-situ generated 3-benezenediazonium salts was 

investigated pertaining to salts bearing various electron donating and withdrawing groups 

(e.g., 3-amino benzoic acid, 3-amino toluene, 3-nitroanline and 3-aminophenol). The 

electrochemical reduction took place in an acidic milieu, and was investigated by means of 

X-ray photoelectron spectroscopy, Fourier Transform Infrared spectroscopy, and 

alternating current electrochemical impedance spectroscopy. The reaction was easy to 

follow via the use of cyclic voltammetry, which revealed that the electrochemical reduction 

of the 3-carboxybenzenediazonium salt had the smallest over-potential, as indicated by 

Butler-Volmer analysis.  

The highest yield of approximately 30 % was achieved with the graphene, which was 

connected to its well-defined aromatic structure (MWCNT yield: 16.90%; Graphene yield: 

39.54 %; SWCNH yield: 16.87 %.). Due to not knowing the molar mass of nanotubes or 

other carbon allotropes used in this work, the combined approach was utilized through the 

use of surface analysis (by XPS), electrochemical reduction peak analysis (conducted 

through the use of Faraday’s law), and the change of ratio of sp2/sp3 hybridized carbon 

atoms (observed by Raman spectroscopy). This was the first step in generating 

nanostructured polymerization initiators that would allow for covalent connections of 

pyrrole, and subsequent polymerization. Future work will need to include more detailed 

analyses of the electrochemical reduction of the in-situ generated aryl diazonium salts. The 

more poisonous and unstable diazonium salts, such as 3-methoxybenzenediazonium salt, 
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may be introduced in both an aqueous acidic and an anhydrous environment. The work not 

presented in this PhD thesis included various methods for the reduction of in-situ generated 

diazonium salts at low temperatures via bipolar electrochemistry and galvanostatic 

discharge. The different counter anions for the positively charged diazonium species 

should be investigated, as in case of benzenediazonium chlorides as they were only 

considered in previous studies. The main objective for future studies should be to attain the 

highest yield of grafting of carbon structures. Different counter ions may contain 

tetrafluoroborate diazonium salts and other bulky anions (e.g., hexafluorophosphate) as 

they are known to stabilize the diazonium structures, making their recrystallization 

possible. Other future work may involve the use of other sources of carbons, such as cheap 

exfoliated graphene, or prepared in the lab by arc discharge carbon nanotubes or fullerenes. 

Furthermore, the electrochemical reduction of triazides may be investigated, as it can be of 

importance for the synthetic community. Additionally, another type of future work may 

involve more detailed investigations of the change of Raman spectrum after derivatization 

of carbon surfaces, as the change of shape in 2D’ Raman shift may be followed by 

theoretical and experimental methods. The change of D/G Raman intensity ratios and blue 

or red shifts upon derivatization may provide important insights into changes within the 

electronic structure of graphene, which is induced by the covalent attachment of aryls. The 

electrodeposition of electrochemically reduced diazonium salts may be followed by cyclic 

voltammetry depending on the potential. The results not presented in this PhD thesis 

include the computational analysis of variously structured diazonium salts (E.g. Ep 

Theoretical prediction (0.1033 V) Ep Experimental (0.1053 V) for m-OHPhN2
+ Cl-). The 
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experimental results of the electrochemical reduction that were not presented ultimately 

allowed for the author to correlate the reduction peak position on a CV voltammogram, 

including the computed values of energy needed for the respective electrochemical 

reduction. A computational model correlating with the modified Nernst equation has 

yielded a useful tool for determining the peak positions of the unknown diazonium salts. 

The manuscript for this approach is under preparation and was not included in this thesis 

due to the incompatibility with the topic of this work. Further investigations of the 

theoretical models, which describe the electrochemical reduction of other molecules in 

connection with the positions of the reduction peaks in the CV, should be conducted. This 

can be further expanded to more advanced electrochemical methods such as differential 

pulse or square wave voltammetry. 

The fifth objective was to uniformly distribute the conjugated polymer around the carbon 

core. As carbon nanotubes, graphene, or single-walled carbon nanohorns are known to 

possess slightly negatively charged double-layers, the incorporation of conjugated 

polymers in a non- covalent fashion yields random physical mixtures. It is connected to the 

ξ- potential of the nanostructured carbons, as they exhibit strong attractive van der Waals 

interactions. These interactions prevail over the possible π-π* stacking between the carbon 

core and the polypyrrole (the van der Waals interactions between the tubes of single-walled 

carbon nanotubes are predicted to be in the range of 500 eV.). This was the reason for 

utilizing the approach of using carbon allotropes as polymerization initiators, as the 

initiator will be inherently connected to the growing chain of polymers. A first attempt was 

made through oxidative radical polymerization, which involved the attachment of p-amino 
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aniline to the carboxylic unit of the electrodeposited 3-carboxybenzene diazonium chloride 

salt. This was achieved by using a Schotten-Baumann reaction. Subsequently, a 

polymerization was performed at low temperatures and in a hydrochloric acid medium, 

with ammonium persulfate as polymerization initiators. The use of an amide type of linker 

was indicated by its high electrochemical stability. The low temperatures were used to 

suppress the homopolymerization of pyrrole. The results of this methodology yielded 

MWCNTs-g-PPy, Graphene-g-PPy, and SWCNHs-g-PPy as the first final products. The 

highest specific gravimetric capacitance utilized the synergistic cooperation of EDLC and 

pseudocapacitance, as observed by the cyclic voltammetry. The detailed electrochemical 

analyses by differential pulse voltammetry, chronocoulometry, chronopotentiometry, and 

alternating current electrochemical impedance spectroscopy revealed the generation of 

molecules with specific gravimetric capacitance within the range of 350 F g-1. The clear 

dominance of MWCNT-based products over graphene- and SWCNH-based 

nanocomposites was addressed as the direct cause of the material morphology. The particle 

size of carbon nanohorns is too small to host the polymer; therefore, the synthesis 

procedure proposed should be modified by manufacturing PPy to less than 1 nm in size in 

order to manufacture useful electrode material. This is related to the composite morphology 

formed by a non-continuous and thin (less than 40 nm) thickness PPy film coated onto the 

MWCNTs. Such a structure facilitates access of electrolytes to the carbon and the polymer 

(double-layer and pseudo capacitance synergy). The results of this analysis were published 

in Elsevier’s Journal for Renewable and Sustainable Energy. The reactions and results were 

highly reproducible, making this type of synthesis easy and well-controlled. As a small 
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amount of the homopolymerized polypyrrole was observed under the transmission electron 

microscope, more advanced polymerization techniques were adapted to generate 

nanocomposites of better controlled morphology. RAFT and e-ATRP were chosen, as these 

polymerization techniques provide polymers with polydispersity index (PDI- ratio of 

weight average molecular mass to the number average molecular mass) values close to one. 

This was part of the fifth objective. The e-ATRP initiators were prepared by the addition 

of 2-bromo-1-chloroisobuturate to a carbon allotrope that was modified with aniline. The 

RAFT initiators were prepared by the addition of dithiopropanoic magnesium chloride salt, 

that was produced through a Grignard reaction, to the carbon allotropes that were modified 

with 3-acid chloride aryls. The e-ATRP and RAFT polymerizations are known to function 

well on the acrylates; therefore, a 2-(1H-pyrrol-1-yl) ethyl methacrylate monomer was 

synthesized by a SN2 reaction of methacrylic acid with 2-bromoethyl-1H-pyrrol-1-yl. The 

method of synthesizing the same molecule, that was not reported in this thesis, involved a 

Mitsunobu reaction. This was comprised of expensive intermediates (i.e., diisopropyl 

azodicarboxylate) and extensive work-up procedure, whereas the SN2 reaction was much 

easier and only obtained a slightly lower yield. The RAFT and e-ATRP polymerizations 

have yielded groups of final products with high specific gravimetric capacitances (i.e., up 

to 434 F g-1).  
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Fig.8.2. Specific gravimetric capacitances (F g-1) for all the active materials 

synthesized in this work in potassium chloride before their dispersion in solid state 

hydrogel electrolyte (chapters three and four). 

The transmission electron microscopy has revealed no homopolymerization, and an even 

distribution of polypyrrole around the carbon cores. The results of utilizing the connection 

of EDLC and pseudocapacitance in one molecule were submitted to the RSC Advances 

Journal and is currently under revision. This work involved the first use of single-walled 

carbon nanohorns as e-ATRP and RAFT polymerization initiators. Future work may 
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involve the use of different monomers for polymerization. The results that were not 

reported in this thesis were comprised of polymerization tests with pristine methacrylic 

acid, which yielded water and alcohol-soluble multi-walled carbon nanotubes, graphene, 

and single-walled carbon nanohorns products. These results may be used for further 

polymerizations of various monomers. The use of methacrylate is especially interesting 

due to its swelling properties, which may provide a possible drug delivery system based on 

carbons grafted with poly (methacrylic acid).  Other future work may involve the 

introduction of pyrrole to the nanostructured carbons by other polymerization techniques 

such as metathesis-based protocols (e.g., ROMP, ADMET, ADIMET- Ring-opening 

metathesis polymerization, Acyclic diene metathesis, and Acyclic diyne metathesis.). The 

design of a new pyrrole-based monomer would be needed, but the generation of conjugated 

polymers by metathesis techniques may provide a new class of carbon/PPy 

nanocomposites. The electrochemical performance of nanocomposites synthesized in 

Chapters three and four outperformed pristine polypyrrole and pristine carbon allotropes 

in terms of their specific gravimetric capacitance and life-cycle stabilities. 

The sixth objective was to screen the obtained nanocomposites in regards to their highest 

specific gravimetric capacitance and electrochemical performance in an operating 

electrolyte. EDLC and pseudocapacitance are processes that occur due to the reversible 

uptake and release of anions from the operating electrolyte. The effective electrode-

electrolyte interface is critical for generating a maximum power density in the capacitor. 

The chemistries, psychical properties, and molecular structure of active electrode and 

electrolyte materials all influence ion diffusion. Thus, ion mobility is critical for efficient 
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ion doping in the redox-active fraction (pseudo-capacitance of conjugated polymer), and 

in creating the electrochemical double-layer at the carbon-electrolyte junction. The 

functions of liquid electrolytes in the electrode-electrolyte interactions are relatively well-

understood.  

 

Fig.8.3. Ionic mobilities of active materials in potassium chloride solutions and 

within hydrogels containing potassium chloride (Chapter five). 
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For hydrogels (semi-liquid) that have recently become a popular ionic matrix for wearable, 

stretchable and leakage-free capacitors, the ion dynamics at the electrode/electrolyte 

interface is still unexplored.  

 

Fig.8.4. Specific gravimetric capacitances of active materials embedded within 

pAAm/pMBAA hydrogels measured in two electrode system (chapters five and 

seven). 

This generates a charge build-up and results in the final specific gravimetric capacitance. 

Therefore, a detailed analysis of this process is crucial for understanding the underlying 
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principles of achieving high electrochemical performance for the nanocomposites 

synthesized in Chapters three and four of this thesis. The detailed computations, EQCM, 

and other electrochemical analyses have revealed that electrolytes consisting of the 

smallest counter anion and largest cation provide the best electrochemical output. 

Hence, future work may involve the use of different electrolytes (e.g., aqueous CsF, ionic 

liquids). This was not performed during this PhD program due to the environmentally 

unfriendly character of these operating electrolytes. 

The seventh objective was to create a stretchable electrode for the synthesized 

nanocomposites and test it electrochemically. This task was addressed by utilizing 

hydrogels that were based on polyacrylamide/poly (N, N’- methylenebisacrylamide) with 

dissolved potassium chloride in the structure, as it yielded the best electrochemical output 

for the nanocomposites tested in aqueous electrolytes. As the pseudocapacitance is a 

process that depends highly on the mobility of the electrolyte in the bulk phase of the 

polymer, a detailed study on the ion dynamics was performed and revealed that the mobility 

in the hydrogel was sufficient for reaching high values of specific gravimetric capacitance. 

Chapter five of this thesis contains the detailed mechanistic computational, electro 

gravimetric, and electrochemical studies on the pseudocapacitance occurring within the 

nanocomposites that were immersed in various liquid and solid-state electrolytes. Chapter 

five was recently submitted to the Journal for Physical Chemistry C. and is currently under 

revision. The detailed preparation of hydrogel electrolytes is outlined in Chapter six. The 

challenging task of the dispersion of nanostructured carbons and nanocomposites within 

the hydrogel was addressed by use of long perfluorated alkyl chains of Nafion 117®. 
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Nafion 177® was discovered to enhance the zeta potential of pristine carbons (e.g., 

MWCNTs, SWCNHs, graphene without polymers). The new methodology of calculating 

zeta potential, based on the rotating disc ring electrode, was introduced and can be a part 

of future work (ξ-potential (mV)MWCNT + 5 mL Nafion -9.49, pure hydrogel -5.09, pure 

glassy carbon rotating disc ring electrode (GC RRDE)-3.98, MWCNT +0.25mL Nafion -

0.23, MWCNT hydrogel -17.96). A part of future research may be also the use of different 

perfluorated compounds and the investigation of their influence on the nanodispersion. 

Chapter six contains a photopolymerization methodology for obtaining pAAm/pMBAA 

hydrogels that contain nanostructured carbons with the shape memory effect (validated 

qualitatively in regards to stretching potential up to 1475 %). The connection between the 

number and weight average molecular mass of the obtained pAAm/pMBAA polymer 

medium can be investigated in the future by means of size exclusion chromatography or 

other techniques that will allow insight into the molar mass of the cross-linked 

pAAm/pMBAA network. Furthermore, the appropriate ratio of acrylamide to the MBAA 

can be investigated in terms of the Gibbs triangle, with different molar ratios of ammonium 

persulfate as the photopolymerization initiator and monomers used in the synthesis. It is 

expected that the average molecular mass will strongly influence the observed stretchiness 

of the synthesized laminates and their shape memory effect. Nevertheless, too high an 

average molecular mass may negatively affect these results, as was discovered during the 

preparation of the manuscript presented in the Chapter six. Additionally, too long a period 

of photopolymerization has resulted in rigid and fragile hydrogel structures. Finding the 

appropriate ratio of monomers, polymerization time, and amount of initiator is therefore 
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necessary for real industrial upscale. Moreover, the nanodispersion of carbons within the 

hydrogel may be investigated by other advanced techniques such as focused ion beam 

scanning electron microscopy (FIB SEM), small angle X-ray scattering (SAXS), or small 

angle neutron scattering (SANS). As Nafion 117® influences the zeta potential of carbons 

and the surface tension of the hydrogels, future work may include detailed studies about 

this phenomenon. The various mechanisms of surfactant/carbon interactions are presented 

in Chapter six. Briefly, there are the kinetic, entropic, and zeta potential models. The work 

presented in this thesis focuses on the latter. A novel way of using rotating disc ring 

electrodes for measuring Levich-current dependent zeta potentials was outlined in Chapter 

six. 

The change of the Brewster angle during the photopolymerization and the rheological 

analysis of synthesized laminates at the specified times of polymerization may introduce 

important insight into the nature of the Nafion 117®/hydrogel/water/carbon interactions. 

Different methodologies of preparing the hydrogels may be further developed, as the 

techniques that were not reported in this thesis included the use of different photoinitiators 

(i.e., azobisisobutyronitrile- AIBN, 1, 1- azobis (cyclohexanecarbonitrile)- ABCN, 

riboflavin, and vitamin B2) and techniques (i.e., sonochemical and thermal synthesis). 

Results were not sufficient for presenting; therefore, there is still room for improvement in 

these methodologies. Reaction times were long (i.e., days), and did not provide laminates 

with stretchiness or shape memory. These results were omitted, as the methodology 

proposed in Chapter six provided an easy and quick way of synthesizing the laminates 

(within 40 minutes), with properties prevailing over the products obtained from different 
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methodologies. Upscale was easy with only one limiting factor: the size of the cross-linker. 

Further explorations of laminates with pristine carbons, especially graphene, may be 

conducted with Raman spectroscopy. The detailed analysis of the 2D peak distribution in 

the spectrum may reveal information important for nanodispersion. The relative intensity 

of the 2D peak is a good indicator of the number of the accumulated graphene sheets. As 

the 2D Raman peak consists of 4 modes of electron phonon coupling (i.e., 2D1B, 2D1A, 

2D2A and 2D2B), the obtained Raman spectra were deconvoluted (Fig.5.S7., chapter five, 

supporting information) and the IG/I2D1A intensities were compared. The ratio of 

IG’apparent/I2D1A peaks at 514 nm is considerably larger for the dry hydrogel (12.98) compared 

to that of the pristine graphene (5.77). 

Further applications of pAAm/pMBAA hydrogels containing carbons may be expanded to 

other energy harvesting areas (e.g., solar cells), as the structures are highly translucent, 

even at higher carbon loads. The nanodispersion was found to provide synergy between 

the hydrogel matrix and active materials; thus, investigating these relations are important 

for developing further materials and expanding their spectrum of applications. 

The eighth objective was to generate a stretchable, conductive, and capacitive electrode 

with nanocomposites based on the results obtained in the previous chapters. The obtained 

laminates were stretchable and possessed high interfacial specific gravimetric capacitance 

(Up to 173.48 F g-1 for MWCNT-g-PPy synthesized by e-ATRP for the interfacial specific 

gravimetric capacitance was obtained through the use of alternating current 

electrochemical impedance spectroscopy, chapter 7). The obtained laminates were easy to 

up-scale, stretchable, and exhibited the shape memory effect. The use of Nafion 117® in 
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the structure introduced an even dispersion of carbons within the hydrogel and additional 

conductivity due to the presence of proposed water channels. The theory of the presence 

of water channels as electroactive contacts was supported by the observation of decreasing 

conductivity and interfacial specific gravimetric capacitance upon the stretching of the 

laminates. The hypothesis of breaking the water channels was introduced. Future work may 

involve a deeper insight into the origin of the synergy of the hydrogel/nanocomposite by 

investigating alternating current electrochemical impedance spectroscopy and theoretical 

equivalent circuit modeling. The influence of Nafion 117 ® on the zeta potential of 

nanocomposites may be examined through the use of the method proposed in Chapter 5 

(i.e., RRDE methodology). 

In summary, the stretchable electrodes with high conductivity, specific gravimetric 

capacitance, charge/discharge durability, and elasticity were successfully synthesized 

during the course of this PhD thesis. As presented in Chapters 6 and 7, the upscale and 

reproducibility of the results was simplistic; however, the commercialization of the 

obtained products depends highly on the cost of active materials as they are ultimately the 

limiting factor for large-scale applications. This obstacle can be resolved through the use 

of cheap exfoliated graphene or alternative laboratory synthesis methods to obtain carbon 

nanotubes. Furthermore, the up-scale limiting first step of the derivatization of carbon 

allotropes should be optimized as it is challenging to utilize working electrodes for large-

scale production. Electrochemical reduction of diazonium salts may also be performed by 

means of chemical reduction or bulk/bipolar electrolysis, which was initially investigated 

in the laboratory and promising results were obtained.  
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Future work should include various techniques for safe and large-scale modifications of 

carbon surfaces via the reduction of in-situ generated diazonium salts at low temperatures. 

As single-walled carbon nanohorns did not provide significant results, use of electrodes 

that contain nanohorns as an active material have little potential for real-life applications. 

The obtained electrodes are of market grade and can be easily applied in a typical 

supercapacitor. These electrodes may be utilized in areas such as energy storage or battery 

support. Additional factors that should be considered during the preparation of electrode-

containing supercapacitors is the appropriate encasement of the hydrogels. A loss of 

humidity highly influences conductivity and has negative effect on specific gravimetric 

capacitance. This obstacle could be resolved by utilizing a simple pouch cell or creating an 

additional layer on the electrode with chemicals such as polydimethylsiloxane (PDMS). 

Appropriately encasing the electrode in a leakage-free pouch cell would be the easiest and 

most accessible solution to this problem. The final investigation would be to design and 

implement a supercapacitor with the synthesized electrodes. The additional factor that was 

not investigated in this work was the temperature influence on the performance of the 

laminate electrode, which should be a part of future research. 

 

 

 

 

 

 



 

 

365 

 

Appendix A. Style, formatting and layout explanation 

Presented Thesis submitted in Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy in Chemistry was prepared according to the guidance found in 

Electronic Theses and Dissertations website of the University of New Brunswick, 

Fredericton - based on a template for PhD thesis found at http://www.unb.ca/etd/ 

As denoted on the Electronic Theses and Dissertations website (information retrieved at 

Nov. 29th 2016, 8:03 am) this template was licensed under 

http://creativecommons.org/licences/by/3.0/  

 

The presented thesis is an article-based thesis and conforms to the format for Article-

based Thesis of the SGS at the University of New Brunswick, Canada. 
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Appendix B. Letters from Editors of the published articles with permission for 

reproducing the results in the chapters two- three. 
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